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Abstract 

The signal delay during the propagation of action potentials is one of the key issues in 

understanding the mechanisms of generation and propagation of neural signals. Here 

we reanalyzed related experimental data to demonstrate that action potentials in the 

propagation process along a myelinated axon are highly overlapped in the time scale. 

The shift in time of two successive signals from neighboring nodes, defined as delay 

time τ in this work, is only tens of microseconds (16.3-87.0 μs), thus is only ~ 0.8-4.4 % 

of the measured average duration of an action potential, ~ 2 ms. This fact may reveal 

a huge gap to the commonly accepted picture for propagation of neural signal. We 

could apply the electromagnetic soliton-like model to well explain this phenomenon, 

and attribute τ to the waiting time that one signal source (i.e., ion channel cluster at 

one node) needs to take when it generates an electromagnetic neural pulse with 

increasing intensity until the intensity is higher than a certain point so as to activate 

neighboring signal source. This viewpoint may shed some light on a better 

understanding of the exact physical mechanism of neural signal communication in a 

variety of biosystems. 
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Statement of Significance 

The delay time during the propagation of action potentials is an important term in 

understanding the mechanisms of generation and propagation of neural signals. In this 

article we analyzed published experimental data and showed that action potentials 

from two neighboring Ranvier nodes are highly overlapped in time, with an average 

shift of tens of microseconds, which occupied only ~ 0.8-4.4 % of the average 

duration of an action potential (2 ms). The electromagnetic soliton-model seemed the 

best model to explain this phenomenon.  

The viewpoint of this article may shed some light on a better understanding of the 

exact physical mechanism of neural signal communication, and be tractive to 

researchers in a variety of fields, such as neuroscience, brain-computer interface, etc.. 
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Introduction  

The nature of signal delay in propagation of action potentials (APs) along an axon is 

one of the key issues in understanding of the mechanism of generation and 

transmission of neural signals, but with less attention. The total delay in time during 

the propagation process of an action potential may be divided into two parts: the delay 

on transmission path, and that on signal sources, i.e., ion channels. There are different 

perspectives related to this issue. Saltation with respect to time (1, 2) attributes the 

delay in neural signal transmission to the signal relay process at Ranvier nodes, 

because it claims that the current transmits between nodes with the nearly speed of 

light. Saltation with respect to space points out that the time required for neural 

signals to propagate on the internode segment is the main part determining the total 

conduction time (3). With the development of advanced patch clamp technique, it 

showed that the signal delay at each node was within a narrow range and independent 

of the internode length (4). This strongly indicated that in propagation of neural 

signals, the time is spent mostly at Ranvier nodes rather than at internode segments. 

In this paper we reanalyzed published experimental data, and figured out a clear 

picture on the underlying mechanism of the measured propagation speed of action 

potentials along axons.  

 

Results & Discussion 

Signal delay in myelinated axons 

The propagation speed v of action potentials is calculated as 

 v = ΔL/ΔT,                           (1) 

where ΔL is the distance between two points under test and ΔT is the total delay time 

between these two testing points. The ΔL can be rewritten as 

ΔL =N · Lin,                          (2) 

where Lin is the average internode length in a myelinated axon. and N is the number 

of Ranvier nodes between two testing points. Similarly, ΔT can be rewritten as 

ΔT = N · τ,                           (3) 

where τ is the average delay time cost at each node. Thus τ can be deduced as  

  τ = Lin/v.                             (4)  

In Table 1, we listed some experimental data and our calculated average delay τ 

following the above equation (4). The calculated τ ranges from 16.3 to 87.0 μs. This is 

compliant with other experimental results, where a so-called latency time of 10-50 μs 

was measured (4, 5). The delay was also defined as elapsed time, and Akaishi (6) 

reported a calculated value of around 1 μs. In some other literatures it was also named 

as internodal conduction time with a value of 74 μs (7). 
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Table 1. Average signal delay τ 

No. Animal Propagation 

speed v (m/s) 

Internode 

Length Lin 

(μm) 

Delay per 

node τ (μs) 

References 

1 Frog 23 2000 87.0 Marks and Loeb (8) 

2 Cat 8 200 25.0 Lubinska (9) 

3 Cat 16 313 19.6 Lubinska (9) 

4 Cat 64 1092 17.0 Paintal (10) 

5 Cat 80 1344 16.8 Paintal (10) 

6 Cat 100 1634 16.3 Paintal (10) 

7 Mice 1.4 74.4 53.0 Etxeberria et al. (11) 

8 Mice 1.2 63.6 53.0 Etxeberria et al. (11) 

9 Rat (optic) 3.0 139.3 46.4 Arancibia-Carcamo et 

al. (12) 

10 Rat(cortex) 2.6 81.7 28.2 Arancibia-Carcamo et 

al. (12) 

11 Rabbit 43 930 21.6 A Hamish et al. (13) 

12 Rabbit 44 1270 28.9 A Hamish et al. (13) 
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Illustration of the action potential peaks 

Now we have learnt two experimental facts. One is that the action potentials recorded 

at different nodes are almost identical along the same axon, with a duration of around 

2 ms (14). The second fact is that the delay per node is less than 100 μs, as shown in 

Table 1. Figure 1 illustrates these two facts together schematically. When the action 

potentials are measured at different nodes (highlighted with different color), they are 

highly overlapped. The right enlarged box gives a close look at two peaks from two 

neighboring nodes, where the shift of the blue curve to the previous green curve in the 

time, i.e., a delay τ, is less than 100 μs, much shorter than the period t0 of the action 

potential (≈ 2 ms).  

 

Figure 1. T The illustration for propagation image of action potentials in myelinated 

axons. A) the schematic diagram of myelinated fibers and their action potentials in the 

same timeline. B) the shift of two neighboring action potentials in time. 

 

Origin of signal delay at Ranvier nodes 

Here are three main kinds of models for propagation of neural signals. The 

electromechanical wave model where neural signal is mechanical dense waves (15) 

suggests that the delay of signals mainly costs at internode segments. This contradicts 

the later experimental results (4, 5). The cable model claims the neural electrical 

signals propagate via the local transverse current field (1). But it seems not valid for 

myelinated axons. The distance between two neighboring signal sources, i.e., Ranvier 

nodes, is as long as several millimeters, thus much longer than the Debye length 

(about several nanometers) of ions in an electrolyte solution resulting from screen 

effect (16). The electromagnetic soliton-like model states that the neural signals are 

electromagnetic pulses generated by the transmembrane transient ion current, and 

they propagate via the naturally formed softmaterial dielectric waveguides with the 

structure of “intracellular fluid – lipid membrane – extracellular fluid” (17-19). Both 

experiments and simulations showed the electromagnetic pulse signal has limited 

transmission efficiency when propagating via the softmaterial waveguide pathway. 
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This results in an attenuated field strength when the pulsed signal arrives at the next 

signal source (20, 17, 19, 21). This model explains well the highly overlapped 

successive action potentials as shown in Figure 1.  

 

 

Figure 2. Schematic illustration for the origin of delay time per node. It has two parts: 

the small one is the attenuated pulsed signal (B) generated by ion channels at Node 1 

(A), and the other (C) is generated by local ion channels at Node 2 once the attenuated 

pulse goes up to the threshold to activate them. 

 

Figure 2 schematically illustrates electromagnetic soliton-like model for the 

origin of signal delay τ between two neighboring nodes, namely Node 1 and Node 2. 

A typical ΔV-t curve measured at Node 1 is plotted in Figure 2A. It is well known 

that there exists a threshold point Vthreshold at t=t0, under which, the local ion channels 

at Node 1 are closed. At this time, the ion channels at Node 2 are still closed, although 

they have sensed an attenuated electric filed from Node 1. Figure 2B illustrates an 

image of this attenuated signal at Node 2. As the transmembrane ion current increases 

its strength at Node 1 thus resulting in an abrupt increment of local electric field, the 

signal amplitude sensed at Node 2 also increases rapidly. When it reaches the 

threshold, the ion channels at Node 2 are triggered open (t=t2) and thus generating its 

own local pulsed signal, as shown in Figure 2C. Note that the curve in Figure 2B 

starts from time t0, while the curve in Figure 2C starts from time t2. Therefore, the 

whole ∆V-t curve in Figure 2D recorded as action potential at Node 2 is an 

overlapping of two curves: one from the attenuated signal transmitted from Node 1 

and the other generated by the local ion channels, which is almost the same as that at 

Node 1. In short, the difference, t2 - t1, is the delay time τ between these two signals, 

where t1 and t2 are the open time for Node 1 and Node 2 respectively.  
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Figure 2 also gives the difference among three terms in time: the delay time per 

node, the open time of ion channels and the duration of action potential, which is 

necessary and helpful to understand the process of neural signals’ propagation. The 

delay time per node, τ, includes two parts. One is the transmission time of neural 

pulsed signals along internode segment, which can be overlooked due to the near-light 

speed of electromagnetic pulses. The other is the waiting time that the signal 

generated by Node 1 takes to rise from zero to the specific value whose attenuated 

amplitude reaches to the activation threshold at Node 2. Note that the calculated range 

of τ, 16.3-87.0 μs, is close to the reported activation time constant of voltage-gated 

sodium channels, 64 ± 6 μs at 100kHz (22). This indicates the inevitable correlation 

between the delay process and the activation of ion channels. The open time of ion 

channels, i.e., t3-t2 in Figure 2, refers to the lasting time that the channels open, with a 

range of 0.4-1.0 ms (14). Action potentials include the under-threshold period, 

depolarization period (activation of sodium channels and the following inwards ion 

flux), repolarization period (inactivation of sodium channels and activation of 

potassium channels) and recovery period (return to normal permeability under the 

working of sodium-potassium ATPase pumps). Therefore, the action potential is 

actually the apparent image resulting from the inward and outward flows of an 

amount of ions, rather than the physical essence of the neural signal (6).  

This model indicates that the propagation speed of neural signals increases with 

the internode length Lin, consistent with experimental discovery (13, 23). For the 

certain length of an axon, a longer Lin results in smaller number of nodes, thus a small 

value of the total delay time. One possible way to enlarge Lin is to increase the 

thickness of myelin sheath. Both simulation and experiments on large scale 

softmaterial waveguides showed that, in general the thicker the dielectric layer, the 

lower the attenuation and thus longer effective transmission length (17), which 

probably decides the internode length. This is consistent with observations in 

biosystems (24). Another feasible way to enlarge Lin is to enhance the total intensity 

of signals at one node by increasing the density of ion channels. Indeed, a ion density 

of 1,000/μm
2
 was observed (25), higher than that in unmyelinated axons, typically 

50/μm
2
 (22). 

 

Is this model valid in neural signal transmission along unmyelinated axons? 

In the evolution of living organisms, myelinated axons are developed from 

unmyelinated axons. Therefore, it is reasonable that the propagation of neural signals 

in both unmyelinated and myelinated fibers share some common mechanisms. We 

may apply the scenario of signal delay in myelinated axons to the propagation of 

neural signals in unmyelinated axons. There may be three major kinds of distribution 

patterns of voltage-gated ion channels on an unmyelinated axon, as shown in Figure 3. 

The first is a uniform distribution where the ion channels are separated with an 

average spacing, as reported by Black et al. (26). This spacing should be as long as 

possible so as to increase the propagation speed of neural signals. Meanwhile, it 
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should not be too long, in order that after attenuation the signal received at 

neighboring channels could reach the triggering threshold. Obviously, when the 

original signal strength is increased, it favors a longer spacing between two signal 

sources. As a result, making a cluster of ion channels as the signal source is probably 

a better distribution form for ion channels, such as point clusters and ring-like clusters. 

There are more and more evidences clarified the cluster distribution of ion channels 

(27, 28). For example, Jahnsen and Llinás (29) found that Na
+
 ion channels are 

localized in clusters and the distance between them is about 5-15 μm in aplysia axonal 

membrane.  

 

Figure 3. Three possible distribution of voltage-gated ion channels on unmyelinated 

axons: uniform distribution (A), point cluster pattern (B) and ring-like pattern (C). 

 

Considering the typical propagation speed in unmyelinated axons (1 m/s) and 

taking 10 µs as the delay time, then there are 100,000 sites of signal source along 

one-meter long axon. The distance between two adjacent signals sources, l, is then 10 

µm, consistent with the reported 5-10 µm (30). Due to uniform attenuation of neural 

electromagnetic signals in unmyelinated axons where the dielectric layer is the single 

bilayer lipid, the longer l could only result from the number, M, of ion channels at one 

signal source, which can lead to strong enough electromagnetic signals to trigger the 

neighboring channels. One feasible way to improve M is to enlarge the diameter of 

axons. Previous experiments demonstrated that there are always more ion channels on 

thicker axons(31). Some other studies also reported that the thicker axon usually has 

larger cluster area (32), more sodium ion channels at signal sources, and thus stronger 

neural signals. 

 

Conclusion 

In summary, we reanalyzed a variety of experimental data on the propagation of 

action potentials in myelinated axons, and discussed several different models reported 

in the literatures. We showed that action potentials generated at neighboring Ranvier 
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nodes, though clearly separated in space, are indeed highly overlapped in time. The 

shift in time of any two successive signals is less than 100 µs, thus is much less than 

10% of the average period of an action potential (~ 2 ms). This shift in time, defined 

as delay time τ in this work, is attributed to the waiting time for the signal source at 

one node (i.e., ion channel clusters) to sense an attenuated electromagnetic field up to 

the threshold level. The attenuated electromagnetic fields are generated from the 

previous node and they transmit through the internode in a speed close to light speed, 

as according to the electromagnetic soliton-like model. The novel view for the 

propagation of neural signals may also be applied to unmyelinated axons, and help to 

better understand the electrical signals communication in neural systems and brains.  

 

Author Contributions 

Jingjing Xu made a significant contribution to the analysis and interpretation of data 

and phenomenon, and drafted the article. Sanjin Xu and Fan Wang mainly 

participated in the review of lots of related literatures. Shengyong Xu gave the 

original concept of the article and revised it. All authors approved the final version of 

the manuscript. 

 

Acknowledgement  

This work was financially supported by the National Key R&D Program of China (No. 

2017YFA0701302) and the research fund from Shandong University (2018GN030). 

The authors declare that no competing interests exist. 

 

References 

1. Hodgkin, A. L., Huxley, A. F. 1952. A quantitative description of membrane 

current and its application to conduction and excitation in nerve. Journal of 

Physiology 117:500–544. 

2. Matsumoto, G., Tasaki, I. 1977. A study of conduction velocity in nonmyelinated 

nerve fibers. Biophysical Journal 20:1-13. 

3. Hodler, J., Stampfli, R., Tasaki, I. 1952. Role of potential wave spreading along 

myelinated nerve fiber in exictation and conduction. The American journal of 

physiology 170:375-389. 

4. Fitzhugh, R. 1962. Computation of Impulse Initiation and Saltatory Conduction 

in a Myelinated Nerve Fiber. Biophysical Journal 2:11-21. 

5. Frankenhaeuser, B. 1952. Saltatory conduction in myelinated nerve fibres. J 

Physiol 118:107-112. 

6. Akaishi, T. 2017. New Theoretical Model of Nerve Conduction in Unmyelinated 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted September 9, 2019. ; https://doi.org/10.1101/763698doi: bioRxiv preprint 

https://doi.org/10.1101/763698


10 
 

Nerves. Front Physiol 8:798. 

7. Koles, Z. J., Rasminsky, M., . 1972. A computer simulation of conduction in 

demyelinated nerve fibres. J Physiol 227:351-364. 

8. Marks, W. B., Loeb, G. E. 1976. Action currents, internodal potentials, and 

extracellular records of myelinated mammalian nerve fibers derived from node 

potentials. Biophysical Journal 16:655-668. 

9. Lubinska, L. 1954. Concentration of axoplasm in isolated neural fibers. Acta 

physiologica Polonica 5:492-495. 

10. Paintal, A. S. 1966. The influence of diameter of medullated nerve fibres of cats 

on the rising and falling phases of the spike and its recovery. The Journal of 

physiology 184:791-811. 

11. Etxeberria, A., Hokanson, K. C., Dao, D. Q., Mayoral, S. R., Mei, F., Redmond, S. 

A., Ullian, E. M., Chan, J. R. 2016. Dynamic Modulation of Myelination in Response 

to Visual Stimuli Alters Optic Nerve Conduction Velocity. Journal of Neuroscience 

the Official Journal of the Society for Neuroscience 36:6937. 

12. Arancibia-Carcamo, I. L., Ford, M. C., Cossell, L., Ishida, K., Tohyama, K., 

Attwell, D. 2017. Node of Ranvier length as a potential regulator of myelinated axon 

conduction speed. eLife 6. 

13. A Hamish, S., Gillingwater, T. H., Heather, A., David, C., Sherman, D. L., 

Ribchester, R. R., Brophy, P. J. 2013. Effect of limb lengthening on internodal length 

and conduction velocity of peripheral nerve. Journal of Neuroscience the Official 

Journal of the Society for Neuroscience 33:4536. 

14. Bear, M. F., Connors, B. W., Paradiso, M. A. 2007. Neuroscience: Exploring the 

brain (3rd ed.). Lippincott Williams & Wilkins. 

15. Thomas, H., Jackson, A. D. 2005. On soliton propagation in biomembranes and 

nerves. Proceedings of the National Academy of Sciences of the United States of 

America 102:9790-9795. 

16. Bulai, P. M., Molchanov, P. G., Denisov, A. A., Pitlik, T. N., Cherenkevich, S. N. 

2012. Extracellular electrical signals in a neuron-surface junction: model of 

heterogeneous membrane conductivity. European Biophysics Journal Ebj 41:319. 

17. Xu, J., Xu, Y., Sun, W., Li, M., Xu, S. 2018. Experimental and Computational 

Studies on the Basic Transmission Properties of Electromagnetic Waves in 

Softmaterial Waveguides. Scientific Reports 8 (art. 13824). 

18. Xu, S., Xu, J., Yang, F. 2016. The Roles of Membrane for Electrical 

Communication in a Biosystem. Neuroscience & Biomedical Engineering 4:230-236. 

19. Xue, J., Xu, S. 2012. Natural electromagnetic waveguide structures based on 

myelin sheath in the neural system. Quantitative Biology. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted September 9, 2019. ; https://doi.org/10.1101/763698doi: bioRxiv preprint 

https://doi.org/10.1101/763698


11 
 

20. Liu, G., Chang, C., Qiao, Z., Wu, K., Zhu, Z., Cui, G., Peng, W., Tang, Y., Li, J., 

Fan, C. 2019. Myelin Sheath as a Dielectric Waveguide for Signal Propagation in the 

Mid-Infrared to Terahertz Spectral Range. Advanced Functional Materials 29 (art. 

1807862). 

21. Zangari, A., Micheli, D., Galeazzi, R., Tozzi, A. 2018. Node of Ranvier as an 

Array of Bio-Nanoantennas for Infrared Communication in Nerve Tissue. Scientific 

Reports 8:539. 

22. Hua, H., Peter, J. 2014. A supercritical density of Na(+) channels ensures fast 

signaling in GABAergic interneuron axons. Nature Neuroscience 17:686-693. 

23. Friede, R. L. 2017. The Significance of Internode Length for Saltatory 

Conduction: Looking Back at the Age of 90. Journal of Neuropathology and 

Experimental Neurology 76:258-259. 

24. Christopher, J., Holmes, W. R., Anthony, B., Peter, J. 2015. Minimizing the 

caliber of myelinated axons by means of nodal constrictions. Journal of 

Neurophysiology 114:1874-1884. 

25. Waxman, S. G., Ritchie, J. M. 2010. Molecular dissection of the myelinated axon. 

Annals of Neurology 33:121-136. 

26. Black, J. A., Foster, R. E., Waxman, S. G. 1981. Freeze-fracture ultrastructure of 

rat C.N.S. and P.N.S. nonmyelinated axolemma. Journal of Neurocytology 

10:981-993. 

27. Alessandro, P., Kenji, O. 2012. Building excitable membranes: lipid rafts and 

multiple controls on trafficking of electrogenic molecules. Neuroscientist A Review 

Journal Bringing Neurobiology Neurology & Psychiatry 18:70-81. 

28. Ali, N., A Aldo, F. 2014. Saltatory conduction in unmyelinated axons: clustering 

of Na(+) channels on lipid rafts enables micro-saltatory conduction in C-fibers. 

Frontiers in Neuroanatomy 8:109. 

29. Jahnsen, H., Llinás, R. 1984. Electrophysiological properties of guinea-pig 

thalamic neurones: an in vitro study. J Physiol 349:205-226. 

30. Alessandro, P., Baker, M. D., Kenji, O. 2012. Association between tetrodotoxin 

resistant channels and lipid rafts regulates sensory neuron excitability. Plos One 

7:673-674. 

31. Shangyou, Z., Yi, T. 2009. Effect of clustered ion channels along an unmyelinated 

axon. Physical Review E Statistical Nonlinear & Soft Matter Physics 80:021917. 

32. Hess, A., Young, J. Z. 1952. The Nodes of Ranvier. Proceedings of the Royal 

Society of London 140:301-320. 

 

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted September 9, 2019. ; https://doi.org/10.1101/763698doi: bioRxiv preprint 

https://doi.org/10.1101/763698


12 
 

Tables 

Table 1. Average signal delay τ 
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Figure Captions 

Figure 1 

 

 

 

Figure 1. The illustration for propagation image of action potentials in myelinated 

axons. A) the schematic diagram of myelinated fibers and their action potentials in the 

same timeline. B) the shift of two neighboring action potentials in time. 
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Figure 2 

 

 

 

Figure 2. Schematic illustration for the origin of delay time per node. A) The 

measured transmembrane potential change at Node 1. B) The attenuated potential 

change at Node 2, which is transmitted from Node 1. C) The transmembrane potential 

change due to the open of ion channels at Node 2. D) The shape of the action potential 

at Node 2, in which a small portion is caused by the pulse generated by ion channels 

at Node 1 (B) and a large portion is caused by the pulse from local ion channels (C) 

once the attenuated pulse goes up to the threshold. 

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted September 9, 2019. ; https://doi.org/10.1101/763698doi: bioRxiv preprint 

https://doi.org/10.1101/763698


15 
 

Figure 3 

 

 

 

Figure 3. Three possible distribution of voltage-gated ion channels on unmyelinated 

axons: uniform distribution (A), point cluster pattern (B) and ring-like 
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