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ABSTRACT 

Mammalian axons are specialized for transmitting action potentials to targets within the central and peripheral 1 

nervous system. A growing body of evidence suggests that, besides signal conduction, axons play essential roles 2 

in neural information processing, and their malfunctions are common hallmarks of neurodegenerative diseases. 3 

The technologies available to study axonal function and structure integrally limit the comprehension of axon 4 

neurobiology. High-density microelectrode arrays (HD-MEAs) allow for accessing axonal action potentials at high 5 

spatiotemporal resolution, but provide no insights on axonal morphology. Here we demonstrate a method for 6 

electrical visualization of axonal morphologies based on extracellular action potentials recorded from cortical and 7 

motor neurons using HD-MEAs. The method enabled us to reconstruct up to 5-centimeter-long axonal arbors and 8 

directly monitor axonal conduction across thousands of recording sites. We reconstructed 1.86 meters of cortical 9 

and spinal axons in total and found specific features in their structure and function. 10 

 

INTRODUCTION 

Axons are neuronal processes specialized for the conduction of action potentials (APs). Cortical axons serve as 11 

communication cables between various types of neurons that are synaptically connected and, accordingly, arranged 12 

in multiple layers to receive, process, and convey neural information between different regions in the brain. Motor 13 

neurons located in the ventral horn of the spinal cord project their axons outside the central nervous system (CNS) 14 

and are responsible for the contraction of effector muscles in the periphery. Spinal axons are specialized to 15 

innervate and precisely control different types of muscle fibers, thus ensuring refined coordination of complex 16 

body-movements1. 17 

Mainly due to difficulties to experimentally access axonal conduction, axonal information processing has been 18 

neglected, and axons are classically seen as conductive cables that do nothing more than faithfully transmit APs 19 

in an all-or-none, ‘binary’ fashion2. Later studies have challenged this view and suggested that axons have much 20 

more complex roles than traditionally thought3. Contrary to classical concepts, reports show that, besides 21 

conducting binary APs, hippocampal and cortical axons can also transmit analog currents in a passive fashion4,5. 22 

It has been shown that analog currents integrate with ongoing axonal APs, changing their waveforms and, 23 

consequently, affecting synaptic transmission in a graded, ‘analog’ manner4,6,7. Additionally, it was found that 24 

axons modulate the waveforms of APs contingent on neuronal activity and, accordingly, adjust the synaptic 25 

release8. Moreover, during high-frequency regimes of neuronal activity, axons are able to reduce their conduction 26 
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velocities by more than 20% and, thereby, tune the timing of AP arrival at synapses9. Taken together, these findings 27 

suggest that axons passively and actively process APs to tune the amount of information transmitted by synapses, 28 

but also imply that axons play a crucial role in the temporal coding of the neural information. 29 

Morphological complexity of mammalian axons generally depends on their downstream targets' spatial 30 

disposition. Thus, for example, cortical neurons form extensively branched axons to convey APs to numerous 31 

postsynaptic neurons located in different cortical layers and regions in the brain. Due to their small diameter of 32 

0.08-0.4 µm10 and absence of surrounding myelin sheaths, cortical axons provide relatively low conduction 33 

velocities of 0.1-2 m/s9,11, which are, nevertheless, sufficient to ensure rapid communication between closely 34 

spaced neurons. As opposed to cortical neurons, motor neurons transmit signals to distant targets outside the CNS 35 

and, for that purpose, develop considerably longer (up to 1 m), thicker (0.5-10 µm), and myelinated axons that 36 

provide considerably higher conduction velocities of up to 100 m/s12,13. 37 

Despite being acknowledged as reliable conduction cables, axons can in certain cases fail to propagate APs 38 

faithfully. Such cases are referred to as conduction failures and are attributed to particular axonal morphology. For 39 

instance, experimental and theoretical studies suggest conduction failures are likely to occur at axonal branching 40 

points and local swellings due to abruptly increased axon diameter10. In addition, the AP propagation fidelity and 41 

temporal precision depend on axon diameter, biophysical properties of various types of ion channels and 42 

thermodynamic noise inherent to their gating dynamics14-16. According to theoretical studies, thin distal axons 43 

(diameter < 1 µm) are prone to “channel noise”, which can introduce variability in axonal AP waveforms17, 44 

increase the jitter of AP propagation9,14, and compromise the reliability of the conduction itself14,18,19. Besides 45 

geometrical factors, neuronal activity can also affect AP conduction, which is consistent with our previous finding 46 

that high-frequency neuronal activity increases the jitter of AP propagation in cortical axons9. 47 

Ultrastructural aberrations and malfunctioning conduction in human axons are often early hallmarks of 48 

neurodegenerative diseases. For instance, in Alzheimer's disease (AD), abnormal protein aggregates cause local 49 

swellings in axons which have been shown to reduce conduction velocity and even block AP propagation20. Human 50 

post-mortem studies suggest axonal degeneration may be the earliest feature of Parkinson’s disease (PD) and, 51 

therefore, an appropriate target for early therapeutic interventions21. Motor neuron degeneration is the hallmark of 52 

amyotrophic lateral sclerosis (ALS), where axonal dysfunction begins long before symptom onset and motor 53 

neuron death22. 54 
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Comprehension of axon neurobiology in health and disease is generally limited by the technologies available to 55 

study axonal function and structure integrally. The whole-cell patch-clamp technique, complemented with 56 

fluorescence microscopy, is commonly used to correlate electrophysiological data with the morphological 57 

properties of the neuron. Namely, a patch-clamp pipette can inject fluorescent dyes directly into the neuron and, 58 

therefore, allow visualization of the axonal arbor during the electrophysiological experiment. However, patch-59 

clamp is typically limited to recording APs from a single axonal site4,6,23 and does not allow for tracking AP 60 

propagation across axons. Moreover, the technique is invasive and destructive, which constrains the duration of a 61 

recording session to about an hour. Alternatively, fluorescent indicators sensitive to voltage24 or calcium25 can be 62 

used to observe axonal AP propagation and, at the same time, to visualize axonal morphology. However, 63 

fluorescent indicators exhibit photobleaching and phototoxicity and may perturb the physiology of the cell to the 64 

point of affecting AP conduction24. Complementary-metal-oxide-semiconductor (CMOS) -based high-density 65 

microelectrode arrays (HD-MEAs) have been designed to record extracellular APs from neuronal cultures26 and 66 

allow tracking axonal signals across hundreds of microelectrodes9,11. Thanks to a low-noise CMOS-design, HD-67 

MEAs enable detection of APs across entire arbors of cortical axons, including tiny axon terminals9. HD-MEAs 68 

provide noninvasive access to axonal APs and impose no constraints on the duration of the recording sessions. 69 

Nevertheless, HD-MEA technology does not provide direct insights into axonal morphology. It has to be 70 

complemented with auxiliary optical techniques to allow correlation between axonal function and structure. Live-71 

cell imaging techniques can be used to optically visualize axonal morphologies directly on HD-MEA surfaces9,11,27. 72 

These techniques, however, entail introduction of fluorescent reporters into the cell, which induces chemotoxicity, 73 

phototoxicity and cell death28. 74 

Our objective was to enable the reconstruction of axonal morphologies based solely on extracellular APs recorded 75 

from in vitro mammalian neurons using the CMOS-based HD-MEA system. The present study reports a method 76 

for tracking AP propagation across tens-of-millimeter-long nonmyelinated axonal arbors of primary cortical and 77 

motor neurons cultured on HD-MEAs. The method allows for label-free electrical visualization of axonal 78 

conduction trajectories and, at the same time, provides noninvasive access to axonal APs waveforms recorded 79 

across hundreds of microelectrodes. Using the developed method, we investigated (I) morphological features of 80 

cortical and spinal axons, (II) fluctuations in AP amplitudes across axonal arbors, and (III) temporal dynamics of 81 

the axonal conduction. 82 
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RESULTS 

We developed a method for the automatic reconstruction of axonal morphology based on extracellular APs 83 

recorded from cortical and motor neurons using the HD-MEA system (Fig. 1A). The reconstructed morphology is 84 

here referred to as “functional morphology”, and it reveals the location of the axon initial segment (AIS), axonal 85 

trunk and higher order branches (Fig. 1B). The method was used to trace extracellular APs propagating across 86 

axonal arbors of cortical (Movie S1) and motor neurons (Movie S2). The experimental design and overview of the 87 

method are outlined in Fig. 2 and are described below. 88 

Experimental design and overview of the method 89 

We cultured rat primary cortical (Fig. S1) and motor neurons (Fig. S2) on a CMOS-based HD-MEA system that 90 

comprises 26,400 densely packed microelectrodes (Fig. S3). The cultures were grown in monolayers with 91 

estimated thicknesses of ~5-40 and ~5-50 µm for cortical and motor neuron cultures, respectively (Fig. S4). Both 92 

cortical and motor neuron cultures yielded cell-densities of ~500-2,000 neurons per mm2 (Fig. S4). The cultures 93 

matured in controlled conditions (see methods), and their extracellular electrical activity was recorded between 12 94 

and 24 days in vitro (DIV). Mature neurons grew their axonal arbors efficiently across sensing areas of the HD-95 

MEA chips and provided a tight interface between axons and microelectrodes (Fig. S5). The relative proximity of 96 

axons to the sensing area varied across axonal arbors within ranges of ~1-13 and ~1-18 µm for cortical and motor 97 

neurons, respectively (Fig. S5). 98 

The CMOS-based HD-MEA system enabled us to map extracellular APs across entire cultures and to electrically 99 

identify individual neurons (Fig. S6). Spontaneous neuronal activities were recorded across all microelectrodes 100 

for 2 minutes, and average amplitudes of the recorded voltage traces were used to produce network-wide activity 101 

maps (Fig. S6A). Because extracellular APs with the largest amplitudes arise from the AIS29, local maxima found 102 

within these maps indicated the location of individual neurons in the network30.  103 

We used spike-sorting algorithms to discern signals among individual neurons in the culture (see methods). The 104 

dense arrangement of the microelectrodes allowed us to access the electrical activity of a single neuron at high 105 

spatial resolution (Fig. S6A, Movie S3, S4); however, overlapping signals recorded from multiple neighboring 106 

neurons were observed in most of the cases (Fig. S6B). Spike-sorting procedures enabled us to discern APs among 107 

individual neurons reliably and extract relative times of their activities (“spike times”)9,30,31. Sorted APs were then 108 

averaged over adjacent electrodes to reveal the spatiotemporal distribution of a single neuron’s activity. The 109 

spatiotemporal distribution of APs recorded from proximal neuronal compartments (near the AIS) is called an 110 
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“extracellular AP footprint”. Electrical footprints reconstructed for eight neighboring neurons are presented in Fig. 111 

S6C. Z-stack image series of the corresponding culture is shown in Movie S3, S4. 112 

We used spike-triggered averaging for electrical imaging of axonal arbors (Fig. S7). High-amplitude APs detected 113 

near the AIS were used to trigger the averaging of single voltage traces (‘single trials’) recorded across all 114 

electrodes in the array (Fig. S7A). Because the AIS signal represents the first occurring (initial) trace of the 115 

neuron’s activity, the averaging reveals spatial and temporal shifts in propagating axonal signals (Fig. S7B). The 116 

spatiotemporal distribution of axonal signals reconstructed using spike-trigger averaging is called an “axonal 117 

electrical image”. Axonal electrical images of three neighboring neurons are presented in Fig. S7B and in Movie 118 

S5. 119 

We developed a method for reconstructing axonal functional morphologies based purely on features extracted 120 

from axonal electrical images. Adaptive thresholding was used to map signal peaks across axonal arbors (Fig. 3), 121 

and the moving object tracking technique was used to reconstruct axonal conduction trajectories (Fig. 4). The 122 

method for reconstruction of axonal functional morphologies is described in the following two sections. 123 

Adaptive thresholding enables mapping of axonal signal peaks in space and time 124 

Adaptive thresholding applied to axonal electrical images enabled us to map AP peaks propagating across axonal 125 

arbors (Fig. 3). Axonal electrical images were obtained by averaging 200 voltage traces per electrode. Time 126 

derivatives of averaged traces (µV/µs) were computed for each of the electrodes, and the resulting data were 127 

divided into 400 consecutive timeframes (with 50 µs inter-frame intervals). Adaptive thresholds were next applied 128 

at each timeframe to detect AP peaks at different time points during axonal propagation. 129 

Our thresholding technique generally utilized a ‘greedy algorithm’ principle (see discussion). The algorithm 130 

allowed for recurrent adaptations of the threshold based on parameters updated along the detection process. High-131 

amplitude APs were mapped first, and parameters obtained from the mapped locations were used to tailor the 132 

detection of low-amplitude signals in the later steps. The thresholds were initially determined based on electrical 133 

noise observed from the HD-MEA chip. Electrical noise was estimated from voltage traces sampled across an 134 

entire array during periods when the observed neuron was inactive, and the noise was estimated for each neuron 135 

separately. 136 

Adaptive thresholding involves three steps (Fig. 3, Movie S6-8). In the first step, a simple planar threshold, set to 137 

9 STD of the estimated noise, was used to detect high-amplitude signal peaks (Fig. 3A, Movie S6). A high 138 

threshold level allowed us to detect AP peaks far above the background noise. However, axonal APs with lower 139 
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amplitudes remained undetected, leaving gaps along axonal conduction trajectories. In the second step, confined 140 

thresholds, set to 2 STD of the estimated noise, were applied locally to detect low-amplitude AP peaks (Fig. 3B, 141 

Movie S7). The confined thresholds were positioned on spatial and temporal coordinates of previously mapped 142 

peaks. The thresholds were confined spatially to 50 µm radii and temporally to periods encompassing three 143 

consecutive timeframes (tprevious, tcurrent, tnext, see Fig. 3B). The spatiotemporal confinement enabled us to detect 144 

low-amplitude signals in close proximity to previously mapped peaks and to fill local gaps along the conduction 145 

trajectories. The third step utilized the same detection strategy but with differently tuned parameters (Fig. 3C, 146 

Movie S8). Namely, the threshold level was further lowered to 1 STD of the estimated noise, and the spatial 147 

confinement was broadened to a 100 µm radius. These parameters enabled the detection of low-amplitude APs 148 

near axon terminals. 149 

A moving object tracking technique enables reconstruction of axonal conduction trajectories 150 

We developed an algorithm for tracking mapped axonal signals across consecutive timeframes (Fig. 4). The 151 

algorithm enabled us to reveal signal conduction trajectories and reconstruct functional morphologies of cortical 152 

(Movie S1) and spinal axons (Movie S2).  153 

Our tracking algorithm was designed to predict axonal conduction trajectories based on three factors: (I) 154 

spatiotemporal proximities of the mapped peaks, (II) topology of skeletonized axonal signal, and (III) conduction 155 

velocities estimated from previously reconstructed trajectories. 156 

The tracking procedure involved three iterative steps (Fig. 4, Movie S9-11). (I) Direct interconnection – the closest 157 

signal peaks found within a 100 µm Euclidean distance and mapped in two consecutive timeframes were 158 

interconnected via direct links (Fig. 4A, Movie S9). Direct interconnection revealed fragments of axonal 159 

conduction trajectories but failed to reconstruct axonal branching forks in most cases. Reconstructed fragments 160 

were used to calculate axonal conduction velocities. Obtained velocities served as criteria to tailor the tracking 161 

procedure in the next two steps. (II) Skeletonization-assisted interconnection – consecutive signal peaks that could 162 

not be interconnected directly, but were found within a 200 µm Euclidean range, were interconnected via 163 

skeletonized remnants of the axonal signal (Fig. 4B, Movie S10). Signal amplitudes extracted from the 164 

corresponding electrical images were averaged over two consecutive timeframes (Δt = 100 µs) and mapped over 165 

interconnection areas. Obtained maps were next skeletonized to infer propagation trajectory between the 166 

consecutive signal peaks. Conduction velocities estimated in the previous step were used as criteria for the 167 

selection of optimal propagation trajectories. Trajectories whose velocities deviated from previously estimated 168 
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values by more than 50 % were discarded. Skeletonization-assisted interconnection enabled reconstruction of 169 

some, but not all, axonal branching forks. It was designed to predict axonal trajectories over consecutive 170 

(continuous) signal peaks but could not predict trajectories between discontinuous signal peaks. Axonal 171 

conduction velocities estimated from the reconstructed trajectories served as criteria to tailor the tracking 172 

procedure in the next step. (III) Indirect interconnection – discontinuous signal peaks mapped in every other 173 

timeframe and found within a 400 µm Euclidean range were indirectly interconnected (Fig. 4C, Movie S11). The 174 

propagation trajectory between the discontinuous signal peaks was reconstructed using remnants of skeletonized 175 

signals. Signal amplitudes extracted from the corresponding electrical images were averaged over three 176 

consecutive timeframes (Δt = 150 µs) and mapped over interconnection areas. Obtained maps were next 177 

skeletonized to infer propagation trajectory between signal peaks found in the first and third timeframe. 178 

Conduction velocities estimated in the previous steps were used as criteria for selecting optimal propagation 179 

trajectories and predicting spatial coordinates of data for the second timeframe. Reconstruction of axonal 180 

trajectories over discontinuous signal peaks revealed axonal branching forks that could not be reconstructed in the 181 

previous steps. 182 

Performance of the method for reconstructing axonal functional morphology 183 

The Bayes optimal template-matching technique was used to estimate the algorithm´s performance for detecting 184 

axonal AP peaks (Fig. 5). The technique can reliably discriminate axonal APs from the background noise9 and 185 

therefore provide a ground truth for the validation of the algorithm. Herein, template-matching was used to 186 

discriminate between ‘false peaks’ caused by the noise and ‘true peaks’ that resulted from axonal electrical activity 187 

(Fig. 5A). Discrimination criteria were based on similarities (‘matching’) between waveforms of averaged signals 188 

(‘templates’) and corresponding single trials. High similarities were expected in cases of accurate axonal signals 189 

(APs) and low similarities in cases where signals were derived from the background noise. We constructed 190 

templates for each signal peak in an electrical image. Constructed templates were next compared with waveforms 191 

of corresponding single trials, and a percentage of ‘matching’ trials was computed for each of the peaks. Signal 192 

peaks that yielded a match of > 70 % were classified as true peaks. Classified (true and false) peaks were used as 193 

the ground truth to estimate performances of the algorithm for detecting axonal AP peaks (Fig. 5B, C). Data 194 

obtained from 20 cells (ten cortical and ten motor neurons) were used for this analysis. 195 

The performance of the algorithm for the detection of axonal AP peaks is shown in Fig. 5B. We estimated the 196 

performance of the three detection steps (see Fig. 3) with varying threshold levels. We were able to detect 45 %, 197 

74 %, and 98 % of the actual peaks after the first, second and third steps, respectively. We observed no false peak 198 
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detections for thresholds set to 9, 2, and 1 STD of the noise in 1st, 2nd and 3rd step, respectively. The detectability 199 

of AP peaks across axonal arbors of cortical and motor neurons is shown in Fig. 5C. 200 

Axonal conduction trajectories, obtained from stimulation-triggered neuronal activity, were applied to estimate 201 

the performance of the algorithm for tracking axonal AP peaks (Fig. 6). The key concepts of the stimulation 202 

protocol used in this study are presented in Fig. S8 and described in the methods section. We used targeted 203 

stimulation to reveal and verify the same axon´s conduction trajectory by altering its conduction´s direction (Fig. 204 

6A, Movie S8). Stimulation-triggered APs were mapped spatially across all microelectrodes and temporally over 205 

discrete timeframes (with 50 µs inter-frame interval) to produce the movie. Observing the spatial movements of 206 

AP peaks in consecutive movie frames enabled us to track axonal conduction in different directions visually and 207 

to reconstruct axonal conduction trajectories (as shown in Fig. 6A and Movie S12, S13).  208 

The algorithm´s performance for tracking axonal conduction is shown in Fig. 6B. We estimated the performance 209 

of the three tracking steps (see Fig. 4) with varying diameters of corresponding interconnection areas. We could 210 

interconnect 70 %, 85 %, and 91 % of the mapped AP peaks after the first, second and third step, respectively. We 211 

observed no false links when using the interconnection areas with diameters of 100, 200, and 400 µm in 1st, 2nd 212 

and 3rd step, respectively. The efficiency of the signal tracking across axonal arbors of cortical and motor neurons 213 

is shown in Fig. 6C. 214 

Functional morphologies of cortical and spinal axons 215 

The reconstructed functional morphologies revealed axonal arbors of cortical and motor neurons and indicated 216 

positions of their AISes and somas (Fig. 7). They further provided insights into total axonal lengths, the spatial 217 

distribution of axonal branching-points and terminals, lengths of inter-branching segments and their branching 218 

orders. We used electrical images to extract areas occupied by axonal electrical activity (“active areas”). 219 

Representative examples of functional morphologies reconstructed for cortical and motor neurons are shown in 220 

Fig. 7A, and displayed in Movie S14. The reconstructed arbor of the cortical axon yielded a total length of 27.12 221 

mm, comprising 101 inter-branching segments and 53 axon terminals. Axonal electrical activity was detected on 222 

7,295 electrodes, occupying an active area of 2.23 mm2. The axonal arbor of the motor neuron yielded a total 223 

length of 15.26 mm, comprising 43 inter-branching segments and 23 axon terminals. Axonal activity was detected 224 

on 6,663 electrodes, occupying an active area of 2.04 mm2. We reconstructed functional morphologies for 50 225 

cortical and 50 motor neurons and analyzed morphological features of their axonal arbors, a total length of 1.04 m 226 

and 0.81 m of cortical and spinal axons, respectively. 227 
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We found that cortical and motor neurons grew axons comparable in their total lengths. However, ratios between 228 

axonal lengths and their corresponding active areas were significantly higher for cortical than spinal axons (Fig. 229 

7B). The average axonal lengths were 16.73±1.20 and 14.63±0.88 mm for cortical and motor neurons, respectively 230 

(p=0.25). The average sizes of active areas were 1.38±0.08 and 1.61±0.08 mm2 for cortical and motor neurons, 231 

respectively (p=0.23). The average length-to-area quotients were 11.72±0.32 and 9.49±0.24 mm-1 for cortical and 232 

motor neurons, respectively (p<10-6). 233 

We found cortical axons to develop branching points in more proximal parts of their arbors and to form shorter 234 

inter-branching segments as compared to spinal axons (Fig. 7C). Average axial distances of axonal branching 235 

points were 0.27±0.01 and 0.43±0.01 mm for cortical and motor neurons, respectively (p<10-6). Average lengths 236 

of axonal inter-branching segments were 0.34±0.01 and 0.48±0.01 mm for cortical and motor neurons, respectively 237 

(p<10-6). 238 

We found significantly more axon terminals in cortical than in spinal axons; however, spinal axons projected their 239 

terminals at significantly greater distances as compared to cortical axons (Fig. 7D). Average numbers of axon 240 

terminals were 29.92±1.64 and 17.82±1.03 for cortical and motor neurons, respectively (p<10-6). Average axial 241 

distances of axon terminals were 1.17±0.02 and 2.41±0.04 mm for cortical and motor neurons, respectively (p<10-242 

6). 243 

Signal amplitude fluctuations during axonal conduction 244 

In addition to exposing the axonal structure, functional morphologies also reveal APs as propagating across axonal 245 

arbors (Fig. 8). They allow observation of AP waveforms at any axonal location and mapping of AP amplitudes 246 

across entire arbors. Representative AP waveforms extracted from functional morphologies of cortical and spinal 247 

axons are shown in Fig. 8A, and displayed in Movie S15. We investigated fluctuations in AP amplitudes across 248 

functional morphologies of 50 cortical and 50 spinal axons (same neurons as in Fig. 7). The analysis included 249 

45,232 data points obtained from 1.044 m of cortical axons and 36,286 data points obtained from 0.812 m of spinal 250 

axons. 251 

We found that APs recorded from the most proximal parts of axons had much higher amplitudes than APs recorded 252 

from more distal axonal locations (Fig. 8A-C). To further compare AP amplitudes across different cortical and 253 

spinal axon domains, we segregated the reconstructed morphologies into proximal and distal axons, primary 254 

trunks, and axonal trees. Proximal axons pertain to locations found within the first 0.2 mm of axial length; all other 255 

locations (axial distance > 0.2 mm) were considered as distal (see Fig. 8B-right). Primary trunk entails locations 256 
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found in the axonal domain between the soma and the first branching fork, all other locations were assigned to the 257 

axonal tree (see Fig. 8C-right). 258 

APs recorded from proximal axons had significantly higher amplitude in cortical (44.58±4.81 µV) than in motor 259 

neurons (19.07±2.53 µV; p<10-6). On the contrary, APs recorded from distal axons had significantly smaller 260 

amplitude in cortical (1.50±0.10 µV) than in motor neurons (3.30±0.38 µV; p<10-6; Fig. 8b). 261 

Similarly, APs obtained from primary axonal trunks had significantly higher amplitude in cortical than motor 262 

neurons, whereas, APs obtained from axonal trees had significantly lower amplitude in cortical than motor neurons 263 

(Fig. 8C). Average amplitudes of APs recorded from primary axonal trunks were 33.29±4.78 and 15.06±2.78 µV 264 

for cortical and motor neurons, respectively (p=0.002). Average amplitudes of APs recorded from axonal trees 265 

were 1.25±0.13 and 2.17±0.30 µV for cortical and motor neurons, respectively (p=0.024). 266 

Temporal dynamics of axonal conduction 267 

Functional morphologies carry information about times at which APs arrived at any axonal site and, as such, 268 

provide direct insights into temporal dynamics of axonal conduction (Fig. 9). Axonal functional morphology 269 

reveals time at which axonal conduction is initiated (“initial time”) and allows to obtain times at which axonal 270 

APs arrive at axon terminals (“arrival time”). It enables extraction of the interval between the earliest and the latest 271 

arrival time (“interval of arrivals”) and inspection of the total duration of the axonal conduction (“active timespan”) 272 

(see Fig. 9A-left). Functional morphologies allow for the inspection of AP conduction dynamics across entire 273 

axonal arbors and over individual axonal paths (see Fig. 9A-right). Finally, structural and temporal parameters 274 

from functional morphologies enable computation of conduction velocities for any axonal segment. 275 

We investigated temporal aspects of axonal conduction across functional morphologies of 50 cortical and 50 spinal 276 

axons (same neurons as in Fig. 7 and Fig. 8). The analysis included 45,232 data points obtained from 1.044 m of 277 

cortical axons and 36,286 data points obtained from 0.812 m of spinal axons. 278 

Cortical neurons had significantly shorter active timespans and higher synchronization of the arrival times as 279 

compared to motor neurons (Fig. 9B). Active timespans were 4.60±0.33 and 7.40±0.32 ms for cortical and motor 280 

neurons, respectively (p<10-6). Intervals of signal arrivals at axon terminals were 3.44±0.31 and 5.40±0.34 ms for 281 

cortical and motor neurons, respectively (p=0.0024). Variance of signal arrival times were 0.95±0.23 and 282 

2.50±0.35 ms2 for cortical and motor neurons, respectively (p<10-4). 283 
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We next computed axonal conduction velocities using structural and temporal parameters obtained from the 284 

functional morphologies. Conduction velocities were calculated from axial distances versus AP propagation times 285 

(Fig. 9A-right), and were computed over 100 µm long axonal chunks stepped by 17.5 µm. 286 

We found cortical axons to exhibit significantly slower and more uniform conduction velocities compared to spinal 287 

axons (Fig. 9C). Average conduction velocities were 0.46±0.01 and 0.56±0.02 m/s for cortical and motor neurons, 288 

respectively (p<10-4). Variances of conduction velocities were 0.03±0.002 and 0.04±0.003 m/s for cortical and 289 

motor neurons, respectively (p<10-4). 290 

 

DISCUSSION 

We developed a method for noninvasive functional imaging of unmyelinated mammalian axons in vitro using the 291 

CMOS-based HD-MEA system (Fig. 1, Movie S1, S2). The method yields an axonal ‘functional morphology’, 292 

comprising multidimensional data derived from extracellular APs recorded during axonal conduction. Functional 293 

morphology contains information about axonal conduction trajectories mapped at high spatial and temporal 294 

resolution (Movie S6-11). It allows the reconstruction of axonal ‘electrical morphology’ at different timepoints 295 

during the conduction and, at the same time, to expose waveforms of the propagating APs (Fig. 8, Movie S15). 296 

The presented method has been developed and validated on primary rodent cortical and motor neurons cultured 297 

directly over HD-MEA surfaces (Fig. S1-3). The cultures matured within two weeks and exhibited spontaneous 298 

electrical activities (Fig. S6). They efficiently adhered to HD-MEA surfaces and formed monolayers that varied 299 

in local thicknesses and cell-densities (Fig. S4). Neurons developed complex axonal arbors and provided a tight 300 

interface between axons and microelectrodes. Because axons grew in a 3D manner, their distances from the HD-301 

MEA surfaces varied locally (Fig. S5), but remained within the sensing range of the microelectrodes32. 302 

Spontaneous electrical activity enabled us to map individual neurons in the cultures (Fig. S6) and expose the 303 

spatiotemporal distribution of APs recorded across their axonal arbors (Fig. S7, Movie S5). Mapping individual 304 

neurons was possible thanks to high-amplitude APs recorded at their AISes 29,30. The AIS signals broadly surpass 305 

the background noise and hence could be easily detected9. Because they colocalized with the AIS, local maxima 306 

found within activity maps (Fig. S6A) indicate proximal regions of individual neurons in the network29,30. Owing 307 

to the high-density arrangement of recording microelectrodes (Fig. S1)33, spike-sorting enabled discerning mixed 308 

signals recorded from neighboring neurons (Fig. S6B) and thereby extracting APs arising from individual neurons 309 

(Fig. S6C). Averaging of extracted signals over all electrodes revealed the spatiotemporal distribution of a single 310 
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neuron’s activity. Such signal representation was referred to as an “axonal electrical image” (Fig. S7, Movie S5) 311 

and it carries information about neuronal subcellular elements29,30. Thus, the largest and the earliest signals in the 312 

footprint arise from the AIS, much smaller and fast propagating signals arise from axons, and slow back-313 

propagating signals arise from the soma and proximal dendrites29,30. Thanks to the low-noise CMOS-design, the 314 

HD-MEA chip allows detection of AP propagation across large portions of entire axonal arbors9. The soma and 315 

proximal dendrites provide minor contributions to the electrical image, typically masked by larger AIS signals29. 316 

Owing to their low-amplitude extracellular signals, distal dendrites do not seem to be detectable with the HD-317 

MEA system used here. 318 

Adaptive thresholding applied to axonal electrical images enabled us to map extracellular APs propagating across 319 

axonal arbors (Fig. 3, Movie S6-8). Signal peaks were traced at high spatial and temporal resolution thanks to the 320 

dense arrangement of the electrodes and high-frequency sampling rate33. The thresholding scheme was constructed 321 

to detect signals with various amplitudes while minimizing detection errors. Simple planar thresholds, set to 9 322 

STD of the background noise, were used to detect high-amplitude signal peaks (Fig. 3A, Movie S6). Since these 323 

thresholds provided detection high above the level of the background noise, they could be applied across an entire 324 

array while yielding no detection errors. They, however, failed to detect low-amplitude signal peaks and only 325 

provided fragmentary detection. Instead, spatiotemporal confinement of low-level thresholds, contingent on 326 

coordinates of high-amplitude peaks, enabled the mapping of low-amplitude signals (Fig. 3B, Movie S7). This 327 

was possible thanks to the very nature of axonal conduction, which can be represented using a simplified Markov 328 

chain model34. Namely, because signal propagation in unmyelinated axons is continuous, it represents a cascade 329 

of successive events in which the probability of each event depends solely on the state attained in the preceding 330 

event. Therefore, there was a high probability of detecting signal peaks in the immediate spatiotemporal proximity 331 

of previously mapped peaks. While confining the reach of the thresholds to local areas minimized the influence of 332 

the background noise, temporal confinement to preceding and following timeframes excluded signals that occurred 333 

much earlier and later than the reference peak.  334 

Further relaxation of the threshold confinements enhanced the detection of low-amplitude signals but inevitably 335 

increased the risk of detection errors (Fig. 3C, Movie S8). In principle, our adaptive thresholding scheme followed 336 

a greedy algorithm paradigm35, and as such, it is vulnerable to detection errors. Generally, a greedy algorithm 337 

builds up a global solution stepwise by making the locally optimal choice at each step. However, erroneous 338 

solutions made at earlier steps can proliferate and thereby compromise the global solution36. Therefore, carefully 339 

tuned thresholding parameters are key to the optimal detection of signal peaks. 340 
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The approach of multiple-moving object tracking enabled us to reconstruct axonal conduction trajectories through 341 

iterative associations of the mapped signal peaks (Fig. 4, Movie S9-11). The tracking algorithm was designed to 342 

estimate inter-frame correspondences between the mapped peaks in a data-driven fashion. It operates within 343 

predefined spatiotemporal boundaries, but also directly learns data-association criteria from sequences 344 

reconstructed along the tracking process. Thanks to strict boundaries, the algorithm discarded trajectories yielding 345 

conduction velocities that are unlikely for mammalian axons. While such boundaries ensure the exclusion of slow-346 

propagating dendrites29, they could also omit super-fast saltatory conduction inherent to myelinated axons10, which 347 

were most likely not present in our preparations. Owing to the data-driven refinement of the association criteria, 348 

the algorithm allowed customization of the tracking process for a specific neuron. Such customization provides 349 

applicability of the algorithm to axons with different conduction velocities, allowing observation of variations 350 

between neurons of the same or different types. 351 

Considering the Markov model of axonal conduction, AP peaks mapped in immediate spatiotemporal proximities 352 

can be associated directly using a greedy nearest neighbor matching (Fig. 4A, Movie S9). Due to the limited reach 353 

of the matching caliper, direct interconnection enabled only reconstruction of short fragments of the axonal 354 

conduction trajectory. Reconstructed fragments, in return, enabled estimation of the conduction velocity and 355 

thereby refining the association criteria. Because conduction velocities vary across a single axon9,11, greedy 356 

matching was limited to peaks mapped closely over sections of the trajectory with relatively constant conduction 357 

velocities. Relaxation of the association criteria could potentially extend the reach of the matching. However, it 358 

would inevitably introduce erroneous interconnections between spatially segregated peaks stretched over notably 359 

faster sections of the trajectory. 360 

Skeletonization of an axonal electrical image enabled reproduction of conduction paths between distant peaks (Fig. 361 

4B, Movie S10). Because skeletal remnants reflect the spatiotemporal landscape of the axonal signals, they can 362 

optimize the association of mapped peaks graphically, thus sidestepping complex heuristic techniques needed for 363 

maintaining computational tractability. In general, topology and structural complexity of skeletal remnants depend 364 

on spatiotemporal boundaries within which the axonal signals were skeletonized. Narrow boundaries 365 

encompassing two consecutive timeframes captured brief sequences of the axonal conduction and yielded skeletal 366 

remnants with fairly simple structure. Simple remnants enabled interconnection of the peaks across consecutive 367 

timeframes, however, discontinuous peaks remained beyond their reach. 368 

Skeletonization within wider spatiotemporal boundaries allowed interconnecting peaks across discontinuous 369 

timeframes (Fig. 4C, Movie S11), but yielded more complex remnants, especially in regions where axons branched 370 
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or intertwined. Complex remnants provided multiple possible solutions for the peak associations, thus aggravating 371 

the selection of an optimal conduction path between corresponding peaks. By restricting the skeletonization to 372 

three consecutive timeframes and using the refined association criteria, we could select the optimal path in most 373 

cases. However, further widening of the skeletonization boundaries increased the number of possible solutions 374 

exponentially and inevitably led to a deterioration of tracking performance. 375 

The Bayes optimal template-matching technique was used to validate the algorithm for signal peak detection (Fig. 376 

5). We chose this technique because it has previously been demonstrated to provide reliable detection of 377 

extracellular APs recorded using the HD-MEA system9. It enables the detection of axonal APs within single 378 

recording trials and microsecond differences in axonal propagation9,37. Bayes optimal template-matching is 379 

sensitive enough to discriminate low-amplitude APs from the background noise9, and thus can be used to validate 380 

our algorithm. 381 

Stimulation-triggered axonal activities allowed us to trace axonal conduction trajectories accurately and thus 382 

provided the ground truth for validation of our tracking algorithm (Fig. 6, Movie S12, S13). We have previously 383 

shown that both spontaneous and stimulation-triggered neuronal activities recorded by HD-MEAs can be used to 384 

outline axonal conduction trajectories27,30. Moreover, we demonstrated a congruence between the reconstructed 385 

trajectories and actual axonal morphology revealed optically9,11,27,30. 386 

We investigated functional morphologies of cortical and spinal axons and found significant differences between 387 

their structures, AP amplitudes and conduction dynamics (Fig. 7-9), which potentially reflect biological hallmarks 388 

of different neuronal subtypes. The structural complexity of cortical axons was reflected in their extensive 389 

branching, followed by the abundance of the axon terminals that were projected locally and distally (Fig. 7, Movie 390 

S14). Such morphological features of cortical axons can be attributed to their role in providing synaptic 391 

connectivity within local neuronal assemblies as well as across large neuronal networks, thus enabling higher-392 

order operations performed in the brain38. Spinal motor neurons, however, have evolved much simpler morphology 393 

to provide fundamentally different biological roles. Motor neurons innervate and precisely control muscles in the 394 

periphery outside the central nervous system and are, for that purpose, equipped with the longest known axons in 395 

the body1. Our results obtained in in vitro conditions are consistent with such a notion. They indicate that spinal 396 

axons indeed have much simpler morphologies when compared to cortical axons, yet still retain relatively long 397 

total lengths (Fig. 7, Movie S14). We found that spinal axons had moderately branched arbors, but projected their 398 

axon terminals at great distances, thus resembling morphological adaptations observed in vivo. Thanks to their 399 

extensively branched axons, cortical neurons enabled the delivery of APs to numerous axon terminals, surprisingly 400 
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synchronously and within short timespans. On the contrary, spinal axons with less branches at their disposal 401 

required considerably more time to forward their APs to axon terminals in a less synchronized fashion (Fig. 9B). 402 

We found that extracellular APs recorded from proximal axons near the putative AIS exposed disproportionately 403 

larger amplitudes than signals obtained from other axonal parts (Fig. 8, Movie S15). It has been previously shown 404 

that the AIS is the dominant contributor to the neuron’s extracellular electrical landscape29, which can be attributed 405 

to the high densities of voltage-gated ion channels expressed in the AIS 39-41. Interestingly, we found that APs 406 

obtained from proximal axons had significantly higher amplitudes in cortical than in motor neurons (Fig. 8B, C). 407 

The relatively low AP amplitudes at the AIS in motor neurons could result from the potentially disrupted 408 

organization of the AIS in unmyelinated motor neurons. Such disruption pertains to altered distribution and 409 

combination of voltage-gated ion channels as well as incomplete segregation of the AIS, para-AIS, and juxtapara-410 

AIS compartments inherent to myelinated spinal axons42. We found that signals obtained from distal axons and 411 

axonal trees had significantly lower amplitudes in cortical than motor neurons (Fig. 8B, C). This difference could 412 

be explained by the fact that spinal axons have a considerably larger diameter than cortical axons13.  As such, they 413 

engage a greater number of voltage-gated ion channels and create stronger transmembrane currents during an AP 414 

electrogenesis43. 415 

Large diameters of spinal axons could also explain their significantly faster conduction velocities compared to 416 

cortical axons (Fig. 9C). In general, axonal diameter and the presence of myelin sheaths are crucial factors that 417 

control conduction velocity in mammalian axons12,44. On the one hand, conduction velocity of unmyelinated axons 418 

is proportional to the square root of the axon diameter2. On the other hand, myelination provides a fundamentally 419 

different mechanism of AP propagation known as “saltatory” conduction45. In this case, myelin sheaths spatially 420 

restrict the distribution of voltage-gated ion channels to nodes of Ranvier and thus impose discontinuous AP 421 

propagation up to 100-fold faster than propagation in unmyelinated axons12,13. Culturing protocols used in this 422 

study do not anticipate the growth of Schwann cells needed for formation of myelin sheaths. Therefore, it is 423 

unlikely that complete myelination occurred in our cultures. We, however, cannot exclude potential cases where 424 

axons were partially myelinated. Moreover, incomplete myelinization or discontinuous distribution of voltage-425 

gated ion channels could explain relatively large variances of conduction velocities in spinal axons (Fig. 9C). 426 

Generally, standard deviations of the data presented in Fig. 7-9 could result from morphological and biophysical 427 

differences between various neuronal subtypes that may have existed in our cultures. Thus, for example, developed 428 

cortical cultures comprise excitatory glutamatergic and inhibitory GABAergic neurons which are known to differ 429 

in size and morphological complexities46. Even greater diversity of neuronal subtypes can be found among motor 430 
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neurons, including alpha, beta, and gamma motor neurons that are structurally specialized to innervate different 431 

muscle fiber types in the body1. However, another question is to what extend such specializations can be 432 

recapitulated in vitro and whether electrophysiological parameters observed in cultures allow for discriminating 433 

between neuronal subtypes. 434 

The presented method for functional imaging of cortical and spinal axons provides direct insights into the 435 

biophysical properties of axonal conduction. It allows investigation of interdependences between axonal function 436 

and structure, noninvasively and over extended periods. Functional morphologies contain data obtained from large 437 

portions of axonal arbors and, as such, allow studying the fidelity of signal conduction in different axonal elements, 438 

including conduction failures at branching points10 and signal attenuation in tiny axon terminals14. They also allow 439 

the inspection of activity-dependent modulation of extracellular AP waveforms9,47 and analysis of consequent 440 

changes in times at which modulated signals arrive at axon terminals9. Owing to its noninvasive nature, the method 441 

enables the study of structural and functional changes in axons over long periods. Thus, for example, comparative 442 

analysis of functional morphologies obtained at different timepoints allows investigation of biophysical changes 443 

during axonal outgrowth and pathfinding - developmental processes that guide axons toward specific targets and 444 

enable wiring within neuronal networks48,49. Complemented with techniques for electrical microstimulation (see 445 

Fig. S8), the method can be used to study activity-dependent axonal plasticity, including structural alteration such 446 

as the positional shift of the AIS50,51 as well as functional adaptations that involve changes in axonal conduction 447 

velocities11. Because the HD-MEA system allows observing electrical activities across entire neuronal networks 448 

(see Fig. S6), the method can serve as a complementary tool for studying the functional interplay between network 449 

dynamics and plastic adaptations in axons50,52. 450 

In summary, the presented method is designed for specific tissue-on-a-chip platforms and may serve as an 451 

attractive tool for pharmacological and preclinical studies of neurodegenerative diseases53. The key potential of 452 

the method lies in its ability to gain multilevel knowledge of neuronal functionality, which may serve as a valuable 453 

asset in drug discovery and safety pharmacology. The method holds great potential for developing disease-specific 454 

bioassays, especially considering the advent of human induced pluripotent stem cell (iPSC) technology that allows 455 

for utilizing patient-derived neurons. 456 
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METHODS 

Animal use. All experimental protocols were approved by the Uppsala Animal Ethical Committee under animal 457 

license C97/15 and follow the guidelines of the Swedish Legislation on Animal Experimentation (Animal Welfare 458 

Act SFS 2009:303) and the European Communities Council Directive (2010/63/EU). 459 

HD-MEA and signal processing. A complementary-metal-oxide-semiconductor (CMOS)-based HD-MEA 460 

system (MaxWell Biosystems AG) was used for extracellular neuronal recording and stimulation (Fig. S1). The 461 

array comprises 26,400 platinum microelectrodes (9.3×5.45 µm2) packed within an area of 3.85×2.10 mm2, 462 

providing a density of 3150 electrodes per mm2 (17.5 µm center-to-center pitch). Owing to a flexible switch matrix 463 

technology, up to 1024 readout and/or stimulation channels could be routed to the desired electrodes and 464 

reconfigured within a few milliseconds. On-chip circuitry was used to amplify (0-80 dB programmable gain), filter 465 

(high pass: 0.3-100 Hz, low pass: 3.5-14 kHz), and digitize (8-bit, 20 kHz) the neuronal signals. Digitized signals 466 

were sent to a field-programmable gate array (FPGA) board and further streamed to a host PC for real-time 467 

visualization and data storage. Recorded signals were up-sampled to 200 kHz following the Whitaker-Shannon 468 

interpolation formula. Python 3.7 and Matlab R2020a were used for data analysis and to design experimental 469 

protocols. 470 

Cortical cultures. We used a culturing protocol for the long-term maintenance of neural cultures54 (Fig. S2). 471 

Minor adaptations were introduced to the protocol to constrain culture growth to the sensing area of the array and 472 

maintain optimal growth media conditions during long-term experimentation30. Cortices from embryonic day 18 473 

Sprague Dawley rat were dissociated enzymatically in trypsin supplemented with 0.25% EDTA (Thermo Fisher 474 

Scientific) and physically by trituration. The remaining cell aggregates and debris were filtered using 40-µm cell 475 

strainer (Corning). For cell adhesion, a layer of 0.05% polyethyleneimine (Sigma-Aldrich) in borate buffer 476 

(Chemie Brunschwig), followed by a layer of 0.02 mg ml-1 human recombinant laminin (BioLamina) in DPBS 477 

containing Ca2+ and mg2+ (Thermo Fisher Scientific) was deposited on the electrode array. To constrain culture 478 

growth to the electrode array, a cell-drop containing ~50,000 cells and covering ~4 mm2 was seeded in the center 479 

of the array. The plating media were changed to growth media after 24 h and regularly changed every 6 days. 480 

Plating media consisted of Neurobasal, supplemented with 10% horse serum (HyClone), 0.5 mM GlutaMAX and 481 

2% B27 (Thermo Fisher Scientific). The growth media consisted of DMEM, supplemented with 10% horse serum 482 

(HyClone), 0.5 mM GlutaMAX and 1 mM sodium pyruvate (Thermo Fisher Scientific). Cultures were maintained 483 

inside an incubator under controlled environmental conditions (36° C and 5% CO2). The culturing chambers were 484 
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sealed with a ~1 mm layer of light mineral oil (Sigma-Aldrich) floating above the growth medium. The sealing 485 

provided selective permeability to gases, such as O2 and CO2, and prevented evaporation and consequent changes 486 

in the growth media’s osmolarity during long-term experiments. 487 

Motor neuron cultures. Protocol for growing motor-neuron cultures on HD-MEA surface is illustrated in Fig. 488 

S3. Spinal cords isolated from embryonic day 14 Sprague Dawley rat were dissociated enzymatically in trypsin 489 

supplemented with 0.25% EDTA (Thermo Fisher Scientific) and physically by trituration. The remaining cell 490 

aggregates and debris were filtered out using 40-µm cell strainer (Corning). A density gradient medium composed 491 

of 15% OptiPrepTM (Sigma-Aldrich) in Leibovitz's L-15 medium (Thermo Fisher Scientific) was used to 492 

fractionate motor neurons. For cell adhesion, a layer of 0.05% polyethyleneimine (Sigma-Aldrich) in borate buffer 493 

(Chemie Brunschwig), followed by a layer of 0.02 mg ml-1 human recombinant laminin (BioLamina) in DPBS 494 

containing Ca2+ & mg2+ (Thermo Fisher Scientific) was deposited on the electrode array. To constrain culture 495 

growth to the electrode array, a cell-drop containing ~50,000 cells and covering ~4 mm2 was seeded in the center 496 

of the array. The growth media consisted of Neurobasal supplemented with 20% MyoTonic differentiation medium 497 

(Cook MyoSite), 1% fetal bovine serum, 2% horse serum, 2% B27, 1% Antibiotic-Antimycotic, 0.2 mM 498 

Gentamicin, 0.7 mM L-glutamine, 1.5 mM sodium pyruvate (Thermo Fisher Scientific), 0.8 nM brain-derived 499 

neurotrophic factor (BDNF), 0.2 nM glial cell line-derived growth factor (GDNF), 0.2 nM ciliary neurotrophic 500 

factor (CNTF), 1.5 nM neurotrophin 3 (NT3), 1.4 nM neurotrophin 4 (NT4, R&D systems) and 1.3 nM human 501 

insulin-like growth factor 1 (hIGF-1, Thermo Fisher Scientific). The growth media were changed after 24 h and 502 

further regularly changed every 4 days. Cultures were maintained inside an incubator under controlled 503 

environmental conditions (36° C and 5% CO2). The culturing chambers were sealed with a ~1 mm layer of light 504 

mineral oil (Sigma-Aldrich) floating above the growth medium. 505 

Immunocytochemistry. Neuronal cultures were fixed in 4% paraformaldehyde (Thermo Fisher Scientific) in PBS 506 

(Sigma-Aldrich) at pH 7.4 for 15 min at room temperature, washed twice with ice-cold PBS, permeabilized with 507 

0.25% Triton X-100 (Sigma-Aldrich) in PBS for 10 min and washed three times in PBS. Fixed cultures were 508 

exposed to phosphate-buffered saline with Tween 20 (1% bovine serum albumin and 0.1% Tween 20 in PBS; 509 

Sigma-Aldrich) for 30 min to prevent unspecific binding of antibodies. The primary antibodies Anti-Map2 510 

(Abcam, ab5392), Anti-β-III tubulin (Abcam, ab18207) and Anti-mCherry (Abcam, ab125096), diluted in 511 

phosphate buffered saline with tween 20 to ratios of 1:1000, 1:500 and 1:500 respectively, were added and left 512 

overnight at 4°C on a shaker. Cultures were washed three times in PBS for 5 min each time on the shaker. The 513 

secondary antibodies Alexa Fluor 488 (Abcam, ab150173), Alexa Fluor 488 (Abcam, ab150073) and Alexa Fluor 514 

.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 March 1, 2023. ; https://doi.org/10.1101/2023.02.28.530461doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.28.530461
http://creativecommons.org/licenses/by/4.0/


Manuscript   Page 20 of 41 

594 (Abcam, ab150116) diluted to ratio of 1:200 in PBS with 1% BSA were added and left for 60 minutes in the 515 

dark at room temperature. Samples were washed three times in PBS for 5 min in the dark and then stored at 4°C. 516 

Cultures were immunostained with anti-β-III tubulin (Fig. S4, S5 and Movie S1, S2), anti-Map2 (Fig. S6, S7 and 517 

Movie S3-5) and a combination of anti-mCherry and anti-β-III tubulin antibodies (Fig. S5). 518 

Live imaging. Live-cell visualization of neurons was performed by transfection using pAAV-hSyn-mCherry 519 

plasmid from Karl Deisseroth (Addgene plasmid # 114472) and Lipofectamine 3000 (Thermo Fisher Scientific), 520 

jetPRIME (Polyplus) or TurboFect (Thermo Fisher Scientific) transfection reagent following the manufacturer’s 521 

protocols. Micrographs of cortical and motor neurons transfected using Lipofectamine 3000 are shown in Fig. S5. 522 

Microscopy and 3D image reconstruction. A Nikon Eclipse LVDIA-N microscope, Nikon DS-Fi2 camera and 523 

the Nikon NIS-Elements imaging software were used to produce micrographs. Epifluorescence microscopy was 524 

used collect Z-stack image series from immunostained cultures shown in Fig. S4, S5 and Movie S3, S4. ImageJ 525 

and Matlab custom designed codes were used to create 3D surface plots (Fig. S4) and to reconstruct 3D neuronal 526 

morphologies (Fig. S5) based on the intensities of immunofluorescent signals. 527 

Network-wide activity mapping. Spontaneous extracellular AP were sampled across the entire microelectrode 528 

array by sequential scanning over 28 recording configurations. Up to 1024 randomly selected electrodes recorded 529 

neuronal activity in each configuration for 2 minutes. The average voltage traces, recorded by each electrode, were 530 

used to reconstruct the network-wide activity map (Fig. S6A). Since the largest extracellular APs occur near the 531 

AIS, and APs arising from axonal arbors have much smaller amplitude, regions with high-amplitude APs in the 532 

activity maps indicated the locations of the AISes9,29,30. 533 

Electrical identification of individual neurons. Simultaneous access to signals arising from the AIS region 534 

enabled us to reconstruct the spatiotemporal distribution of extracellular APs, referred to as the ‘electrical 535 

footprint’ (Fig. S6C). To obtain these signals, we used high-density recording configurations covering the AIS 536 

locations revealed in the activity maps (Fig. S6A). In each configuration, blocks of 13×13 electrodes were 537 

connected to readout channels to sample neuronal activity for 2 minutes. Recorded signals were sorted by using 538 

the Spyking-Circus algorithm55, and electrical footprints were reconstructed by using custom-designed Matlab 539 

code. Because the first-occurring (initial) trace found in the electrical footprint colocalizes with the neuron’s AIS, 540 

it was used to trigger the averaging of voltage traces recorded across an entire axonal arbor (see below). 541 

Electrical imaging of axonal arbors. Array-wide averaging of voltage traces, synchronized with the initial trace 542 

(recorded from the AIS), reveals the spatiotemporal distribution of extracellular APs across an entire axonal arbor 543 
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(Fig. S7 and Movie S5). The first step in obtaining these data was selecting 9 electrodes that were closest to the 544 

putative AIS. We next designed multiple recording configurations covering the entire array - in each configuration, 545 

9 of the 1024 readout channels were routed to the 9 preselected electrodes, and remaining available channels were 546 

routed to randomly selected electrodes. Each configuration was used to sample neuronal activity during 2 minutes. 547 

Signals recorded by the 9 preselected electrodes in each configuration were sorted using the Spyking-Circus 548 

algorithm55. Timestamps of the sorted signals were used to trigger the averaging of voltage traces recorded across 549 

all other electrodes in the array. The spatiotemporal distribution of averaged signals was reconstructed using a 550 

custom-designed Matlab code. 551 

Electrical stimulation of individual neurons in the network. Stimulation performances of the HD-MEA system 552 

allow for stimulating any neuron in the culture with subcellular spatial precision9,11,30,56. Key concepts of the 553 

stimulation protocols that were used in this study are presented in Fig. S8. Extracellular electrical stimulations 554 

targeted at predefined axonal locations allow to experimentally control the direction of the axonal conduction30 555 

(Fig. S8A). Electrical stimulation directed at the AIS was used to elicit orthodromic neuronal activation (Fig. S8A-556 

left). Stimulation directed at distal axons was used to elicit antidromic neuronal activation (Fig. S8A-right). All 557 

stimulation protocols utilized balanced positive-first biphasic voltage pulses, with phase durations of 200 µs, 558 

because of their proven effectiveness in electrical stimulation57. Stimuli were applied to one electrode at a time at 559 

a frequency of 4 Hz. Neuronal responses to orthodromic stimulations were estimated by observing APs recorded 560 

from distal axons (Fig. S8A-left). Responses to antidromic stimulation were estimated by observing APs recorded 561 

from proximal axons and the AIS (Fig. S8A-right). To find optimal parameters for stimulation of individual 562 

neurons in the network, we used approaches thoroughly described in our previous study30. In brief, we applied 563 

neuron-wide stimulation over a range of voltages to reveal sites with the lowest activation threshold (Fig. S8B). 564 

Stimulation was applied at 4 Hz for voltages from ±10 to ±300 mV, with steps of ±10 mV. Each stimulation 565 

voltage was applied 60 times per site, and activation thresholds were defined as the minimum voltage to trigger 566 

an AP in 100% of the trials. To get more detailed excitability profiles, the most sensitive sites were then stimulated 567 

with voltages stepped by ±1 mV (Fig. S8C). 568 

Statistical analysis. All quantitative data presented in Fig. 7-9 are expressed as mean ± SEM. Numbers of 569 

biological replicates (N) used for analyses presented in Fig. 5-9 are denoted in the figures and are also stated in 570 

their legends. We used non-parametric tests for comparing distributions of parameters presented in Fig. 7-9, since 571 

normal distribution of the underlying data could not be determined unequivocally. The two-sided Mann-Whitney 572 
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U-test was applied and a P-value < 0.05 was considered significant. Logarithmic scaling of graphs shown in Fig. 573 

8B, C was used to display a wide range numerical data in a compact way. 574 
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FIGURES 
 

 

Figure 1. Reconstruction of axonal morphology based on neuronal electrical activity. (A) Contour map shows 591 

spatial distribution of extracellular action potentials (APs) recorded from a single cortical neuron. Average AP 592 

amplitudes are color-coded and presented through contour surfaces. Grey dots in the background represent 593 

locations of the recording electrodes. White-dashed-line circles superimposed over the contour map denote three 594 

magnified regions displayed on the right. Average AP waveforms obtained from proximal, middle and distal axons 595 

are shown in the three denoted regions (labelled I, II and III, respectively); color-coding is the same as in the 596 

contour map. Examples of AP waveforms recorded from the axon initial segment (AIS) and distal axons are shown 597 

at the bottom. (B) Functional morphology of axonal arbor reconstructed from APs displayed in (A). Branching 598 

orders of reconstructed neurites are color-coded. The AIS is depicted by a thick red line superimposed over the 599 

most proximal part of the axon. A filled dark-brown circle represents putative location of the neuronal soma. 600 

Color-free contour map and recording electrodes are shown in the background (same as in A). Functional 601 

morphologies of cortical and spinal axons are also presented in Movie S1 and Movie S2, respectively. 602 
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Figure 2. Experimental design and overview of the method. (A) Experimental design: (I) Brain cortices and 603 

spinal cords isolated (lime-green) from Sprague Dawley rat embryos were used as sources of primary cortical and 604 

motor neurons. Cells obtained from corresponding sources were seeded directly on HD-MEAs to grow cortical 605 

and motor neurons in separate cultures. (II) The utilized HD-MEA system features 26,400 microelectrodes packed 606 

within an area of 3.85×2.1 mm2. Interelectrode distances of 17.5-µm provide density of 3,264 microelectrodes per 607 

mm2. (III) The HD-MEA surface coated with cell-adhesive materials promoted neuronal growth over the sensing 608 

area and provided efficient electrode-to-neuron contacts. (IV) Dedicated media and growth-promoting factors were 609 

used to develop and maintain the cultures in vitro over extended periods of time. (V). Mature cultures conveyed 610 

spontaneous electrical activities. Neuronal extracellular APs were recorded through HD-MEA recording channels 611 

at 20 kHz sampling rate. (B) Overview of the method: (I) Signal amplitudes sampled across an entire HD-MEA 612 

were used to produce network-wide activity maps (yellow-green contour map). Local peaks found in activity maps 613 

indicated locations of individual neurons in the network. (II) Spike-sorting of recorded signals enabled to discern 614 

activities between neighboring neurons and to extract their individual electrical profiles. Displayed electrical 615 

profiles (dark-, mint- and lime-green waveforms) are referred to as “extracellular AP footprints”. (III) Array-wide 616 

spike-triggered averaging revealed spatiotemporal distribution of APs across axons of individual neurons (grey-617 

scale signal map). Such representation of neuronal signals is referred to as an “axonal electrical image”. (IV) 618 

Dynamic thresholding was used to detect local peaks within the footprint. (V) Detected peaks were interlinked 619 

based on their spatial and temporal proximities to reconstruct axonal conduction trajectories. 620 
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Figure 3. Detection of action potentials propagating across axonal arbors. (A) A simple threshold enables 621 

detection of high-amplitude signal peaks. (Left) 3D graph shows planar threshold (red semitransparent plane) 622 

applied to a section of neuronal signal (3D gray-lined mesh) reconstructed for a single timeframe. 2D profiles of 623 

the reconstructed signal are projected on the graph’s side planes (gray-filled hills). Signal cutouts found above the 624 

threshold are projected on the graph’s bottom (red-line bordered white patches). Detected signal peaks are denoted 625 
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by cyan circles projected perpendicularly from top to the bottom of the graph. Axonal contour shown at the graph’s 626 

bottom was estimated by observing spatial movements of the signal peaks over consecutive timeframes (also see 627 

Movie S12, S13). (Middle) Simple planar threshold was set to 9 STD of the estimated noise; background noise 628 

was sampled across all electrodes during periods when the neuron was inactive. (Right) Spatiotemporal 629 

distribution of the detected AP peaks (blue-cyan circles) superimposed over axonal contour (same as in the left 630 

panel). Timing of the detected peaks is color-coded. Action potential waveforms recorded at the numbered 631 

locations in the upper-right axonal branch are shown on the side. Black-dashed arrows indicate direction of the 632 

propagating APs. Red circles denote signal peaks that were not detected by the simple threshold. (B, C) 633 

Adaptations of the threshold based on spatial and temporal coordinates of previously detected peaks enabled 634 

detection of low-amplitude signals. (Left) Locally applied thresholds (red semitransparent circles) were centered 635 

on XY coordinates of previously detected peaks (gray circles projected perpendicularly from top to the bottom of 636 

the graph); local thresholds are adapted to detect neighboring peaks at preceding and succeeding timeframes. 637 

Neuronal electrical activity reconstructed for a single timeframe (3D gray-lined mesh) is projected on the graph’s 638 

side planes (tcurrent); signal profiles of preceding and succeeding timeframes are also projected (tprevious, tnext). Signal 639 

cutouts found above the threshold are projected on the graph’s bottom (red-line bordered white patches). Newly 640 

detected peaks are denoted by cyan circles projected on the graph’s bottom plane. Axonal contour same as in (a). 641 

(Middle) Detection fields of local thresholds are 50 µm (in B) and 100 µm (in C) in radius, and are set to 2 STD 642 

(in B) and 1 STD (in C) of the estimated noise. (Right) Same as in (A); note newly mapped peaks detected near 643 

proximal axon. Peak detection strategies are comprehensively demonstrated in Movie S6-8. 644 
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Figure 4. Reconstruction of axonal functional morphology. (A) Direct interconnection of mapped AP peaks. 645 

(left-middle) Closest signal peaks found within a 100-µm Euclidean range (pink-dashed circles) and mapped in 646 

two consecutive timeframes (current and preceding peak) were interconnected via direct links (rectilinear white 647 

lines). Axonal APs reconstructed for the current timeframe is shown in the background (contour map); average 648 
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signal amplitude is color-coded (gray scale). (right) Axonal conduction trajectories revealed by direct 649 

interconnection; timing of the propagating AP is color-coded (blue-cyan). (B) Skeletonization-assisted 650 

interconnection of mapped signal peaks. (left-middle) Signal peaks found within a 200-µm Euclidean range (pink-651 

dashed circles) and mapped at two consecutive timeframes (current and preceding peak) are interconnected via 652 

remnants of the skeletonized signal (irregular white lines) - signal averaged over the two consecutive timeframes 653 

(Δt = 100 µs) is skeletonized to infer directionality of the propagating signal. Axonal signal averaged over the two 654 

consecutive timeframes is shown in the background (contour map); signal amplitude is color-coded (gray scale). 655 

(right) Axonal conduction trajectories reconstructed using direct and skeletonization-assisted interconnection; 656 

timing of the propagating signal is color-coded (blue-cyan). (C) Indirect interconnection of mapped signal peaks. 657 

(left-middle) Signal peaks that were mapped at every other timeframe and found within a 400 µm Euclidean range 658 

(pink-dashed circles) were interconnected indirectly – the signal averaged over three consecutive timeframes (Δt 659 

= 150 µs) was skeletonized to interconnect peaks mapped in 1st and 3rd timeframe (irregular white line); data for 660 

the 2nd timeframe was predicted based on the conduction velocity observed in previously reconstructed trajectories. 661 

Axonal signal averaged over the three consecutive timeframes is shown in the background (contour map); signal 662 

amplitude is color-coded (gray scale). (right) Functional axonal morphology reconstructed using direct, 663 

skeletonization-assisted and indirect interconnection; timing of the propagating APs is color-coded (blue-cyan). 664 

Direct, skeletonization-assisted and indirect interconnections of mapped signal peaks are demonstrated in Movie 665 

S9-11. 666 
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Figure 5. Performances of the algorithm for detection of axonal signal peaks. (A) Principle of the template 667 

matching demonstrated on data recorded from cortical axons: (Left) Extracellular APs were spike-sorted (see Fig. 668 

S6) and reconstructed across an entire array (see Fig. S7) by averaging 100-200 single-trials on each electrode. 669 
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Reconstructed 3D signals were next transformed into derivatives (see Fig. 3) and all available signal peaks were 670 

obtained. Obtained peaks (pale-gray circles) are superimposed over the contour of axonal morphology. (Middle) 671 

Voltage traces recorded at locations of two example peaks are shown at the top (denoted as 1 and 2); averaged 672 

templates (black traces) are superimposed over single recording trials (light-gray traces). Note weak similarities 673 

in waveforms between the template and single trials at location 1 (putative noise) as oppose to strong similarities 674 

at location 2 (putative axonal signal). Template-matching procedure: the waveform of the template is successively 675 

compared with waveforms of discrete recording trials to extract percentage of “matching” trials within total 676 

number of trials. Examples of recording trials are presented continually within voltage traces (denoted as 1 and 2) 677 

and their relative positions are marked by circles: yellow and blue circles denote template mismatches and matches, 678 

respectively. Histogram below expresses separability between true and false peaks obtained from the template-679 

matching; all obtained peaks (as shown in left) were used for this analysis. Data that yielded a match of > 70 % 680 

were considered true axonal signal. (Right) True and false peaks (blue and yellow circles, respectively) were 681 

classified using the template-matching technique. (B) Performance of the algorithm for AP peak detection. 682 

Histograms show percentages of true and false peak detections across the three thresholding steps (see Fig. 3) with 683 

varying threshold levels. Percentages of true peak detections are exposed through violet, purple and magenta 684 

ascending bars (step I, II and III, respectively); percentages of false peak detections are exposed through yellow 685 

descending bars. True and false peak detections are expressed as percentages of corresponding peaks detected by 686 

the template-matching. Note: no false peak detections were observed at thresholds set to 9, 2 and 1 STD of the 687 

noise in step I, II and III, respectively. Pie-charts below show progress in the true peak detection across the three 688 

steps. (C) Detectability of signal peaks across arbors of cortical and motor neuron axons. Detectability for the 689 

three steps is expressed over axial distances from the putative AISes. The bottom histogram shows spatial 690 

distribution of detected peaks. Data shown in (B, C) was obtained from 10 cortical and 10 motor neurons. 691 
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Figure 6. Performances of the algorithm for reconstruction of axonal functional morphology. (A) Axonal 692 

conduction trajectories (black axonal contour) reconstructed from stimulation-triggered neuronal activities; 693 

electrical stimulation targeted three different axonal sites (yellow semitransparent circles); red dashed arrows 694 
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indicate directions of axonal conduction triggered from the corresponding stimulation site. Stimulation-triggered 695 

APs were reconstructed across an entire array and presented across consecutive movie frames, enabling visual 696 

tracking and reconstruction of axonal conduction trajectories (see Movie S12, S13). (B) Performance of the 697 

algorithm for reconstruction of axonal functional morphology. Histograms display percentages of true and false 698 

links established between mapped AP peaks using direct, skeletonization-assisted and indirect interconnection (see 699 

Fig. 3). Percentages of true links are exposed through dark-gray, gray and pale-gray ascending bars (step I, II and 700 

III, respectively); percentages of false links are exposed through yellow descending bars. Percentages of true and 701 

false links obtained using different radii for interconnection of the peaks are shown for each of the steps. The 702 

percentages are expressed with respect to a total number of links found in the corresponding ground truth trajectory 703 

(as shown in A). Note: no false links were established within Euclidean range (radius) of 100, 200 and 400 µm in 704 

step I, II and III, respectively. Pie-charts below show progress in the reconstruction of axonal morphology across 705 

the three steps. (C) Efficiency of the reconstruction (% of connected nodes) estimated for the three interconnection 706 

steps. Efficiencies are shown separately for cortical and motor neuron axons and are expressed over axial distances 707 

from the putative AISes. The bottom histogram shows spatial distribution of connected nodes. Data shown in (B, 708 

C) was obtained from 10 cortical and 10 motor neurons. 709 
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Figure 7. Functional morphologies of cortical and spinal axons. (A) Functional morphologies of a cortical (left) 710 

and motor-neuron axons (right) reconstructed based on spontaneous neuronal activities. Branching orders of 711 

reconstructed neurites are color-coded; neuronal somas are presented by black-filled circles. Axon initial segments 712 

are denoted by thick red lines near somas. Functional morphologies of the two neurons are also presented in Movie 713 

S14. (B) Axonal lengths and active areas. Histograms express density distributions of total axonal lengths, sizes 714 

of active areas and length-to-area quotients. Charts express comparisons between the corresponding values 715 

obtained from cortical and motor neurons; horizontal black lines denote mean values, perpendicular black-dashed 716 

lines denote standard deviations. (C) Lengths of inter-branching segments and axial distances of branching points. 717 

(Up) Histograms express density distributions of lengths of inter-branching segments. (Down) Histograms express 718 
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density distributions of axial distances of branching points (with respect to corresponding AIS). Charts on the right 719 

express comparisons between the corresponding values obtained from cortical and motor neurons; horizontal black 720 

lines denote mean values, perpendicular black-dashed lines denote standard deviations. (D) Quantity and axial 721 

distances of axon terminals. (Up) Histograms express density distributions of numbers of axon terminals per cell. 722 

(Down) Histograms express density distributions of axial distances of axon terminals (with respect to 723 

corresponding AIS). Charts on the right express comparisons between the corresponding values obtained from 724 

cortical and motor neurons; horizontal black lines denote mean values, perpendicular black-dashed lines denote 725 

standard deviations. Color-code: pale-gray color was used to mark data obtained from cortical neurons; dark-gray 726 

color was used to mark data obtained from motor neurons. Data shown in (B, C, D) was extracted from functional 727 

morphologies of 50 cortical and 50 motor neurons. *** p < 0.001. 728 
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Figure 8. Signal amplitude fluctuations during axonal conduction. (A) Action potential waveforms extracted 729 

from functional morphologies of cortical and motor-neuron axons. (Left) Functional morphology of a single 730 

cortical neuron is displayed in gray; average AP amplitudes tracked across selected axonal path are color-coded; 731 
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waveforms of axonal APs obtained from the denoted locations (numbered 1-13) are shown beside. (Right) 732 

Functional morphology of a single motor neuron is displayed in gray; average AP amplitudes tracked across 733 

selected axonal path are color-coded; waveforms of axonal APs obtained from the denoted locations (numbered I-734 

XII) are shown beside. Note difference in scalebars for AP waveforms obtained from proximal and distal axons. 735 

Data from the two neurons are also presented in Movie S15. (B) Axonal AP amplitudes versus axial distance from 736 

the AIS. (Left-middle) Amplitudes of axonal APs versus axial distances of their recording sites are plotted for 737 

cortical and motor neurons; axial distances are expressed with respect to locations of the corresponding AISes. 738 

The black curves represent mean values of amplitudes over all data points. The bottom histograms show density 739 

distributions of axial distances from the corresponding AISes. (Right) Mean AP amplitudes obtained from 740 

proximal and distal axons are compared between cortical and motor neurons; comparisons are expressed using 741 

box plots. The bottom diagrams show criterium for discriminating proximal from distal axonal locations. Action 742 

potential amplitudes averaged over proximal and distal regions of each of the neurons were used in this analysis. 743 

(C) Axonal AP amplitudes versus axonal branching order. (Left-middle) Amplitudes of axonal AP versus 744 

branching order of corresponding axonal segments are plotted for cortical and motor neurons. The white circles 745 

(interconnected by black lines) represent mean values of amplitudes computed for discrete branching orders. The 746 

bottom histograms show density distributions of branching orders. (Right) Mean signal amplitudes obtained from 747 

primary axonal trunks and axonal trees are compared between cortical and motor neurons; comparisons are 748 

expressed using box plots. The bottom diagrams show criterium for discriminating primary axonal trunks from 749 

axonal trees. Color-code: pale-gray color was used to mark data obtained from cortical neurons; dark-gray color 750 

was used to mark data obtained from motor neurons. Data shown in (B, C) was extracted from functional 751 

morphologies of 50 cortical and 50 motor neurons. ** p < 0.01; *** p < 0.001. 752 
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Figure 9. Temporal dynamics of axonal conduction. (A) (Left) Graphical representation of parameters that were 753 

used for the analysis of temporal aspects of axonal conduction. Thick gray contour represents simplified axonal 754 

morphology; neuronal somas are presented by gray-filled circles; a yellow line superimposed over a proximal axon 755 

represents the AIS; blebs at the ends of four axonal branches represent axon terminals. Yellow-dashed arrows 756 

indicate directionality of axonal AP propagation. Temporal parameters: initial time (t0) - time of the initiation of 757 

axonal conduction; arrival times (t1-4) - times at which axonal APs arrive at axon terminals; interval of arrivals - 758 

interval between the earliest and the latest arrival time; active timespan - timespan between initial time and the 759 

latest arrival time. (Right) Axonal AP propagation time versus axial distance from the AIS - comparison between 760 

cortical (graph on the left) and motor neurons (graph on the right). Yellow circles represent active timespans; gray 761 
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curves in the background represent AP propagation times observed over individual axonal paths; thick black curves 762 

represent mean values of propagation times averaged over all axonal paths. (B) Temporal aspects of axonal 763 

conduction. (Up) Histograms express density distributions of active timespans for cortical and motor neurons. 764 

(Middle) Histograms express density distributions of intervals of arrivals for cortical and motor neurons. (Down) 765 

Histograms express density distributions of variances of arrival times for cortical and motor neurons. Charts on 766 

the right express comparisons between the corresponding values obtained from cortical and motor neurons; 767 

horizontal black lines denote mean values, perpendicular black-dashed lines denote standard deviations. (C) 768 

Axonal conduction velocities. (Up) Histograms express density distributions of average conduction velocities for 769 

cortical and motor neurons; average velocities are computed for individual cells. (Down) Histograms express 770 

density distributions of variances of conduction velocities for cortical and motor neurons; variances are computed 771 

for individual cells. Charts on the right express comparisons between the corresponding values obtained from 772 

cortical and motor neurons; horizontal black lines denote mean values, perpendicular black-dashed lines denote 773 

standard deviations. Color-code: pale-gray color was used to mark data obtained from cortical neurons; dark-gray 774 

color was used to mark data obtained from motor neurons. Data shown was extracted from functional 775 

morphologies of 50 cortical and 50 motor neurons. ** p < 0.01; ***p < 0.001. 776 
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SUPPLEMENTARY FIGURES 

Figure S1 (related to Figure 2). CMOS-based HD-

MEA. Graphical scheme shows technical features of 

complementary-metal-oxide-semiconductor (CMOS)-

based high-density (HD) microelectrode array (MEA) 

system that was used in this study. (I) Outlook of HD-

MEA chip. (II) The MEA comprises 26,400 platinum 

electrodes packed within sensing a area of ~8 mm2. 

Each of the electrodes can serve as a recording and/or 

stimulation source enabling bi-directional 

communication with any cell laying on the sensing 

area. (III) Dense arrangement of microelectrodes 

(3,264 electrodes per mm2) enables to access electrical 

activity of a single neuron across hundreds of sites at 

subcellular spatial resolution. (IV) Sizes of individual 

microelectrodes are 9.3×5.45 µm2; interelectrode 

center-to-center pitch is 17.5 µm. Up to 1024 readout 

channels can be simultaneously used to sample 

neuronal signals. Flexible switch matrix technology 

allows to route available channels to desired electrodes 

and to reconfigure the routing within few 

microseconds. Raw neuronal signals are recorded at 

20-kHz sampling rate. 
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Figure S2 (related to Figure 2). Culturing primary 

cortical neurons on the HD-MEA. Graphical 

illustration shows the key steps of the protocol used for 

culturing rat’s primary cortical neurons on the HD-

MEA surface. (I) Entire brains were obtained from 

Sprague Dawley rat embryos dissected on embryonic 

day 18. (II) Cortices were isolated from the brains and 

cortical meninges were removed. (III) Cortices were 

dissociated enzymatically in trypsin supplemented 

with 0.25% EDTA. (IV) Cortices were dissociated 

physically by trituration in the plating medium. (V) 

Suspension of dissociated cells was filtered using 40-

µm cell strainer to remove cell aggregates and debris. 

(VI) Filtered cells were plated directly on the chip’s 

sensing area coated by a thin layer of laminin. Cells 

were seeded in a 20 µl drop containing ~50,000 cells 

in total.  
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Figure S3 (related to Figure 2). Culturing primary 

motor neurons on the HD-MEA. Graphical 

illustration shows key steps of the protocol used for 

culturing rat’s primary motor neurons on HD-MEA 

surface. (I) Entire spinal cords were isolated from 

Sprague Dawley rat embryos dissected on embryonic 

day 14. (II) Dorsal root ganglia were detached and 

meninges were removed from isolated spinal cords. 

(III) Spinal cords were dissociated enzymatically in 

trypsin supplemented with 0.25% EDTA. (IV) Spinal 

cords were next dissociated physically by trituration in 

the plating medium. Suspension of dissociated cells 

was filtered using 40 µm cell strainer to remove cell 

aggregates and debris. (V) Density gradient 

centrifugation was used to fractionate motor neurons 

from the filtered cell-suspension. (VI) Isolated cells 

were plated directly on the chip’s sensing area coated 

by a thin layer of laminin. Cells were seeded in a 20 µl 

drop containing ~50,000 cells in total.  
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Figure S4 (related to Figure 2). Thickness and cell-density of neuronal cultures grown on the HD-MEA. (A) 

Rat primary cortical culture grown on the HD-MEA surface – 16 DIV. (Left) Micrograph of the cortical culture 

immunostained against β-III tubulin. Epifluorescence microscopy was used to collect Z-stack image series. Z-

position of the focus plane shown is marked on the side view projections (yellow lines). Yellow square 

superimposed over the center of the micrograph denotes a section of the Z-stack data that was used to produce the 

graph shown on the right. (Right) Surface plot reconstructed from the Z-stack data denoted in the left panel. Three-

dimensional graph (gray net) displays intensities of fluorescent signals. Reconstructed graph was used to estimate 

thickness of the culture. Distribution of local thicknesses and cell-densities sampled over discrete areas of 100×100 

µm2 are presented in the histograms bellow. (B) Rat’s primary motor-neuron culture grown on HD-MEA surface 

– 12 DIV. (Left) Micrograph of the motor-neuron culture immunostained against β-III tubulin. Epifluorescence 

microscopy was used to collect Z-stack image series. Z-position of the focus plane shown is marked on the side 
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view projections (yellow lines). Yellow square superimposed over the center of the micrograph denotes a section 

of the Z-stack data that was used to produce the graph shown on the right. (Right) Surface plot reconstructed from 

the Z-stack data denoted in the left panel. Three-dimensional graph (gray net) displays intensities of fluorescent 

signals. Reconstructed graph was used to estimate thickness of the culture. Distribution of local thicknesses and 

cell-densities sampled over discrete areas of 100×100 µm2 are presented in two histograms below.  
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Figure S5 (related to Figure 2). Disposition of cortical and spinal neurites with respect to the HD-MEA 

surface. (A) Cortical neurons grown on the HD-MEA surface – 16 DIV. (Left) Micrograph of fluorescently 

labelled cortical neurons. Neurons were sparsely transfected at 14 DIV using RFP-expressing plasmid (pAAV-

hSyn-mCherry); the RFP-expression was optically confirmed in 6 neurons. The culture was fixed at 16 DIV and 

immunostained against beta-III tubulin to label all neurons in the culture (green); the culture was also 
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immunostained against RFP to intensify fluorescent signal in the transfected neurons (red). Epifluorescence 

microscopy was used to collect Z-stack image series. (Right-up) Three-dimensional neuronal morphology 

reconstructed from optical data shown in the left panel. Local distances of neuronal processes from the HD-MEA 

surface are color-coded. (Right-down) Histogram shows distribution of local distances of neuronal processes from 

the HD-MEA surface. (B) Motor neurons grown on the HD-MEA surface – 12 DIV. (Left) Micrograph of 

fluorescently labelled motor neurons. Individual neurons were sparsely transfected at 10 DIV using RFP-

expressing plasmid (pAAV-hSyn-mCherry); the RFP-expression was optically confirmed in 14 neurons. The 

culture was fixed at 12 DIV and immunostained against beta-III tubulin to label all neurons in the culture (green); 

the culture was also immunostained against RFP to intensify fluorescent signal in the transfected neurons (red). 

Epifluorescence microscopy was used to collect Z-stack image series. (Right-up) Three-dimensional neuronal 

morphologies reconstructed from optical data shown in the left panel. Local distances of neuronal processes from 

the HD-MEA surface are color-coded. (Right-down) Histogram shows distribution of local distances of neuronal 

processes from the HD-MEA surface. ImageJ and Matlab custom designed codes were used to reconstruct three-

dimensional neuronal morphologies shown here. 
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Figure S6 (related to Figure 2). Electrical identification of individual neurons in the culture. (A) Network-

wide electrical activity. (I) Micrograph of fluorescently labeled cortical culture grown on the HD-MEA. The 

culture was fixed at 16 DIV and immunostained against Map2. Epifluorescence microscopy was used to collect 

Z-stack image series (presented in Movie S3). Herein, presented is maximum signal intensity. (II) Network-wide 

activity map. Spontaneous APs were sampled across all microelectrodes for 2 minutes. Average amplitudes of 
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recorded signals were used to reconstruct the map; signal amplitude is color-coded. Micrograph of the 

corresponding culture is set in back. White square superimposed over the map frames the region magnified in III. 

(IV) Positions of the recording microelectrodes (white squares in front) with respect to locations of neuronal somas 

(micrograph in the background); same region as in III; Z-stack image series are presented in Movie S4. Voltage 

traces recorded from six denoted electrodes (1-6) are shown in (B). (B) Discerning between APs recorded from 

neighboring neurons. Spike-sorting algorithms enable discerning mixed signals recorded from neighboring 

neurons and thereby extracting APs arising from individual neurons. Voltage traces recorded from 6 electrodes 

(denoted in A-IV) are presented in gray. Sorted signals from different cells (1-6) are colored. (C) Reconstructed 

electrical activities of individual neurons. Averaging of sorted signals over adjacent electrodes reveals the 

spatiotemporal distribution of a single neuron’s activity. Such signal representation is called an “extracellular AP 

footprint”. Herein, presented are electrical footprints of 8 neighboring neurons, superimposed over micrograph of 

the corresponding culture (same as in A-IV). Temporal distribution of APs detected on different electrodes is 

color-coded. 
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Figure S7 (related to Figure 2). Electrical imaging of axonal arbors. (A) Electrical footprints reveal proximal 

neuronal compartments. (Left) Electrical footprints of three neighboring cortical neurons (denoted as cell 1-3). 

Circle sizes indicate average amplitudes of APs detected on individual microelectrodes; occurrence time of 

detected AP peaks relative to timing of the initial trace (t0) is color-coded. Color-filled circles denote locations 

along putative dendrite-AIS-axon axis; APs recorded from the denoted locations are shown in right. Micrograph 
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of the corresponding culture is shown in the back; the culture was fixed at 16 DIV and immunostained against 

Map2. White semitransparent rectangles superimposed over the micrograph represent microelectrodes. (Right) AP 

waveforms recorded along dendrite-AIS-axon axis as denoted in left. Action-potential waveforms are temporally 

aligned with respect to occurrence time of the initial trace (it); note temporal shift of the aligned AP peaks relative 

to t0 (black-dashed line in the back). Average AP waveforms are colored (blue-cyan) and superimposed over the 

corresponding single-trials (gray). Color-coding same as in left. Signal scalebar: 100 µV. (B) Spike-trigger 

averaging of sorted APs reveals entire axonal arbors. (Left-up, Right-up, Left-down) Spatial distribution of axonal 

APs recorded across an entire HD-MEA; same neurons as in (a); AP amplitude is color-coded (gray scale). It - 

initial trace; color-filled circles denote recording sites for axonal APs shown on the side. Black dots in the 

background represent microelectrodes. Axonal AP waveforms recorded from the denoted sites are presented on 

the side; their occurrence time is color-coded. Average AP waveforms are colored (blue-cyan) and superimposed 

over the corresponding single-trials (gray). Signal scalebar: 100 µV. (Right-down) Axonal contours of the three 

cortical neurons (denoted as 1-3) superimposed over the micrograph of the corresponding culture. Spike-trigger 

averaged signals of the three neurons is presented in Movie S5. Axonal contours are estimated by observing spatial 

movements of the signal peaks in consecutive movie frames. The culture was fixed at 16 DIV and immunostained 

against Map2. Epifluorescence microscopy was used to collect Z-stack image series (presented in Movie S3). 
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Figure S8 (related to Figure 6). Targeted microstimulation of axons using the HD-MEA system. (A) 

Schematic representation of electrical stimulations directed at proximal (left) and distal (right) axon of a motor 

neuron. Stimulation-triggered axonal APs are presented through colored circles superimposed over black axonal 

contour; conduction time of the presented APs is color-coded. Black dashed arrows indicate directions of axonal 

conduction. Waveforms of axonal APs recorded from ten denoted locations (1-10) are shown on the sides; 

averaged waveforms (color-coded traces) are superimposed over single recording trials (pale-gray traces). 
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Positive-first biphasic voltage pulses were used to stimulate the neuron. Stimulation sites are denoted by yellow 

squares centered within large gray circles; the gray circles represent artifacts induced by the stimulations. (Left) 

Electrical stimulation targeted at proximal axon initiated an orthodromic signal conduction; stimulation voltage 

amplitude of ±55 mV was used to stimulate the neuron 60 times at 4 Hz. (Right) Electrical stimulation targeted at 

distal axon initiated an antidromic signal conduction; stimulation voltage amplitude of ±150 mV was used to 

stimulate the neuron 60 times at 4 Hz. (B) Identification of stimulation electrodes and voltage magnitudes for 

orthodromic (left) and antidromic (right) stimulation. Average waveforms of neuronal APs (black traces) recorded 

from proximal and distal axons are superimposed over corresponding “stimulation maps” – spatial distribution of 

identified stimulation thresholds for effective activation of the neuron. Stimulation thresholds are color-coded and 

are assigned to physical location of stimulation electrodes. (Left) Stimulation map obtained near proximal axon. 

Note: the lowest stimulation threshold colocalized with the neuronal signal with the largest amplitude (putative 

AIS). (Right) Stimulation map obtained near the distal axon. Note larger values of stimulation thresholds as 

compared with the proximal stimulation map. (left-right) Stimulation electrodes with the lowest thresholds were 

used for orthodromic and antidromic stimulations presented in a. Excitability profiles for six denoted electrodes 

(1-6) are shown in c. (C) Excitability profiles of six electrodes with the lowest thresholds for orthodromic (1-3) 

and antidromic (4-6) stimulation. Each of the electrodes was probed with range of stimulation voltages (±10 to 

±300 mV) and stimulation-triggered neuronal response were used to express the excitability profiles. Each of the 

voltages was applied 100 times per electrode. Stimulation thresholds (color-coded in b) were defined as the 

minimal voltages that activated the neuron in 100 % of the stimulation trials. 
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SUPPLEMENTARY MOVIES 

Movie S1 (related to Figure 1). Functional morphologies of cortical axons displayed in real-time. (Left) 

Reconstructed functional morphologies of cortical axons superimposed over a micrograph of the corresponding 

culture. Morphologies of individual neurons are presented through consecutive sequences of AP propagation paths 

as traced across axonal arbors in real-time. Functional morphologies of 15 neurons are displayed successively and 

stacked on top of each other; neuron count is color-coded; total length of reconstructed axons amounts 348.82 mm. 

A micrograph of immunostained rat’s primary cortical culture grown directly on the HD-MEA surface is shown 

in the background. The culture was fixed immediately after the acquisition of electrophysiological data, and 

fluorescently labelled against β-III tubulin at 16 DIV. Epifluorescence microscopy was used to collect optical data. 

(Right) Spontaneous electrical activities of cortical neurons as monitored across an entire HD-MEA. Amplitudes 

of electrical signals recorded by individual electrodes are color-coded in grey scale; recorded signals are mapped 

spatially across all microelectrodes and temporally over discrete timeframes to produce the movie. Trajectories of 

axonal signals are traced over consecutive timeframes to reconstruct morphologies of individual neurons. Time-

gap between consecutive timeframes is 50 µs. Real conduction times of traced signals are color-coded and 

presented through reconstructed morphologies (blue-cyan scale). Functional morphologies of 15 neurons are 

traced successively and simultaneously shown on both right and left panel. 

Movie S2 (related to Figure 1). Functional morphologies of spinal axons displayed in real-time. (Left) 

Reconstructed functional morphologies of motor neuron axons superimposed over a micrograph of the 

corresponding culture. Morphologies of individual neurons are presented through consecutive sequences of AP 

propagation paths as traced across axonal arbors in real-time. Functional morphologies of 15 neurons are displayed 

successively and stacked atop each other; neuron count is color-coded; total length of reconstructed axons amounts 

282.72 mm. Micrograph of immunostained rat’s primary motor neuron culture grown directly on the HD-MEA 

surface is shown in the background. The culture was fixed immediately after the acquisition of electrophysiological 

data, and fluorescently labelled against β-III tubulin at 12 DIV. Epifluorescence microscopy was used to collect 

optical data. (Right) Spontaneous electrical activities of motor neurons as monitored across an entire HD-MEA. 

Amplitudes of electrical signals recorded by individual electrodes are color-coded in grey scale; recorded signals 

are mapped spatially across all microelectrodes and temporally over discrete timeframes to produce the movie. 

Trajectories of axonal signals are traced over consecutive timeframes to reconstruct morphologies of individual 

neurons. Time-gap between consecutive timeframes is 50 µs. Real conduction times of traced signals are color-
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coded and presented through reconstructed morphologies (blue-cyan scale). Functional morphologies of 15 

neurons are traced successively and simultaneously shown on both right and left panel. 

Movie S3 (related to Figure 2). Cortical culture grown on HD-MEA surface – 20x magnification. Z-stack 

image series of cortical culture grown on the HD-MEA. The presented culture-section covered an area of 1.3×1.3 

mm2 and interfaced with 5,476 electrodes. The culture was fixed at 16 DIV and immunostained against Map2. 

Epifluorescence microscopy was used to collect Z-stack image series. Data obtained from the same culture is 

presented in Fig. S6, S7 and in Movie S4. 

Movie S4 (related to Figure 2). Cortical culture grown on HD-MEA surface – 40x magnification. Z-stack 

image series of cortical culture grown on the HD-MEA. The presented culture-section covered an area of 0.3×0.3 

mm2 and interfaced with 289 electrodes. The culture was fixed at 16 DIV and immunostained against Map2. 

Epifluorescence microscopy was used to collect Z-stack image series. Data obtained from the same culture is 

presented in Fig. S6, S7 and in Movie S3. 

Movie S5 (related to Figure 2). Electrical imaging of axonal arbors. Spatiotemporal distribution of extracellular 

APs as propagating across axons of three cortical neurons. Amplitudes of APs recorded by individual electrodes 

are color-coded; recorded signals are mapped spatially across all microelectrodes and temporally over discrete 

timeframes to produce the movie. Time-gap between consecutive timeframes is 50 µs. Data obtained from same 

neurons is presented in Fig. S7. Micrograph of the corresponding culture is shown in the back; the culture was 

fixed at 16 DIV and immunostained against Map2. Epifluorescence microscopy was used to collect optical data. 

Z-stack image series of the same culture-section is presented in Movie S3. 

Movie S6 (related to Figure 3). Mapping signals across axonal arbor – step 1. Simple planar threshold set to 

9 STD of the estimated noise enables detection of high-amplitude AP peaks along the axonal arbor. (Left) 3D 

graph shows planar threshold (red semitransparent plane) applied on a section of neuronal signal (3D gray-lined 

mesh) reconstructed over consecutive timeframes. 2D profiles of the reconstructed signal are projected on the 

graph’s side planes (gray-filled hills). Signal cutouts found above the threshold are projected on the graph’s bottom 

(red-line bordered patches). Detected signal peaks are denoted by green circles projected perpendicularly from top 

to bottom of the graph. Axonal contour shown at the graph’s bottom was estimated by observing spatial movements 

of the signal peaks over consecutive timeframes. (Right) 2D representation of the data shown in left. 

Spatiotemporal distribution of the detected peaks (blue-cyan circles) superimposed over axonal contour (same as 

in left). Peaks detected over consecutive timeframes are denoted by green circles; detected peaks are embedded 
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within 2D projection of the signal cutouts found above the threshold (red-line bordered patches, same as in left). 

Occurrence time of detected peaks is color-coded (blue-cyan). Neuronal electrical activity reconstructed over 

consecutive timeframes is shown in the background; average AP amplitude is color-coded (gray scale). Section of 

the same data is presented in Fig. 3A. 

Movie S7 (related to Figure 3). Mapping signals across axonal arbor – step 2. Adaptations of the threshold 

based on spatial and temporal coordinates of previously mapped peaks enables detection of low-amplitude APs 

along the axonal arbor. (Left) 3D graph shows local thresholds (red semitransparent circles) applied on a section 

of neuronal signal (3D gray-lined mesh) reconstructed over consecutive timeframes. Local thresholds are centered 

on XY coordinates of previously detected peaks and are adapted to detect neighboring peaks in preceding and 

succeeding timeframes; detection fields of local thresholds are 50 µm in radius, and are set to 2 STD of the 

estimated noise. Signal cutouts found above the threshold are projected on the graph’s bottom (red-line bordered 

patches). Detected signal peaks are denoted by green circles projected perpendicularly from top to the bottom of 

the graph. Axonal contour shown at the graph’s bottom was estimated by observing spatial movements of the 

signal peaks over consecutive timeframes. (Right) 2D representation of the data shown in left. Spatiotemporal 

distribution of the detected peaks superimposed over axonal contour. Peaks detected over consecutive timeframes 

are denoted by green circles appearing in each frame; detected peaks are embedded within 2D projection of the 

signal cutouts found above the threshold (red-line bordered patches, same as in left). Previously detected peaks 

are denoted by white-filled circles; newly detected peaks are denoted by accumulating blue-cyan circles. 

Occurrence time of detected peaks is color-coded (blue-cyan). Neuronal electrical activity reconstructed over 

consecutive timeframes is shown in the background; average AP amplitude is color-coded (gray scale). Section of 

the same data is presented in Fig. 3B. 

Movie S8 (related to Figure 3). Mapping signals across axonal arbor – step 3. Adaptations of the threshold 

based on spatial and temporal coordinates of previously mapped peaks enables detection of low-amplitude APs 

along axonal arbor. (Left) 3D graph shows local thresholds (red semitransparent circles) applied on a section of 

neuronal signal (3D gray-lined mesh) reconstructed over consecutive timeframes. Local thresholds are centered 

on XY coordinates of previously detected peaks and are adapted to detect neighboring peaks in preceding and 

succeeding timeframes; detection fields of local thresholds are 100 µm in radius, and are set to 1 STD of the 

estimated noise. Signal cutouts found above the threshold are projected on the graph’s bottom (red-line bordered 

patches). Detected signal peaks are denoted by green circles projected perpendicularly from top to the bottom of 

the graph. Axonal contour shown at the graph’s bottom was estimated by observing spatial movements of the 
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signal peaks over consecutive timeframes. (Right) 2D representation of the data shown in left. Spatiotemporal 

distribution of the detected peaks superimposed over axonal contour. Peaks detected over consecutive timeframes 

are denoted by green circles appearing in each frame; detected peaks are embedded within 2D projection of the 

signal cutouts found above the threshold (red-line bordered patches, same as in left). Previously detected peaks 

are denoted by white-filled circles; newly detected peaks are denoted by accumulating blue-cyan circles. 

Occurrence time of detected peaks is color-coded (blue-cyan). Neuronal electrical activity reconstructed over 

consecutive timeframes is shown in the background; average AP amplitude is color-coded (gray scale). Section of 

the same data is presented in Fig. 3C. 

Movie S9 (related to Figure 4). Direct interconnection of mapped signal peaks. Fragments of axonal 

conduction trajectory reconstructed based on spatiotemporal proximities of axonal signal peaks. (Left) Closest 

signal peaks found within 100 µm Euclidean range (moving white circles) and mapped over consecutive 

timeframes are interconnected via direct links (transient white lines).  Signal peaks found in a current timeframe 

are denoted by white-filled circles. Signal peaks found in three preceding timeframes are denoted by colored circles 

(blue-cyan); colors encode signal conduction time. Direct links established in preceding timeframes are presented 

by thin black lines; direct links outline fragments of axonal conduction trajectory. Non-connected peaks are 

denoted by black-filled circles. Spontaneous activity of the corresponding neuron is shown in the background; 

average amplitude of the axonal signal is color-coded (gray scale). (Right) Fragments of axonal conduction 

trajectory revealed by direct interconnection (as shown in Left) are presented by thick colored lines (blue-cyan); 

colors encode conduction time of axonal signals. Spontaneous activity of the corresponding neuron is shown in 

the background; average amplitude of the axonal signal is color-coded (gray scale). Section of the same data is 

presented in Fig. 4A. 

Movie S10 (related to Figure 4). Skeletonization-assisted interconnection of mapped signal peaks. 

Skeletonized axonal signals mediate interconnection of mapped peaks that could not be interconnected directly. 

(Left) Fragments of axonal conduction trajectory revealed by direct interconnection (as shown in Movie S9) are 

presented through dark-gray contour. Remaining gaps in the trajectory are filled via skeletonization-assisted 

interconnection of mapped peaks. Signal peaks found within 200-µm Euclidean range (moving white circles) and 

mapped in two consecutive timeframes are interconnected via remnants of the skeletonized signal (irregular white 

lines) - signal averaged over the two consecutive timeframes (Δt = 100 µs) is skeletonized to infer directionality 

of the axonal conduction. Signal peaks found in a current timeframe are denoted by white-filled circles. Signal 

peaks found in the preceding timeframe are denoted by colored circles (blue-cyan); colors encode timing of the 
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signal conduction. Non-connected peaks are denoted by black-filled circles. Spontaneous activity of the 

corresponding neuron is shown in the background; average amplitude of the axonal signal is color-coded (gray 

scale). (Right) Axonal conduction trajectory revealed by direct and skeletonization-assisted interconnection (as 

shown in Left) are presented by thick colored lines (blue-cyan); colors encode timing of the signal conduction. 

Spontaneous activity of the corresponding neuron is shown in the background; average amplitude of the axonal 

signal is color-coded (gray scale). Section of the same data is presented in Fig. 4B. 

Movie S11 (related to Figure 4). Indirect interconnection of mapped signal peaks. Indirect interconnection 

enables to interlink spatiotemporally distanced peaks that could not be interconnected via direct nor 

skeletonization-assisted interconnection. (Left) Axonal conduction trajectory revealed by direct and 

skeletonization-assisted interconnection (as shown in Movie S10) are presented through dark-gray contour. 

Remaining gaps in the trajectory are filled via indirect interconnection of mapped peaks. Spatiotemporally 

distanced peaks that are mapped in every second timeframe and found within 400 µm Euclidean range (moving 

white circles) are interconnected indirectly - signal averaged over three consecutive timeframes (Δt = 150 µs) is 

skeletonized to interconnect peaks mapped in 1st (current) and 3rd (second preceding) timeframe (irregular white 

lines); data for 2nd (first preceding) timeframe is predicted based on the average conduction velocity observed in 

previously reconstructed fragments of the trajectory. Signal peaks found in a current timeframe are denoted by 

white-filled circles. Signal peaks found in the second preceding timeframe are denoted by colored circles (blue-

cyan); colors encode timing of the signal conduction. Data predicted for the first preceding timeframe is denoted 

by framed white-filled circles. Spontaneous activity of the corresponding neuron is shown in the background; 

average amplitude of the axonal signal is color-coded (gray scale). (Right) Axonal conduction trajectory revealed 

by direct, skeletonization-assisted and indirect interconnection (as shown in Left) are presented by thick colored 

lines (blue-cyan); colors encode timing of the signal conduction. Spontaneous activity of the corresponding neuron 

is shown in the background; average amplitude of the axonal signal is color-coded (gray scale). Section of the 

same data is presented in Fig. 4C. 

Movie S12 (related to Figure 6). Stimulation-aided reconstruction of axonal conduction trajectories. Axonal 

conduction trajectories obtained from stimulation-triggered activities of a single motor neuron. Electrical 

stimulation was directed at three predefined axonal sites (yellow semi-transparent circles) – the AIS (stimulation 

I), distal axon on the right (stimulation II) and distal axon on the left (stimulation III). We used charge-balanced 

positive-first biphasic voltage pulses with phase durations of 200 µs and amplitudes of ±30, ±50 and ±40 mV for 

the stimulation I, II and III, respectively. Each of the axonal sites was stimulated 60 times at 4 Hz. Stimulation 
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sites and amplitudes used specifically for this experiment were previously optimized (see Fig. S8). Stimulation-

triggered activities were reconstructed and averaged across an entire array. Reconstructed activities were mapped 

spatially across all microelectrodes and temporally over discrete timeframes to produce the movie. Time-gap 

between consecutive timeframes is 50 µs. Average signal amplitude is color-coded (gray scale). Observing the 

spatial movements of signal peaks in consecutive movie frames enabled us to visually track axonal AP conduction 

in different directions and to reconstruct axonal conduction trajectories. Conduction times of stimulation-triggered 

APs are color-coded (blue-cyan scale). Conduction trajectories of the same neuron are presented in Fig. 6A and in 

Movie S13. 

Movie S13 (related to Figure 6). Visually tracked axonal conduction trajectories. Axonal conduction 

trajectories obtained from spontaneous and stimulation-triggered activities of a single motor neuron (same neuron 

as in Movie S12). Spontaneous neuronal activity was mapped spatially across all microelectrodes and temporally 

over discrete timeframes to produce the movie shown in the background. Time-gap between consecutive 

timeframes is 50 µs. Average signal amplitude is color-coded (gray scale). Observing the spatial movements of 

signal peaks in consecutive movie frames enabled us to visually track axonal AP conduction and to reconstruct 

axonal conduction trajectories. Conduction times of tracked APs are color-coded (blue-cyan scale). Conduction 

trajectories of the same neuron are presented in Fig. 6A and in Movie S12. 

Movie S14 (related to Figure 7). Functional morphologies of cortical and spinal axons. Functional 

morphologies of cortical (left) and spinal (right) axonal arbors reconstructed based on spontaneous neuronal 

activities. Branching orders of reconstructed neurites are color-coded (brown scale); neuronal somas are presented 

by black-filled circles. Spontaneous activities of corresponding neurons are displayed in the background. 

Amplitudes of electrical signals recorded by individual electrodes are color-coded in grey scale; recorded signals 

are mapped spatially across all microelectrodes and temporally over discrete timeframes to produce the movie. 

Propagation time of axonal APs is displayed in upper-left corner. The time gap between consecutive timeframes 

is 50 µs. Functional morphologies of the two neurons are also presented in Fig. 7A. 

Movie S15 (related to Figure 8). Action potential waveforms as traced across axonal functional 

morphologies. Examples of AP waveforms extracted from functional morphologies of cortical (left) and motor-

neuron (right) axons. (Left) Functional morphology of a cortical axon (white axonal contour) is displayed over 

spontaneous activity of the corresponding neuron; neuronal soma is presented by black-filled circle. AP waveforms 

traced across selected axonal path are displayed beside; average AP amplitudes are color-coded. (Right) 

Functional morphology of a motor neuron axon (white axonal contour) is displayed over spontaneous activity of 
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the corresponding neuron; neuronal soma is presented by black-filled circle. AP waveforms traced across selected 

axonal path are displayed beside; average AP amplitudes are color-coded. (Middle) Note difference in scalebars 

for AP waveforms obtained from proximal and distal axons. Functional morphologies of the two neurons are also 

presented in Fig. 8A. 
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