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Solitonic conduction of electrotonic 
signals in neuronal branchlets with 
polarized microstructure
R. R. Poznanski1, L. A. Cacha2, Y. M. S. Al-Wesabi1, J. Ali2,3, M. Bahadoran4, P. P. Yupapin5,6 &  
J. Yunus1

A model of solitonic conduction in neuronal branchlets with microstructure is presented. The 
application of cable theory to neurons with microstructure results in a nonlinear cable equation that 
is solved using a direct method to obtain analytical approximations of traveling wave solutions. It is 
shown that a linear superposition of two oppositely directed traveling waves demonstrate solitonic 
interaction: colliding waves can penetrate through each other, and continue fully intact as the exact 
pulses that entered the collision. These findings indicate that microstructure when polarized can sustain 
solitary waves that propagate at a constant velocity without attenuation or distortion in the absence 
of synaptic transmission. Solitonic conduction in a neuronal branchlet arising from polarizability of its 
microstructure is a novel signaling mode of electrotonic signals in thin processes (<0.5 μm diameter).

Motivation. The dynamic structure of electrical activity in the nervous system is information-rich1 with 
action potentials considered by most neuroscientists to form the basis of electrical signaling2. Action potentials 
are electrical spikes quantitatively described through a system of nonlinear equations developed by Alan Hodgkin 
and Andrew Huxley3 (hereafter H-H). The H-H model treats the nerve as an electrical cable upon which a prop-
agating action potential is driven by dynamics. It is inscribed in a porous medium where currents leak through 
resistors and the membrane is a dielectric represented by a classical capacitor. Remarkably, the H-H model pro-
vides a quantitatively accurate description of electrical phenomena in neurons through properties of solitary 
waves. In particular, the nerve impulse, which is a solitary wave, is localized and remains stable, but destabilizes 
after collision with other action potentials4. Indeed, this has been understood as a golden rule of cable theory for 
neurons without microstructure5.

Conferring with the H-H model, colliding action potentials will annihilate due to the in-activation of the 
sodium conductance (the refractory period). However, there are also studies with the findings that two colliding 
action potentials will not lead to their mutual annihilation right away. Instead, they reflect from one another and 
eventually they annihilate, thereby projecting solitonic properties, see refs 6, 7. Nevertheless, action potentials are 
solitary pulses and not solitons since they do not preserve their shape and velocity after collision. In other words, 
the crucial test for solitary pulses to be solitons is robustness to collision.

The early work of Aizawa and colleagues8 proved the existence of solitons in dissipative media referred to 
as ‘dissipative solitons’, which are dubbed quasi-solitons as dissipation is evident after collision. Although 
quasi-solitons (or soliton-like) behavior has been observed in many excitable systems9, the existence of solitons 
in reaction-diffusion systems was first shown by Tuckwell10, 11. A reaction-diffusion system describes the con-
centration of charged ions which is mathematically equivalent to the conduction of current as flow of electrical 
charges in an electrical cable model. For example, a hybrid model developed by Meier and colleagues12 proposed a 
voltage-dependent Nernst potential in a reaction-diffusion system where the membrane potential exhibited soli-
tonic properties on an assumption that H-H model behaved like an electrochemical, reaction-diffusion system.
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The H-H model excludes microstructure and simply assumes a homogenized resistive fluid for the interior of 
the giant axon of Loligo. Earlier cable modeling efforts treated the intracellular medium of neurons to be a homo-
geneous resistive fluid of 70 Ωcm as measured for electrolyte solution only, see ref. 13. Meier and colleagues12 
observed in neurons with radii several orders of magnitude smaller than that of the giant axon of Loligo, to have 
significant intracellular charge depletion. For these reasons, a cable model is required that specifically addresses 
electrotonic signal propagation in small neuronal processes with microstructure14, 15. Modeling efforts by Shemer 
and colleagues16 have explicitly considered endoplasmic reticulum encased within a core-conductor. However, 
such cytoplasmic inhomogeneity in the microstructure does not explicitly take into consideration intracellular 
capacitive effects due to charge flow of molecular ions as a result of protein polarization17 or include capacitive 
effects only in the extracellular space18.

A cable model with passive membrane that includes the diffusion of free charge was derived in which it was 
confirmed that the diffusion of free charge contributes through the conduction of current flow arising from 
capacitive charge-equalization and axial capacitive effects19. The model was further developed by including polar-
ization current due to dispersion of bound charge on the surface of endogenous structures in the cytoplasm20. 
This resulted in polarization current arising from electrostatic interactions between charges/dipoles in the cyto-
plasm at slow varying electric fields (e.g., quasi-electrostatic conditions) causing self-excitability with a variety of 
different electrical signaling patterns created by charges held by the microstructure.

Gonzalez-Perez and his colleagues21 had shown experimentally how a collision between two electrical pulses 
did not result in their annihilation. This contrasts to the collective idea of annihilation due to the existence of 
a refractory period in the H-H model4, 5, implying that active conduction is not universal for all types of nerve 
fibers after all. They proposed that their results can be explained in terms of a soliton model22, 23 based on the 
assumption that changes in lateral density of the membrane are proportional to changes in voltage. And mechan-
ical signals propagate in phase with electrical pulses24, so that a thermodynamic theory of a nerve impulse could 
be seen as complementary, which is nonelectrical and consistent with an adiabatic wave (e.g. sound wave), see 
ref. 25. Mechanical changes during an action potential can produce a self-sustaining and localized density pulse 
propagating over long distances without loss of energy with minimum propagation speed of 100 m/s, see ref. 26. 
However, Gonzalez-Perez and his colleagues21 experimental result have shown electrical pulses (which they pre-
sumed to be action potentials) of less than 10 mV in axons with diameter of lateral giant (Lumbricus terrestris) 
axons between 4 to 100 μm with velocities well under 10 m/s. Therefore their results are not compatible with a 
mechanical soliton model. In this paper, we introduce an alternative signaling mechanism based on solitonic 
conduction of electrotonic potentials that is compatible with their experimental results.

Methods
Intracellular capacitive effect of microstructure. Microstructure contains a dense meshwork of 
cytoskeletal structures made up of neutrally charged macromolecules assembled from amino-acids using infor-
mation encoded in genes in a polypeptide chain linked by peptide bonds. At random orientations, the arrange-
ment of charges in some macromolecules are static when no electric field is present, but in the presence of an 
electric field, macromolecules become polarized and separate by orienting the dipole moments of polar molecules 
resulting in the formation of permanent dipoles which attract surface charge densities (so-called bound charge 
densities) causing a displacement of charge. These bounded charges produce intracellular capacitive effects that 
can contribute to ionic current flow arising from the dispersion (fluctuation) of bound charge by affecting the 
voltage created by charge flow of molecular ions in the intracellular fluid.

One way to increase the densities of electrical charges within a neuronal branchlet (i.e., thin dendrite or thin 
axon that is under half a micron in diameter) is to polarize microstructure in the presence of quasistatic electric 
field (see Fig. 1). For example, the flux generated by electrical conduction of a polarized current in the longitu-
dinal direction (along the cable length) arising from polarizability of its microstructure. In Fig. 1 the branchlet 

Figure 1. A schematic illustration of a longitudinal section of the neuronal branchlet with microstructure 
showing cytoskeletal structures (interlinking actin filaments, intermediate filaments, and microtubules) 
and closely compressed accumulated membranous organelles that extend to distal part of a branchlet. 
The cytoskeleton is a network of connected actin and intermediate filaments, and microtubules including 
mitochondria in neurons causing a gradual tapering towards one end. The microstructure constitutes a fissured 
domain of the cytosol (fluid that contains organelles, comprising the cytoplasm). The mitochondrial membrane 
is the largest organelle (∼0.2 μm) within the microstructure and dominates the constituency of the cytoskeletal 
structures since endoplasmic reticulum does not enter into branchlets below a micron.
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is shown to be tapering, while the model to be derived is intended to represent only for nontapered cylindrical 
representation.

The cytosol (fluid that contains orgenelles, comprising the cytoplasm) is a porous medium of the intracellular 
fluid assumed to be homogeneous and purely conducting, i.e., the electrical behavior of the medium is entirely 
characterized by a homogeneous electrical conductivity representing ionic homogeneity for all macromolecules. 
This is a simplification that suffices for the conduction process, focusing on homogeneous dielectric polarization20 
without exploring the physicochemical nature of excitation. Consequently in the context of conduction process, 
ionic polarizability of individual molecules is not taken into account, but instead a continuum of molecular ions 
with macroscopic charge densities are used as a phenomenological description of the electrostatic interactions 
and transfer of information due to the interactions among the molecular ions in a fluid environment within neu-
ronal branchlets.

Cable model with homogenous microstructure. A homogenous microstructure is represented 
electrically in terms of intracellular capacitive effects that contribute to dielectric absorption, and nonlinear 
(voltage-dependent) transfer of macroscopic charge densities leading to inherent waveforms of electrical depo-
larization. Phenomenological description of quasi-electrostatic interactions of macroscopic charge densities held 
by the microstructure are modeled as flux generated by electrical contribution of polarization current in a homog-
enous core- conductor representation of a neuronal branchlet, assuming extracellular isopotentiality, spatial and 
ionic homogeneity and negligence of currents due to ionic concentration gradients among molecular ions in an 
electrolytic microenvironment.

Cable models of electrical activity in neurons assume a one-dimensional description of neuron geometry for 
describing the process of conduction5. In our cable model, we consider the microstructure to be a homogeneous 
dielectric of constant conductivity and permittivity in space and time and isotropic (same in x/y directions). We 
ignore anisotropic electrical properties, compare with refs 27, 28, assume the polarization current is restricted 
longitudinally along the cable length, and extracellular isopotentiality and quasi-electrostatic conditions prevail. 
Therefore in the context of conduction process, ionic polarizability of individual macromolecules is not taken into 
account, but rather macroscopic charge densities are used as a phenomenological description of the electrostatic 
interactions between charges/dipoles held by the microstructure (i.e., charge ‘soakage’). Our model includes a 
homogenous microstructure of a cable representation of a branchlet as an approximation to an inhomogeneous 
microstructure of an electrolytic cable representation of a branchlet (see Fig. 2).

Basic equation of the model. The membrane potential distribution can be derived from conservation of 
electric charge in a volume of cylindrical cable over a differential distance Δx as shown in Fig. 3 (top); see ref. 29. 
The cable has a radius (r), cross-sectional area (πr2) and perimeter around the membrane (2πr). If the conductiv-
ity of the extracellular medium is high, leaving the extracellular medium isopotential (i.e., Ve = 0) then the effect 
of the external potential on membrane potential (i.e., V = Vi − Ve) is negligible.

If the membrane potential (V) in a neuronal branchlet is equal to the intracellular potential (Vi) together with 
passive membrane as shown in Fig. 3 then the nonlinear cable equation with polarized microstructure can be 
written as ref. 20:

+ ∂ ∂ = ∂ ∂ + γ∂ ∂ ∂ + κ∂ ∂V V/ T V/ X V/ T X {C(V)V}/ T (1)2 2 3 2

where V is the membrane potential (mV), γ = τρ/τm ≪ 1 and κ = γ (λ2/πr2) are both positive constants (dimen-
sionless), τp = 2εrεo/σ < 1msec (Maxwell’s time constant), εr = 81 is the relative permittivity of sea water (dimen-
sionless), εo = 7 × 10—12 F/cm is the fluid permittivity, τm = cmrm (passive membrane time-constant in msec), 
λ = √(rm/ri) (electrotonic space-constant in cm), dimensionless time T = t/τm and dimensionless space X = x/λ, 
ri is the core-resistance (or intracellular resistance) per unit length ri = 1/(πr2σ) (Ω/cm), rm is the membrane 
resistance across a unit length of passive membrane cylinder (Ωcm), cm is the membrane capacitance per unit 
length of cylinder (F/cm). Note the core-resistance (or intracellular resistance) per unit length differs slightly 

Figure 2. A schematic illustration of ionic inhomogeneity in a porous medium of a neuronal branchlet. The 
microstructure is indicative of macromolecules in an electrolyte solution (excluding subcellular membranes 
of mitochondria). The inset shows molecular ions in an electrolytic microenvironment within the neuronal 
branchlet.
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from the intracellular resistivity Ri = 1/(2σ) (Ωcm) or volume resistivity of the intracellular medium, also referred 
to as specific resistance (1/σ) where σ is the electrical conductivity (S/cm).

Equation (1) contains two additional terms in the classical cable equation; see refs 5, 30, 31, which reflect 
the intracellular capacitive effects due to polarization current. A physical interpretation of these new terms 
requires quantitative verification that is lacking even when γ is small and hence κ is small, yet the intracellu-
lar capacitive effects do form a significant dielectric, and not simple passive RC filter properties. The first new 
term γ ∂3V/∂T∂X2 is a linear dissipative term due to surface-charge equalization between polarized intracellular 
free charges on endogenous structures within the microstructure19. The other new term ∂{C(V)V}/∂T is the 
charge ‘soakage’ due to polarization current within the microstructure produced by the bounded charges on 
endogenous structures20. In a neuronal branchlet with microstructure, voltage created by charge ‘soakage’ pro-
duces intracellular capacitive effects. Charge ‘soakage’ is the tendency of a capacitor to recharge itself after being 
discharged and the nonlinear capacitance-voltage characteristic C(V) is approximated by a linear polarization 
capacitance-voltage characteristic of the microstructure (dimensionless):

= αC(V) 2 V (2)

where α > 0 is the ‘soakage’ parameter (mV−1) determined from the quantity of electrical charges held in the 
capacitance of the microstructure. It represents the capacity to hold more electrical charge or electrical energy 
than a linear capacitor. Inherent in the assumption of the nonlinear voltage-dependent capacitance of the micro-
structure is that charge ‘soakage’ reflects a density of electric charges in the microstructure irrespective if charge 
flow of molecular ions is from mitochondrial inactive membrane channel32 or the cytoskeleton. The ‘soakage’ 
parameter α is zero only in the absence of microstructure and so there is no voltage-independent intracellu-
lar capacitance, that is, C(V) ≠ 1 + 2αV; otherwise it is positive (α > 0). The ‘soakage’ parameter should not be 
confused with the ‘feedback’ parameter33 (β) for charge storage in the plasma membrane capacitance, which is 
negative (β < 0), that is C(V) = 1 + βV.

The nonlinear capacitor Ci(V) = Ci C(V) possesses voltage-dependence at slow varying electric fields (e.g., 
under quasi-electrostatic conditions) giving the capacity to hold more electric charge than a linear capacitor, 
which can result in non-dissipative electrical signaling. The polarized macromolecules attract bound charge den-
sities within the microstructure which are stored in the nonlinear capacitor providing a physical basis of C(V). We 
can glean a quantitative understanding of C(V) which can be extracted from experimental data34, 35. For example, 
if a quadratic capacitance-voltage characteristic C(V) = 2αV2 is used instead of (2) then a ‘kink’ shaped soliton 
solution (i.e., waveform) results upon solving (1); see ref. 20. Therefore C(V) is the main source of nonlinearity 
responsible for both shape and stability of the electrotonic signal.

Figure 3. A segment of a neuronal branchlet as a cylindrical cable that supports the formation and propagation 
of electrical solitons reflective of the movement of macroscopic charge densities arising from polarizability of 
the microstructure, whose capacitance changes with voltage along a cable. The description of the ‘macroscopic’ 
electric parameters as a representation of a line charge in the branchlet caused by quasi-electrostatic interactions 
consists of infinitely long, infinitely thin distribution of charges uniformly distributed and denoted as 
charge per unit length of cable Q(x, t) (C/cm). The length increment Δx is shown where arrow indicates the 
convention that positive charge is in the direction of increasing x, which is the physical distance along the 
cable. It is assumed the cable is a homogeneous conductor with radial currents ignored. Below is an equivalent 
series-parallel RC circuit representing a patch of passive membrane in series with the intracellular medium 
represented by a voltage-dependent longitudinal (axial) capacitance Ci(V) = Ci C(Vi) of the cable (F/cm) in 
parallel with the intracellular resistivity (Ri) of the cable (Ωcm). Definitions of electrical terms are: Rm = 2πrrm 
is the membrane resistivity or resistance across a unit area of passive membrane (Ωcm2), Cm = cm/2πr is the 
membrane capacitance per unit area of membrane (F/cm2), Ci = ci/πr2 is the voltage-independent longitudinal 
capacitance (intracellular capacitance) per unit length of cable (F/cm), and ci is the axial capacitance across unit 
length ci = 2 εo πr2 (Fcm). See text for other definitions of electrical terms.
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The capacitance in an electrostatic system represents a way to hold electric charges. Most nonlinear capacitors 
are defined as Ci(V) = dQ/dV and upon integration yields the charge-voltage relationship:

=Q C C(V)Vi

where Q is the electrical charge of the microstructure per unit length of cable (C/cm) and Ci is the linear 
voltage-independent longitudinal capacitance (F/cm). Also ∂Q/∂t = Ci ∂{C(V)V}/∂t is the polarizing cur-
rent underlying the charge ‘soakage’. If α = 0 then no charge is stored due to the absence of microstructure. 
However, the contribution of microstructure to the generation of the voltage-dependent charge transfer excludes 
the changes in capacitance reflected through electrocompressive forces of the plasma membrane where the 
voltage-dependent charge transfer in the squid axon dQ/dV follows a quadratic relationship34. Given that the 
nonlinear capacitance derived from electrostriction is less than 1% of the total charge in squid axons35, and endog-
enous structures are active during the linear phase, therefore C(V) is linearly proportional to V; see e.g. ref. 32.  
In general, however, quadratic nonlinearity in C(V) is linked to electrocompressive forces33 and not the result of 
charge ‘soakage’ in the microstructure.

Equation (1) represents a phenomenological description of nonlinear electrostatic diffusion of charges (con-
duction of electric current) in a cable reduced from Maxwell’s equations19. When κ = 0 implies no charge ‘soakage’ 
is stored due to the absence of microstructure and (1) reduces to a generalized linear cable equation; compare with 
refs 19, 29, 36. If γ = 0 and κ = 0 then (1) reduces to electrotonic conduction of current in a “lossy” cable13. Finally 
it can be shown that the dispersion relation (see Supplementary data) is complex, and therefore the nonlinear 
cable equation without polarization current is dispersionless and dissipative as evident when T → ∞, so that the 
voltage pulse dissipates as it propagates. However, in our model, the electrotonic signals are self-generating due to 
the charge ‘soakage’ and they dissipate only in the absence of microstructure. This reflects upon the self-excitable 
nature of the model as opposed to a non-quiescent model28 where solitary waves are observed due to excess 
charge on top of plasma membrane ionic channel proteins at discrete localizations.

Given that the parameters α and κ both require quantifying, we can alleviate this problem by expressing the 
normalized membrane potential in non-dimensional terms via U → ακV and therefore (1) becomes a third-order 
non-evolutionary equation:

+ ∂ ∂ = ∂ ∂ + γ∂ ∂ ∂ + ∂ ∂ < <U U/ T U/ X U/ T X 2 U / T, 0 X L (3)2 2 3 2 2

This equation is combined with a variety of boundary conditions at X = 0 and X = L (see Table 1). The only 
parameter γ = 0.001 is known from cable theory19, 20. The non-dimensionalization of the membrane potential 
has clear advantages that allows for the electrotonic signals to be enhanced since under normal experimental 
situations they are rarely encountered due to their small amplitude, possibly buried in noise during electrophysi-
ological recordings. Equation (2) expressed in non-dimensional membrane potential leaves the dissipation term 
small, while the charge ‘soakage’ term which is the only nonlinear term that is not small. Given that both α and 
κ are small parameters, the peak amplitude of the dimensional voltage V can be found from the inverse product 
(1/ακ). Although α and κ are removed through the normalization process, experimentally observed electrotonic 
signals of around V = 5 mV; see ref. 21, can be a way to crudely estimate α for any given κ.

Results
Approximate traveling wave solutions in free space using the tanh-function expansion 
method. Traveling wave solutions assume a constant conduction velocity that relies on a Galilean transfor-
mation of the independent variables which reduces (3) to an ordinary differential equation: ξ = X − Xp1 − νT 
where Xp is the initial location of the electrotonic signal positioned along the cable and ν is the velocity of the 
electrotonic signal moving towards ξ → ∞. The solitary wave moving in the other direction ξ → − ∞, we would 
use ξ = X − Xp2 + νT. For convenience, we use the solitary wave ansatz U*(X, T) = Ω(ξ) where U* is the free space 
version of U on an infinite interval (−∞, ∞), with the following identities:

∂ ∂ = −ν Ω ξ ∂ ∂ = Ω ξ ∂ ∂ ∂ = −ν Ω ξ

∂ ∂ = −ν Ω ξ = − νΩ Ω ξ

⁎ ⁎ ⁎

⁎
U / T d /d , U / X d /d , U / T X d /d and

[U ]/ T d[ ]/d 2 (d /d ) (4)

2 2 2 2 3 2 3 3

2 2

Substitution of (4) into (3) yields

νγ Ω ξ − Ω ξ + ν Ω − Ω ξ + Ω =d /d d /d (4 1)(d /d ) 0 (5)3 3 2 2

with the boundary conditions for electrotonic signals Ω(±∞) = 0.

Type of Boundary Condition αn βn

UX(0, T) = UX(L, T) = 0 1 1

U(0, T) = UX(L, T) = 0 (−1)n −(−1)n

UX(0, T) = U(L, T) = 0 (−1)n (−1)n

U(0, T) = U(L, T) = 0 1 −1

Table 1. Method of images solution coefficients for a finite neuronal branchlet.
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The solution of (5) can be found numerically formulated as a two-point boundary value problem. Methods 
for numerical integration, such as shooting methods, can be used or alternatively a direct method can also be 
used to analytically solve (5). This has quantitative improvements over other methods that employ traveling wave 
fronts or phase-plane methods that require some numerical computation to estimate the velocity of the wave (e.g. 
shooting method); see e.g., ref. 37. One such direct method is the so-called tanh-function expansion method; see 
e.g., ref. 38, where a new independent variable is introduced:

= ξy tanh( )

with

Ω ξ = −

Ω ξ = − − + −

Ω ξ = − − − − + −

f
f f

f f f

d /d [(1 y )d /dy]
d /d [ 2y(1 y )d /dy (1 y ) d /dy ]
d /d [2(1 y )(3y 1)d /dy 6y(1 y ) d /dy (1 y ) d /dy ]

2

2 2 2 2 2 2 2

3 3 2 2 2 2 2 2 2 3 3 3

where Ω(ξ) → ƒ(y) and ƒ(±1) → 0.
Substituting the above new variables into (5) results in the following expression:

− ν − = − − + −

−γν − − − −

+ − − ν −

f f f f
f f

f f f

(1 y )d /dy [ 2y(1 y )d /dy (1 y ) d /dy ]
[2(1 y )(3y 1)d /dy 6y(1 y ) d /dy

(1 y ) d /dy ] 4 (1 y )d /dy (7)

2 2 2 2 2 2

2 2 2 2 2 2

2 3 3 3 2

Note: For a variable width of the solitary wave, a more generalized tanh-function expansion method can be 
used with y = tanh (μξ) where μ donotes the width of the solitary wave38.

The tanh-function expansion method admits the use of a finite expansion of the form ƒ(y) = ∑anyn where n 
is a positive integer to be determined by equating the powers of y in the resultant equation upon its substitution 
into (7). To determine the parameter n, we balance the highest order linear terms with the highest order nonlinear 
terms, which gives n = 2. Therefore the solution takes the form:

= + − −f (y) a a (a 1)y a a y (8)o o 1 1 o
2

Unlike a perturbation expansion, (8) represents a finite expansion and so no higher-order terms are required. 
As a result, there is no test of convergence that is required to be undertaken as expected when using perturbation 
methods. If y →  −1 then from (8) and the boundary condition ƒ(−1) → 0 yields a1 = 1 and the solution takes the 
form:

= −f (y) a (1 y ) (9)o
2

If y → 1 then from (9) upon substituting into (7) and the boundary condition ƒ(1) → 0 yields the velocity of 
the wave:

ν = − γ(3/2)[1/(1 4 )]

Substitution of y = tanh(ξ) into (9) yields the traveling wave solution for a solitary wave of unitary width and 
moving at speed ν :

ν= − −⁎U (X, X ; T) a sech (X X T) (10)p o
2

p

where ao is the dimensionless amplitude determined to be ao ≈ 3γ + 3/(4ν) (see Supplementary data). Therefore 
the amplitude of the solitary wave decreases with distance from the initial position. Substituting the velocity ν 
into the dimensionless form of the traveling wave solution is given as

ν ν≈ − −∗ -U (X, X ; T) (3/8)[2 1/ ]sech (X X T) (11)p
2

p

The approximate traveling wave solution governed by (11) is known as a solitary-wave solution (or 
quasi-soliton) corresponding to an electrotonic signal propagating at a constant speed ν > 0.5. The solitary-wave 
solution is only an approximate solution of (3) that is shown to be stable based on local stability analysis (see 
Supplementary data).

The results presented in Fig. 4 show a quasi-soliton as the spatiotemporal evolution of the normalized mem-
brane potential U*(X, Xp;T)/U*(Xp, Xp;0) in non-dimensional terms along an infinite cable (in free-space) imple-
mented in Matlab software package. The quasi-solitons are insensitive to the initial location of their positioning 
Xp as the hyperbolic secant function reaches a maximum value of unity when X = Xp. These solitary waves are 
not chaotic since they exhibit globally regular amplitudes and a constant velocity of propagation. The results 
are presented for a spatially homogeneous medium where the solitary waves propagate with a constant velocity 
and amplitude that is independent of their initial position. This quasi-soliton possesses no energy loss due to 
charge ‘soakage’ as charge keeps coming out of the capacitor of the polarized microstructure, which is absent 
in energy consuming action potentials. As shown in Fig. 4 (right-hand-side), the velocity of the quasi-soliton 
is inversely proportional to the slope of this graph. As can be seen the co-ordinate for the first and last points 
are (X1, T1) = (0.5, 0) and (X2, T2) = (0.6506, 0.1), respectively. Thus slope = (T2 − T1)/(X2 − X1) = (0.1 − 0)/
(0.6506 − 0.5) = 0.6641 and the dimensionless velocity is inversely proportional to this slope 1/0.6641 ≈1.506.
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Solitonic properties. The solitonic property of a solitary wave (or quasi-soliton) is that asymptotically it 
preserves its shape and velocity on collision with other quasi-solitons39. The linear superposition of electrotonic 
signals is assumed to approximate the collision:

ν ν ν+ ≈ − − + − +∗ -U (X, X X ; T) (3/8)[2 1/ ]{sech (X X T) (sech (X X T)} (12)p1 p2
2

p1
2

p2

We illustrate the collision between two quasi-solitons with identical velocities in order to test their responses 
after collision. The electrotonic signal has fixed velocity and is not amplitude-dependent. The result of the head-on 
collision of two quasi-solitons is simulated resulting in an elastic interaction with electrotonic signals remaining 
unchanged after collision. The simulated result for the two quasi-solitons (solitary waves) approaching each other 
with the one moving to the right having a normalized amplitude of U*(Xp1, Xp1 + Xp2; 0) and the other moving to 
the left having a half-normalized amplitude of 2U*(Xp2, Xp1 + Xp2; 0) is shown in Fig. 5. The elastic interaction of 
quasi-solitons stems from the absence of recovery processes known to be the major cause of collapse of colliding  
spikes4. The elastic interaction between two quasi-solitons preserves their shape, amplitudes and velocities. 
Velocities are parameter-dependent on the ratio of the Maxwell’s time-constant and the membrane time-constant. 
The dynamics of electrotonic signals are shown to interact during collision, although no annihilation of electro-
tonic signals due to conservation of energy. The time of collision occurs at T = (Xp2 − Xp1)/2ν which is 0.04 with 
Xp1 = 0.5–4ν/100 = 0.4398 and Xp2 = 0.5 + 4ν/100 = 0.5602 as shown in Fig. 5.

If the collision between two solitary waves is elastic (i.e. preserves their shape and velocities) then it can 
be described as being solitonic. This is the major property of soliton as a self-reinforcing solitary wave. In a 

Figure 4. A propagating quasi-soliton expressed in terms of spatiotemporal evolution of normalized membrane 
potential U*(X, XP; T)/U*(XP XP; 0) as a function of electronic distance (X) and dimensionless time (T) along 
an infinitely long neuronal branchlet obtained from (11). Parameters used were: ν = 1.506, γ = 0.001 and 
Xp = 0.5.

Figure 5. Two oppositely directed quasi-solitons (solitary waves) along an infinitely long neuronal branchlet 
result in a head-on collision. The collision occurred by linear superposition of the solitary waves. To differentiate 
the amplitudes of the traveling wave solutions expressed in terms of the membrane potential U*(X, Xp1 + Xp2; 
T) obtained from (12) as a function of electrotonic distance (X) and dimensionless time (T), the quasi-soliton 
moving to the right was normalized by U*(Xp1, Xp1 + Xp2; 0) and the quasi-soliton moving to the left was half-
normalized by 2U*(Xp2, Xp1 + Xp2; 0). Both quasi-solitons propagate with a dimensionless conduction velocity 
of ν = 1.506. Parameters used were: γ = 0.001, Xp1 = 4.398, Xp2 = 5.602.
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non-dispersive medium, solitons are dissipative, but only in the sense that in the presence friction, they gradu-
ally decelerate and become smaller and they will eventually decay as T → ∞, but only when dissipative energy is 
not fueled by the reservoir of electrical charges held by the intracellular capacitance and which in turn releases 
stored energy for maintenance of the electrotonic signal. In a linear dissipative medium the dynamics of soliton 
collisions appear to be absorbing one another, i.e., solitons pass through one another40. This is shown more 
clearly in Fig. 6 where two quasi-solitons undergo linear superposition at collision. The time of collision occurs at 
T = (Xp2 − Xp1)/2ν which is 0.234 (see Fig. 6). The simulation shows that the two electrotonic signals pass through 
one another and are not deformed after collision, preserving their shape, amplitude and velocity. More impor-
tantly, after the interaction they continue to propagate without dissipating, thus providing unequivocal support 
for quasi-solitons to be solitons. The defining condition for solitons is that they pass through one another and 
not merely reflect from one another. The simulation shows the existence of a point where there is only a single 
peak, suggesting that the solitons absorb one another during the collision. Also the traveling wave solution U*(X, 
T) = Ω(ξ) can be shown to satisfy the following conditions38: Ω′(ξ) = Ω″(ξ) = Ω′″(ξ) = 0 where prime denotes 
differentiation with respect to ξ, further reinforcing the electrotonic signals as solitons.

The effect of boundaries. The method of images technique30, 31 can be employed to determine the appro-
priate spatiotemporal evolution of membrane potential on a finite domain for small values of time. On a finite 
interval, the effect of boundaries causes reflections to occur, which must be added to the original free space soli-
tary wave U*(X, Xp;T) solution. Therefore, the solitary wave in a finite cable of electrotonic length L is expressed 
by

∑→ = α − → + β + →
=−∞

∞
⁎ ⁎{ }( ) ( )U(X, T 0) U X, 2nL X ; T 0 U X, 2nL X ; T 0

(13)n
n p n p

where αn and βn depend on boundary conditions and are given in Table 1.
The boundary condition UX = 0 characterizes a reflecting boundary, where the conduction of current is 

reflected often called a “sealed-end” boundary condition. The boundary condition U = 0 represents an absorb-
ing boundary, where the conduction of current is grounded to its resting state (or voltage –clamped if not zero) 
often called “killed-end” or “short-circuit” boundary condition. Additional boundary conditions not included in 
Table 1 are a combination of the two denoted as a “leaky-end” boundary condition where conduction of current 
is transmitted through a resistance representing a gap-junction41. Another common boundary condition is the 
“natural” boundary condition where a time derivative UT is used in addition to the “leaky–end” reflecting an iso-
potential structure expressed electrically in terms of a RC circuit that is added to the cable at both ends, resulting 
in a dumbbell cable42. Both “leaky-end” and “natural” boundary conditions introduce an additional term in (13) 
upon use of the method of images technique43.

The simulations with finite cables are indistinguishable from the free space solutions. One reason is that the 
zero term dominates the expansion in (13), which governs the free space solution at small times. Therefore no 
damping of the electrotonic signals occurs due to the effects of the boundaries. The marginal differences in the 
normalized Gaussian profile can be seen if a more generalized tanh-function expansion method is employed38. 
As indicated in Fig. 7 the normalized Gaussian profile appears to have a lower variance in the curved profile 
compared to the free space solution, which is attributed to the reflection of non-zero terms from the sealed-ends 
boundary conditions.

Figure 6. An elastic interaction between two oppositely directed quasi-solitons after a head-on collision along 
an infinitely long neuronal branchlet. Traveling wave solution in terms of a normalized membrane potential 
U*(X, Xp1 + Xp2; T)/(1 + 2γ) obtained from (12) as a function of electrotonic distance (X) and dimensionless 
time (T). Both quasi-solitons propagate with a dimensionless conduction velocity of ν = 1.506. The interaction 
between quasi-solitons occurred by linear superposition of quasi-solitons. Parameters used were: γ = 0.001, 
Xp1 = 0.15, Xp2 = 0.85.
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Discussion
A model of a neuronal branchlet that included a phenomenological description of polarized microstructure in 
terms of intracellular capacitive effects was shown to be capable of influencing subcellular electrical signal prop-
agation under quasi-electrostatic conditions (slow moving electric field). The resultant intracellular capacitive 
effect of polarized microstructure gives rise to self-excitability due to charge ‘soakage’ held in voltage-dependent 
capacitance of the microstructure invoking traveling wave pulses instead of traveling wave fonts, as one would 
expect without any recovery processes inherent in the model.

These traveling wave pulses were shown to be conducted through a novel mode of conduction exclusively for 
branchlets with microstructure. The stable electrotonic signals propagated due to stored energy in the microstruc-
ture. The crucial test for solitary waves to be electrical solitons is robustness to collision. Electrical solitons do 
not undergo nonlinear amplitude modulation during collision because linear superposition of solitary waves is 
assumed in a linear dissipative medium40. Based on linear superposition simulating interaction, the tanh-function 
expansion method enabled to directly procure approximate traveling wave solutions (quasi-solitons); their colli-
sion dynamics remained unchanged as they passed through one another, providing support for solitary waves to 
be electrical solitons. To the best of our knowledge, our model provides a first attempt at describing electrotonic 
signals denoting the direct spread of current in branchlets by means of solitonic conduction based on cable theory 
as opposed to transmission line theory (electrical lattices)40 or reaction-diffusion theory10, 11.

Traveling waves conducted as stereotypical action potentials are energy consuming44. Therefore action poten-
tials dissipate with time and annihilate upon collision4. Electrical solitons dissipate, but because of microstructure 
and the resultant distribution of charge ‘soakage’, the dissipative energy was shown to be conserved. Furthermore, 
electrical solitons did not annihilate upon collision because unlike action potentials with the refractory period, 
the electrotonic signals are maintained by the flux associated with the polarization current flowing through the 
miscrostructure. Therefore, the model possess attributes like stability and elastic interaction upon head-on col-
lision that differ significantly from stereotypical action potentials attributed to the gating currents through the 
plasma membrane, including unstable pulses serving as threshold conditions for igniting these stereotypical 
action potentials45.

What might be the function of electrotonic signals propagating along fine distal branchlets? Electrotonic sig-
nals without recovery are suitable in transmitting information through physical interaction of electrical charges 
held by microstructure and not synaptic inputs46. The stable non-decremented electrotonic signals originating in 
branchlets could play a functional role in heterosynaptic plasticity. Also electrical solitons conserve energy and so 
they can decode local information permanently. The stable dynamics of electrotonic signals provide a mechanistic 
explanation to retrieve long-term memories47. Our view is that backpropagating action potentials48 are unencum-
bered by solitonic conduction for the reason that they become erratic and unpredictable prone to propagation 
failures at diameters smaller than 0.5 μm49. Based on the permanence of these electrical solitons, it is unlikely that 
backpropagating action potentials are involved in higher brain functions such as in conceptual tasks. While for 
those action potentials that are initiated in thin dendrites (see ref. 50 for a review) we propose two specialized 
interdependent signals in local information processing: (1) dendritic spikes for encoding/imprinting information 
and (2) solitons for decoding/retrieval information in distal most dendrites of cortical neurons.

The function of solitonic conduction in branchlets may differ in thin axons and thin dendrities. Plasma 
membrane ion channel noise causes action potential reliability to be significantly diminished in their informa-
tion carrying capacity in thin axons (<0.5 μm diameter)51. The lower limit to axon diameter is about 80 nm52. 
Experiments revealed very thin pyramidal cell axons can conduct action potentials reliably53 and simulations 
show that action potentials in very thin axons are unlikely to fail to propagate due to ion channel noise51. This 
suggests conduction of action potentials in thin axons is not localized in the axonal branchlets. If neurons are 
designed for presynaptic information processing of local information to thin dendritic branchlets and not available 
at the site of spike initiation then electrotonic potentials can be locally integrated within the branchlets and then 
integrated again at one or more main intrinsic action potential initiation zones54, 55.

Our view, however, is that in the presence of microstructure, solitons in thin distal dendrites are the agglom-
eration of electrical charge densities arising as a result of electrotonic signal interactions. If the non-stereotypical 

Figure 7. The effect of sealed-end boundary conditions on the quasi-soliton profile showing the apex with a 
variable width. A generalized tanh-function expansion method with y = tanh (μξ) where μ donotes the width 
of the profile as a normalized Gaussian curve. The spatiotemporal evolution of the normalized membrane 
potential U(XP , T)/U(XP , 0) in non-dimensional terms obtained from (13) with n = 0 (left-hand side) and 
n = ±10 (right-hand side).
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spike is a composite of soliton interactions then the propagation of non-stereotypical spikes could carry 
dynamically-rich information generated by propagation of localized soliton resonant interactions that occur and 
influence the generation of ionic flow in neuronal branchlets. The presence of localized electrotonic signals rein-
forces preferentially local integration in different parts of the neuron and can lead to meaningful electrotonic 
information processing (see for example ref. 56). To test our hypothesis of solitonic conduction in branchlets 
designed exclusively for local electrotonic information processing, the minute intracellular volumes that go 
beyond the limiting spatial resolution of confocal microscopes and two-photon laser scanning fluorescence 
microscopy57 will need to be investigated with new technology that would enable to record and image the electro-
tonic signals in fine distal branchlets of neurons at higher spatial resolutions using dielectric scanning microscopy 
on neurons58, 59.

In their experimental study, Gonzalez-Perez and colleagues21 observed pulses under 10 mV in amplitude 
that did not annihilate upon collision. Although their reference to solitons as ‘action potentials’ leads to con-
fusion they further resorted to an electromechanical explanation without a clear indication as to why a purely 
electrical phenomenon should be re-packaged in terms of electromechanical pulses. Recently, El Hady and 
Machta60 suggested that mechanical surface waves may be caused by charge separation leading to changes 
in capacitance due to compressive forces on the membrane (electrostriction), yet it is known that the non-
linear capacitance derived from electrostriction is expected to contribute less than 1% of the total capaci-
tance35. Therefore, any electromechanical traveling waves would be negligible. In accordance with the result of 
Gonzalez-Perez and colleagues21, our model supports their experimental findings without considering adiaba-
tic phenomena during a nerve pulse, but through charge reservoirs within the neuronal microstructure, thus 
reconciling the difference between electrophysiological models and thermodynamic postulates without the 
need for postulating mechanical soliton models.

References
 1. Bullock, T. H. Signals and signs in the nervous system: The dynamic anatomy of electrical activity is probably information-rich. Proc. 

Natl. Acad. Sci (USA) 94, 1–6, doi:10.1073/pnas.94.1.1 (1997).
 2. Vandenberg, J. I. & Waxman, S. G. Hodgkin and Huxley and the basis for electrical signaling: a remarkable legacy still going strong. 

J. Physiol. (Lond.) 590, 2569–2570, doi:10.1113/jphysiol.2012.233411 (2012).
 3. Hodgkin, A. L. & Huxley, A. F. A quantitative description of membrane current and its application to conduction and excitation in 

nerve. J. Physiol (Lond) 117, 500–544, doi:10.1113/jphysiol.1952.sp004764 (1952).
 4. Follmann, R., Rosa, E. & Stein, W. Dynamics of signal propagation and collision in axons. Phys. Rev. E 92, 032707, doi:10.1103/

PhysRevE.92.032707 (2015).
 5. Koch, C. Biophysics of Computation: Information Processing in Single Neurons. Oxford University Press, New York (1999).
 6. Aslanidi, O. V. & Mornev, O. A. Can colliding nerve pulses be reflected? J Exper and Theor Phys Letts 65, 579–585, 

doi:10.1134/1.567398 (1997).
 7. Mornev, O. A., Aslandi, O. V., Aliev, R. R. & Chailakhyan, L. M. Soliton regimes in the FitzHugh-Nagumo model: reflection of the 

colliding pulses of excitation. Biophys. 21, 346–348 (1996).
 8. Aizawa, Y., Shimatani, Y. & Kobatake, Y. Theory of wave propagation in nervous system-an example of dissipative structure in an 

open system. Prog. Theor. Phys. 53, 305–314, doi:10.1143/PTP.53.305 (1975).
 9. Biktashev, V. N. & Tsyganov, M. A. Quasisolitons in self-diffusive excitable systems, or Why asymmetric diffusivity obeys the Second 

Law. Sci. Rep. 6, 30879, doi:10.1038/srep30879 (2016).
 10. Tuckwell, H. C. Solitons in a reaction-diffusion system. Science 205, 493–495, doi:10.1126/science.205.4405.493 (1979).
 11. Tuckwell, H. C. Evidence of soliton-like behavior of solitary waves in a nonlinear reaction-diffusion system. SIAM J. Appl. Math. 39, 

310–322, doi:10.1137/0139027 (1980).
 12. Meier, S. R., Lancaster, J. L. & Starobin, J. M. Bursting regimes in a reaction-diffusion system with action potential-dependent 

equilibrium. PloS ONE 10, e0122401, doi:10.1371/journal.pone.0122401 (2015).
 13. Rall, W. Core-conductor properties of neurons. In Handbook of Physiology edited by Kandel, E. R. American Physiological Society, 

Bethesda, MD (1977).
 14. Holcman, D. & Yuste, R. The new nanophysiology: regulation of ionic flow in neuronal subcompartments. Nat. Rev. Neurosci. 16, 

685–692, doi:10.1038/nrn4022 (2015).
 15. Harris, K. M. and Spacek, J. Dendrite structure. In Dendrites (Stuart, G., Spruston, N. and Haesser, M. eds.) Third edition. Oxford 

University Press, Oxford (2016).
 16. Shemer, I., Brinne, B., Tegner, J. & Grillner, S. Electrotonic signals along intracellular membranes may interconnect dendritic spines 

and nucleus. PLoS Comput. Biol. 4, e1000036, doi:10.1371/journal.pcbi.1000036 (2008).
 17. Bressloff, P. C. Cable theory of protein receptor trafficking in a dendritic tree. Phys. Rev. E 79, 041904, doi:10.1103/

PhysRevE.79.041904 (2009).
 18. Bédard, C. & Destexhe, A. Generalized cable theory for neurons in complex and heterogeneous media. Phys. Rev. E 88, 022709, 

doi:10.1103/PhysRevE.88.022709 (2013).
 19. Poznanski, R. R. Thermal noise due to surface-charge effects within the Debye layer of endogenous structures in dendrites. Phys. 

Rev. E 81, 021902, doi:10.1103/PhysRevE.81.021902 (2010).
 20. Poznanski, R. R. & Cacha, L. A. Intracellular capacitive effects of polarized proteins in dendrites. J. Integr. Neurosci. 11, 417–438, 

doi:10.1142/S0219635212500264 (2012).
 21. Gonzalez-Perez, A., Budvytyte, R., Mosgaard, L. D., Nissen, S. & Heimburg, T. Penetration of action potentials during collision in 

the median and lateral giant axons of invertebrates. Physical Review X 4, 031047, doi:10.1103/PhysRevX.4.031047 (2014).
 22. Heimburg, T. & Jackson, A. D. On soliton propagation in biomembranes and nerves. Proc. Natl. Acad. Sci. (USA) 102, 9790–9795, 

doi:10.1073/pnas.0503823102 (2005).
 23. Heimburg, T. & Jackson, A. D. On the action potential as a propagating density pulse and the role of anesthetics. Biophys. Rev. Lett. 

2, 57–78, doi:10.1142/S179304800700043X (2007).
 24. Kim, G. H., Kosterin, P., Obaid, A. L. & Salzberg, B. M. A mechanical spike accompanies the action potential in mammalian nerve 

terminals. Biophys. J. 92, 3122–3129, doi:10.1529/biophysj.106.103754 (2007).
 25. Andersen, S. S. L., Jackson, A. D. & Heimburg, T. Towards a thermodynamic theory of nerve pulse propagation. Prog. Neurobiol. 88, 

104–113, doi:10.1016/j.pneurobio.2009.03.002 (2009).
 26. Appali, R., van Rienen, U and Heimburg, T. A comparison of the Hodgkin-Huxley model and the soliton theory for the action 

potential in neurons. In Advances in Planar Lipid Bilayers and Liposomes. Iglic, A. (Ed.) Vol 16, Academic Press, San Diego, CA 
(2012).

http://dx.doi.org/10.1073/pnas.94.1.1
http://dx.doi.org/10.1113/jphysiol.2012.233411
http://dx.doi.org/10.1113/jphysiol.1952.sp004764
http://dx.doi.org/10.1103/PhysRevE.92.032707
http://dx.doi.org/10.1103/PhysRevE.92.032707
http://dx.doi.org/10.1134/1.567398
http://dx.doi.org/10.1143/PTP.53.305
http://dx.doi.org/10.1038/srep30879
http://dx.doi.org/10.1126/science.205.4405.493
http://dx.doi.org/10.1137/0139027
http://dx.doi.org/10.1371/journal.pone.0122401
http://dx.doi.org/10.1038/nrn4022
http://dx.doi.org/10.1371/journal.pcbi.1000036
http://dx.doi.org/10.1103/PhysRevE.79.041904
http://dx.doi.org/10.1103/PhysRevE.79.041904
http://dx.doi.org/10.1103/PhysRevE.88.022709
http://dx.doi.org/10.1103/PhysRevE.81.021902
http://dx.doi.org/10.1142/S0219635212500264
http://dx.doi.org/10.1103/PhysRevX.4.031047
http://dx.doi.org/10.1073/pnas.0503823102
http://dx.doi.org/10.1142/S179304800700043X
http://dx.doi.org/10.1529/biophysj.106.103754
http://dx.doi.org/10.1016/j.pneurobio.2009.03.002


www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 2746  | DOI:10.1038/s41598-017-01849-3

 27. Kasevich, R. S. & la Berge, D. Theory of electric resonance in the neocortical apical dendrite. PLoS One. 6, e23412, doi:10.1371/
journal.pone.0023412 (2011).

 28. Lazarevich, I. A. & Kazantsev, V. B. Dendritic signal transmission induced by intracellular charge inhomogeneities. Phys. Rev. E 88, 
062718, doi:10.1103/PhysRevE.88.062718 (2013).

 29. Thompson, C. J., Bardos, D. C., Yang, Y. S. & Joyner, K. H. Nonlinear cable models for cells exposed to electric fields. I. General 
theory and space-clamped solutions. Chaos, Solitions & Fractals 10, 1825–1842 (1999).

 30. Jack, J. J. B., Noble, D. and Tsien, R. W. Electric Current Flow in Excitable Cells. Clarendon Press, Oxford (1975).
 31. Tuckwell, H. C. Introduction to Theoretical Neurobiology. Vol. 1 Linear Cable Theory and Dendritic Structure. Cambridge University 

Press, Cambridge (1988).
 32. Ghosh, S., Bera, A. K. & Das, S. Evidence for nonlinear capacitance in biomembrane channel system. J. theor. Biol. 200, 299–305, 

doi:10.1006/jtbi.1999.0993 (1999).
 33. Dikande, A. M. & Bartholomew, G.-A. Localized short impulses in a nerve model with self-excitable membrane. Phys. Rev. E. 80, 

041904, doi:10.1103/PhysRevE.80.041904 (2009).
 34. Fernandez, J. M., Taylor, R. E. & Bezanilla, F. Induced capacitance in the squid giant axon. J. Gen. Physiol. 82, 331–346, doi:10.1085/

jgp.82.3.331 (1983).
 35. Alvarez, O. & Latorre, R. Voltage-dependent capacitance in lipid bilayers made from monolayers. Biophys. J. 21, 1–17, doi:10.1016/

S0006-3495(78)85505-2 (1978).
 36. Kopylova, N. V. & Regirer, S. A. Equations for the membrane potential. Biophys 54, 23–28, doi:10.1134/S0006350909010047 (2009).
 37. Ermentrout, G. B. and Terman, D. H. Mathematical Foundations of Neuroscience. Springer, New York (2012).
 38. Wazwaz, A.-M. Partial Differential Equations and Solitary Waves Theory. Higher Education Press, Beijing (2009).
 39. Tuszynski, J. A. and Kurzynski, M. Introduction to Molecular Biophysics. CRC Press, Boca Raton (2003).
 40. Ricketts, D. S. and Ham, D. Electrical Solitons: Theory, Design, and Applications. CRC Press, Boca Raton (2011).
 41. Poznanski, R. R. Electrophysiology of a leaky cable model for coupled neurons. J. Austral. Math. Soc. B40, 59–71, doi:10.1017/

S0334270000012364 (1998).
 42. Krzyzanski, W., Bell, J. & Poznanski, R. R. Neuronal integrative analysis of the’dumbbell’ model for passive neurons. J. Integr. 

Neurosci. 1, 217–239, doi:10.1142/S0219635202000104 (2002).
 43. Zauderer, E. Partial Differential Equations of Applied Mathematics. 3rd edition. Wiley, New York (2006).
 44. Aiello, G. L. & Bach-y-Rita, P. The cost an action potential. J. Neurosci. Mthds. 103, 145–149, doi:10.1016/S0165-0270(00)00308-3 

(2000).
 45. Huxley, A. F. Can a nerve propagate a subthreshold disturbance? J. Physiol. (Lond.) 148, 80P–81P (1959).
 46. Aur, D., Jog, M. & Poznanski, R. R. Computing by physical interaction in neurons. J. Integr. Neurosci. 10, 413–422, doi:10.1142/

S0219635211002865 (2011).
 47. Cacha, L. A. & Poznanski, R. R. Associable representations as field of influence for dynamic cognitive processes. J. Integr. Neurosci. 

10, 423–437, doi:10.1142/S0219635211002889 (2011).
 48. Stuart, G. J. & Sakmann, B. Active propagation of somatic action potentials into neocortical pyramidal cell dendrites. Nature 367, 

69–72, doi:10.1038/367069a0 (1994).
 49. Zhou, W.-L., Short, S. M., Rich, M. T., Oikonomou, K. D., Singh, M. B., Sterjanaj, E. V. & Antic, S. D. Branch specific and spike-order 

specific action potential invasion in basal, oblique, and apical dendrites of cortical pyramidal neurons. Neurophotonics 2, 021006, 
doi:10.1117/1.NPh.2.2.021006 (2015).

 50. Major, G., Larkum, M. E. & Schiller, J. Active properties of neocortical pyramidal neuron dendrites. Annu. Rev. Neurosci. 36, 1–24, 
doi:10.1146/annurev-neuro-062111-150343 (2013).

 51. Faisal, A. A. & Laughlin, S. B. Stochastic simulations on the reliability of action potential propagation in thin axons. PLoS Comp. Biol. 
3, e79, doi:10.1371/journal.pcbi.0030079 (2007).

 52. Faisal, A. A., White, J. A. & Laughlin, S. B. ion-channel noise places limits on the miniaturization of the brain’s wiring. Curr Biol. 15, 
1143–1149, doi:10.1016/j.cub.2005.05.056 (2005).

 53. Cox, C. L., Denk, W., Tank, D. W. & Svoboda, K. Action potentials reliably invade axonal arbors of rat neocortical neurons. Proc. 
Natl. Acad. Sci. (USA) 97, 9724–9728, doi:10.1073/pnas.170278697 (2000).

 54. Polsky, A., Mel, B. W. & Schiller, J. Computational subunits in thin dendrites of pyramidal cells. Nat. Neurosci. 7, 621–627, 
doi:10.1038/nn1253 (2004).

 55. Larkum, M. E., Nevian, T., Sandler, M., Polsky, A. & Schiller, J. Synaptic integration in tuft dendrites of layer 5 pyramidal neurons: a 
new unifying principle. Science 325, 756–760, doi:10.1126/science.1171958 (2009).

 56. Schmitt, F. O., Dev, P. & Smith, B. H. Electrotonic processing of information by brain cells. Science 193,114–120 (1976).
 57. Judkewitz, B., Roth, A. & Hausser, M. Dendritic enlightenment:using patterned two-photon uncaging to reveal the secrets of the 

brain’s smallest dendrites. Neuron. 50, 180–183, doi:10.1016/j.neuron.2006.04.011 (2006).
 58. Ghosh, S., Sahu, S., Agrawal, L., Shiga, T. & Bandyopadhyay, A. Inventing a co-axial atomic resolution patch clamp to study a single 

resonating protein complex and ultr-low power communication deep inside a living neuron cell. J. Integr. Neurosci. 15, 403–434, 
doi:10.1142/S0219635216500321 (2016).

 59. Agrawal, L., Sahu,S., Ghosh, S., Shiga, T., Fujita, D. & Bandyopadhyay, A. Inventing atomic resolution scanning dieletric microscopy 
to see a single protein complex operation live at resonance in a nejuron without touching or adulterating the cell. J. Integr. Neurosci. 
15, 435–462, doi:10.1142/S0219635216500333 (2016).

 60. El Hady, A. & Machta, B. B. Mechanical surface waves accompany action potential propagation. Nat. Commun. 6, 6697, doi:10.1038/
ncomms7697 (2015).

Author Contributions
R.R.P. Derived the mathematical model. L.A.C. Wrote the manuscript and prepared the figures. Y.M.S. Wrote the 
computing code. J.A. Supervised the project and the physics of the research. M.B. Validated the computing code. 
P.Y. Analyzed the data and reconciled with the coding. J.Y. Contributed through discussion and revision of the 
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01849-3
Competing Interests: The authors declare that they have no competing interests.
Change History: A correction to this article has been published and is linked from the HTML version of this 
paper. The error has been fixed in the paper.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1371/journal.pone.0023412
http://dx.doi.org/10.1371/journal.pone.0023412
http://dx.doi.org/10.1103/PhysRevE.88.062718
http://dx.doi.org/10.1006/jtbi.1999.0993
http://dx.doi.org/10.1103/PhysRevE.80.041904
http://dx.doi.org/10.1085/jgp.82.3.331
http://dx.doi.org/10.1085/jgp.82.3.331
http://dx.doi.org/10.1016/S0006-3495(78)85505-2
http://dx.doi.org/10.1016/S0006-3495(78)85505-2
http://dx.doi.org/10.1134/S0006350909010047
http://dx.doi.org/10.1017/S0334270000012364
http://dx.doi.org/10.1017/S0334270000012364
http://dx.doi.org/10.1142/S0219635202000104
http://dx.doi.org/10.1016/S0165-0270(00)00308-3
http://dx.doi.org/10.1142/S0219635211002865
http://dx.doi.org/10.1142/S0219635211002865
http://dx.doi.org/10.1142/S0219635211002889
http://dx.doi.org/10.1038/367069a0
http://dx.doi.org/10.1117/1.NPh.2.2.021006
http://dx.doi.org/10.1146/annurev-neuro-062111-150343
http://dx.doi.org/10.1371/journal.pcbi.0030079
http://dx.doi.org/10.1016/j.cub.2005.05.056
http://dx.doi.org/10.1073/pnas.170278697
http://dx.doi.org/10.1038/nn1253
http://dx.doi.org/10.1126/science.1171958
http://dx.doi.org/10.1016/j.neuron.2006.04.011
http://dx.doi.org/10.1142/S0219635216500321
http://dx.doi.org/10.1142/S0219635216500333
http://dx.doi.org/10.1038/ncomms7697
http://dx.doi.org/10.1038/ncomms7697
http://dx.doi.org/10.1038/s41598-017-01849-3


www.nature.com/scientificreports/

1 2Scientific RepoRts | 7: 2746  | DOI:10.1038/s41598-017-01849-3

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Solitonic conduction of electrotonic signals in neuronal branchlets with polarized microstructure
	Motivation. 
	Methods
	Intracellular capacitive effect of microstructure. 
	Cable model with homogenous microstructure. 
	Basic equation of the model. 

	Results
	Approximate traveling wave solutions in free space using the tanh-function expansion method. 
	Solitonic properties. 
	The effect of boundaries. 

	Discussion
	Figure 1 A schematic illustration of a longitudinal section of the neuronal branchlet with microstructure showing cytoskeletal structures (interlinking actin filaments, intermediate filaments, and microtubules) and closely compressed accumulated membranou
	Figure 2 A schematic illustration of ionic inhomogeneity in a porous medium of a neuronal branchlet.
	Figure 3 A segment of a neuronal branchlet as a cylindrical cable that supports the formation and propagation of electrical solitons reflective of the movement of macroscopic charge densities arising from polarizability of the microstructure, whose capaci
	Figure 4 A propagating quasi-soliton expressed in terms of spatiotemporal evolution of normalized membrane potential U*(X, XP T)/U*(XP XP 0) as a function of electronic distance (X) and dimensionless time (T) along an infinitely long neuronal branchlet ob
	Figure 5 Two oppositely directed quasi-solitons (solitary waves) along an infinitely long neuronal branchlet result in a head-on collision.
	Figure 6 An elastic interaction between two oppositely directed quasi-solitons after a head-on collision along an infinitely long neuronal branchlet.
	Figure 7 The effect of sealed-end boundary conditions on the quasi-soliton profile showing the apex with a variable width.
	Table 1 Method of images solution coefficients for a finite neuronal branchlet.




