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Abstract 
Ephaptic coupling is the phenomenon where the various axons in an axon 
tract contribute to the evolution of the voltage variable on each axon. In this 
paper, we relax the central assumption of electroneutrality used by Reutskiy 
et al. That assumption is based on charge conservation laws. However, we 
present data from the literature in support of this relaxation. Thus we are able 
to justify the presence of negative entries in the geometric W matrix. These 
negative entries then impact the action potential conduction profiles of the 
axons in the tract. These “signed” and coupled tracts can be envisioned as 
bearers of neural information which is akin to that borne by a synapse. 
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1. Introduction 

In science, we find that simple laws often lead to the most complicated of phe-
nomena. For example, in the field of cellular automata, simple conservation laws 
imposed on the lattice gas lead to equations in the form of Navier-Stokes. When 
these laws are slightly modified, the resultant equation has very different proper-
ties [1]. Taking the cue from that field, in this paper, we modify the conservation 
law (charge conservation), justifying the modification by use of biological data in 
Section 3. 

In [2], the authors provide a model of ephaptic interactions that introduces 
these interactions as strictly unipolar interactions. Although the voltage terms in 
the ephaptic sum can individually be negative over time and space, there is no 
overall multiplicative sign that can be either positive or negative and is encoded 
in the W-matrix. 

In [3], the authors introduce a W-matrix like function to capture the locality 
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of ephaptic-like interactions but make no mention of the work done in [4], 
which was the first (to our knowledge) to introduce the W-matrix. Their EMOD1 
index allows signs but is done in the context of electric fields, in contrast to the 
present paper’s focus on current-based coupling. 

To provide a bird’s eye view, this paper is structured as follows. In Section 2, 
we provide the notation that is used in this paper and also some of the back-
ground on the electroneutral setting. In Section 3 we provide empirical support 
for the relaxed setting. In Section 4 we provide some of the consequences of re-
laxing electroneutrality—how is the W matrix influenced. In Section 5 we pro-
vide some simulations of these modified W matrices. Finally we conclude in Sec-
tion 6. 

Table of Notation 

The notation used in this paper is succinctly presented in Table 1. 

2. The Electroneutrality Assumption 

Interaction between two physical systems has been of interest to man since the 
time of Huygens, at least, who discovered clock synchronization [5]. Reutskiy et 
al. have written an important paper on the related topic of ephaptic coupling of 
myelinated axons [2]. They provide us with the differential equations that go-
vern not only a single axon but an entire bundle of axons, not only at the inter-
nodal regions but also at the nodes of Ranvier. The latter are small regions where 
there is a heavy density of ion channels or “pores” linking the axoplasm with the 
extracellular space. These equations are of the following form: 

2
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mk mk k
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∂∂ ∂

= + −
∂ ∂∂

                  (1) 

for the internodal regions and 
 
Table 1. Description of notation. 

S. No. Symbol Meaning 

1 ,mk mkc g  membrane (capacitance, conductance) of the k-th axon 

2 ( ),x t  (space, time) variables 

3 kV  transmembrane voltage of the k-th axon 

4 fr  axoplasmic resistance 

5 ephI  ephaptic current 

6 ,ion exj j  (ionic, extracellular) current input 

7 UB, LB (upper, lower) bound 

8 ,e pd d  (epineurium, perineurium) thickness 

9 ,e pσ σ  (epineurium, perineurium) conductivity 

10 rI  relaxation current 

11 ε  small positive constant 
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for the nodal segments. They are derived under a set of assumptions which the 
authors mention in Section 2.1 of their paper. One of these assumptions is stated 
there as follows:  

...(j) the nerve boundary is perfectly insulating...  

It is expanded upon a little later as follows:  

Assumption (j) represents a good approximation, given the low conductiv-
ity of the connective tissue enclosing bundles of fibers in a nerve.  

We reproduce these statements above for a ready reference. 

3. Empirical Electrical Conductivities 

For the hypoglossal nerve, the electrical conductivity values of the epineurium, 
perineurium and endoneurium (transverse) are provided in [6] as 0.0826, 0.0021 
and 0.0826 Siemens per meter respectively. In [7], the authors provide the mean 
epineural thickness of the cervical vagus nerve of the dog to be slightly larger 
than 0.5 mm. 

In [8], the authors provide the thickness of the epineurium to be 0.13 mm in 
the rat sciatic nerve with a conductivity of 0.008 Siemens per meter. They also 
provide the thickness of the perineurium to be 0.01 mm in the same nerve with a 
conductivity of 0.00336 Siemens per meter. Since both, the thickness and the 
corresponding conductivity values are provided, we follow [8] instead of [7] 
herein. 

Next, we use Equation (15) from [9] to compute upper and lower bounds on 
the effective conductivity of the perineurium-epineurium combination in the rat 
sciatic nerve. The upper bound is:  

0.13 3.0.008 0.01 3.0.00336 0.00766857
0.14 3

e e p p

e p

d d e eUB
d d e
σ σ+ − + −

= = =
+ −
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per meter, and the lower bound is:  
0.14 3 0.0072817

0.13 3 0.01 3
0.008 0.00336

e p

pe

e p

d d eLB
d e ed

σ σ

+ −
= = =

− −
++

 Siemens per meter. We can  

thus take the conductivity to be a middling 0.0074 Siemens per meter for the 
bounding layer of the rat sciatic nerve axon tract. Whereas this is a small value, 
the conductivity is not as low as that required for it to be classified as an insula-
tor. It lies more in the region of being a semiconductor. 

4. Consequences of Relaxing Electroneutrality  

Practically speaking, by relaxing the electroneutrality assumption of the tract, we 
can get negative W-entries and it also enables the above-described interactions. 
As demonstrated in the previous subsections, there does not exist electroneutral-
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ity (necessarily). Therefore, ephaptic modulation of axon-transported informa-
tion (without neurotransmitters) might be widespread. It might explain why 
targeting only neurotransmitters in drug-based brain interventions is usually 
slow and ineffective—we need to target ephapses too, not just synapses. Consid-
er the electroneutrality-dependent equation (1) from Reutskiy’s paper [2]: 

( ) ( )0
1

, , 0
N

k
k

I x t I x t
=

+ =∑                       (3) 

or its more general version [4] where 0 is now replaced by a very small positive 
current rIε : 

( ) ( )0
1

, ,
N

k r
k

I x t I x t Iε
=

+ =∑                     (4) 

for 1, ,k N=  . This represents the relaxation we are considering in this paper. 
It means that we allow some leakage across the tract boundary. Due to this free-
dom, some of the axons can have a negative (or opposite-signed) contribution to 
a given axon when compared with the other axons, even though the differentia-
tion step ensures that the derivation of Equation (10) in [4] remains unchanged. 

5. Examples with the Relaxed Formulation 

To reiterate, in this paper, we ask the question: what the consequence of having 
signed, or differential, ephaptic interaction as discussed in Section 4 is. To an-
swer this question, we implement Equation (4) by simply inverting the sign on 
some of the W-matrix entries. By doing so, we observe that we have thrown off 
the timing of action potential initiation on the coupled tracts. In particular, we 
have introduced delays as compared to the original W matrix output. 

In Figure 1, we have used the W matrix shown as Algorithm 1. 
 

 
Figure 1. Unsigned ephaptic interaction among N = 3 axons with the topmost axon being 
the only stimulated axon. The x-axis is time in seconds and the y-axis is voltage in Volts 
on all the three sub-figures. The axons are numbered 1, 2 and 3 from top to bottom. 
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Algorithm 1. W-matrix used in Figure 1. 

 
 

We next invert some of the signs. For instance, we can experiment with in-
verting d23. Since d23 equals d32, we must flip that one too. We get the output 
shown in Figure 2. 

A minor difference is visible in the two lower axons. Their time traces are 
shifted slightly to the left, visible particularly in the blue trace. Next, we experi-
ment with inverting d12 and also d21, having removed the previous experimen-
tal modification. We obtain the output shown in Figure 3. 

It is clear in Figure 3 that there is a much larger impact of inverting d12 as com-
pared with d23. This is not unrelated to the fact that the absolute value of d12 is 
larger than that of d23. These modified delays can be accepted as present, because 
the introduced negative entries are now inhibiting the concerned axons—these 
axons are no longer allowed to fire as soon as they would otherwise. This is quite 
akin to what happens at an inhibitory synapse. The inputs from such a synapse 
lead to IPSPs which then detract from the impact of EPSPs and therefore delay the 
firing of action potentials once threshold is crossed at the axon hillock. 

 

 
Figure 2. Signed ephaptic interaction among N = 3 axons with the topmost axon being 
the only stimulated axon. The x-axis is time in seconds and the y-axis is voltage in Volts 
on all the three sub-figures. The axons are numbered 1, 2 and 3 from top to bottom. 
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Figure 3. Signed ephaptic interactions among N = 3 axons. The x-axis is time in seconds 
and the y-axis is voltage in Volts on all the three sub-figures. The axons are numbered 1, 
2 and 3 from top to bottom. 

 
If we next treat the sympathetically excited axon as the “post-ephaptic” axon, 

we have a cascaded system of axon-ephapse-axon. If we can somehow isolate the 
two axons as lying within a black box, extract the impulse from the second axon, 
and treat it as the output of the black box, then we can make replicas of this 
black box and in so doing, after interconnecting these black boxes, generate 
“ephaptic networks.” 

6. Concluding Discussion 

With numbering as introduced in Section 5, the question arises: can we have 
axon 1 with a positive ephaptic influence on axon 3 while axon 2 has a negative 
one? Further, can we ensure unidirectionality? In the absence of unidirectionali-
ty, we may be able to map this configuration to a specific W-matrix for N = 3 
axons. But, in order to have true one-way influence, we may take axon 3 as a rel-
atively long one, allowing its initial segments to interact in an N = 2 system with 
axon 1 and its final segments in another N = 2 system, but with axon 2. In this 
way, we may have a method to exactly replicate synaptic interactions. Thus, de-
void of neurotransmitters, a synapse-like ephaptic network can be conceived. It 
is tantalizing to imagine the possibilities when electric field based interactions 
are additionally considered. 

To summarize, we introduced the possibility that most axon tracts are not 
electroneutral. Consequently, we were led to the conclusion that ephaptic inte-
ractions can be signed. Allowing for signed ephaptic interactions imparts to the 
nervous system much more freedom in its signal processing and information 
transmission than the unsigned case considered previously for current-coupling. 
In future work, we will examine the information theoretic capacity of differential 
ephaptic networks by applying the DMC-network model of Kramer [10]. 
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