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Abstract: - This paper presents electrophysical activity in neurons. Electrophysical activity is analysed by
motion of charges (ions) in time and space (zones). Dynamic modelling is composed of three electrical zones
and two depletion layers (liquid junctions) induced in cytoplasm. This paper then presents that positive pulse is
realized by this model as the typical output, and that negative pulse, positive and negative plateaus are realized
as the variations depending on ion channels in receptors driven by the first and the second messengers. It is
concluded that commonality in scheme and variation in output potentials exist in neurons.
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1 Introduction

It has been thought that neurons generate positive
pulses for input stimulations. Fundamental scheme
is asked of activity in neurons by the authors [1-10].
It is hard to observe isolated operation of a single
neuron in neural networks.

Unicellular organisms are taken into the study to
find essential scheme of excitation. It is noted that
bipolar (positive and negative) potentials in
noctiluca are used (a) for motion control of tentacle,
and (b) with Na* and CI~ channels [11]. It was
shown that bipolar potentials are used (c) for motion
control of cilia, but (d) with Ca?* and K* channels
[5,7].

It was also reported that bipolar potential outputs
were observed in neuron of aplysia by R.
MacCaman, 1982[12], and M. Shouzushima,
1984[13]. Biochemical process of G-protein for the
secondary messengers were studied by K. Sasaki, et
al, 1987[14] with positive and negative post
synaptic potentials.

This paper presents a unified modelling of
activity in neurons. This model is composed of
electrical three zones and two depletion layers
induced in cytoplasm.

This paper then presents that typical output of
this model is positive pulse. And the variations are
negative pulse, positive and negative plateaus
depending on ion channels in receptors driven by
the first and the second messengers.
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Fig. 1 Schematic diagram of a neuron.

2 Electro-physical Modelling  for
Positive Potential Generation

2.1 Schematic diagram and electrophysical
configuration

Schematic diagram of a neuron is shown in Fig.1.
Dendrites, soma, and axon are actual components of
a living neuron. Dendrite, central part, and axon are
newly defined for analysis, and they correspond to
input, control, and output of response of an active
neuron.

Electrophysical model of an active neuron is
shown in Fig. 2. Zones and boundaries are
formulated in cytoplasm corresponding to each
component.

In Fig. 2, receptor is composed of a set of three
components (regulatory and catalytic subunits, and
G-protein) and Na* channels. When
neurotransmitter is received by the former, it
produces the second messenger (c-AMP, c-DMP,
etc.) and drives to open Na* channels indirectly.
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Fig. 2 Electro-physical modelling for positive potential generation.

Na* channels at the dendrite are ligand-dependent. Na* channels at the central part are
voltage dependent. Ejection of K* at the central part reduces pulse-width by rapid return to
resting potential. Injection of CI- at the axon and its current flow to the left contribute to
current multiplication. Na* - K* transporter works as a battery.

When neurotransmitter is received by the latter, the dendrite central part axon
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2.2 Energy diagram of charges (ions)

Fig. 3 Energy diagram of positive and negative ions.
ClI- channels at the axon works as a current
multiplier. If CI~ channels are deleted from the axon,
energy E is reduced as shown by dotted line.

Corresponding to Fig.2, energy vs position in z axis
(energy diagram) is shown in Fig. 3.

The Fermi level is shown by a solid line for
mean energy of positive (p-) and negative (n-) ions.
Energy difference of p- and n-ions is estimated to be
small in electrolyte.

The energy at the dendrite becomes high by

injection of Na* ions (signal p-ions). By injection of dendrite o Id axon
p-ions at the central part, the energy becomes low id ia
corresponding to wall potential reduction. Early d o ? Co “ — o a
potential return to resting state by late ejection of K* input Md Ny output
at the central part yield a narrow pulse. This process icl re

is exhibited equivalently by the forward diode.

Carrier p-ions drift in the central part with flat
potential. At the second boundary, potential wall is control
higher at the second depletion layer. A little charges
pass over the potential wall with energy enhancing
by thermal motion.

The current multiplication is realized by additive
negative current by CI™ ions.

Pulse oscillation is made by a single neuron.

Fig. 4 Electrical modelling of activity of a neuron
for positive potential generation.
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Fig.5 Equivalent circuit of a neuron for positive potential generation.
Receptor is expressed by charge-discharge cs - rs circuit.

2.3 Equivalent circuit of activity

Corresponding to the energy diagram in Fig. 3, an
equivalent circuit of activity is shown in Fig. 4 for
positive potential generation.

Forward and reverse diodes ng and n. denote
positive charge dynamics at the first and the second
depletion layers respectively.

Points d, ¢, and a denote input (dendrite),
control, and output (axon) ports. ¢ is a virtual point
corresponding to average potential in the central
part.

a - ig is the equivalent current source to drive the
output load. « is current multiplication factor for ig.

rc is diffusion resistance at the central part.

Most of input current ig reaches a. Current ic is
defined by components of input iq and feedback of
output current i..

3 Electrical Characteristics

3.1 Equivalent circuit of total neuron

The total equivalent circuit of a neuron is shown in
Fig.5 for positive potential generation. Activity is
given by a section between d - do and a - ap.

The capacities ¢4 and c, are fundamentally
defined by induced capacities at the first and the
second depletion layers. Practically membrane
capacity is added to them, but it is ignored in the
analysis.

The equivalent circuit of input synapse and
chemical process of receptor are shown by a voltage
source and a charge-discharge ¢ - rs circuit. This
circuit defines the effects of the first-messenger-
driven ion channels and the second-messenger
(cAMP, cGMP, etc.)-driven ion channels.
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The equivalent circuit of chemical process of
secretory and output synapse are shown by the road
resistance.

Impedances rq and r, of forward and reverse
diodes ng and n, are low and high resistances
respectively. Impedance ratio ra / rq is kept large
enough to limit coupling of output to input circuits.

Input and output synapses Sq and sa.are shown as
forward diodes for excitatory synapses (p-ions).
Potential E, is derived with an ion transporter (ion
pump) in Fig. 2.

3.2 Characteristics as an amplifier

When reverse diode resistance
r, ~ oo approximately, closed loop gain G, open

loop gain K, and feedback ratio B are given as
follows.

aRa
G _V_a_ rd+rc :L (1)
V_Vd_]__ aR, o 1-Kp
rnL+r. R,
K=q—1a )
I
f=—C 3)
Ra

where, vq and v, are input and output voltages of a
neuron, Gy, K, g are closed loop gain, open loop
gain, and inner feedback ratio of a neuron
respectively. Oscillation condition is given by Kg =
1. (ref. Appendix A-3)

In case that the axon has few Cl channels, a < 1,
KB << 1. Therefore a neuron operates as an
amplifier with threshold for input signal with
positive inner feedback.
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Negative current flows to the left by injection of
ClI™ charges.
The energy (power) gain Ge is given by;

G. = G, G, 4)

Where, Gc is current gain by sum of positive and
negative currents flowing to the right.

Even if input stimulation could not exceed the
threshold, a certain information is transmitted to the
axon terminal and to the posit neurons. It is found in
this paper that this effect is explained by
amplification by a neuron.

3.3 Operational Characteristics as an

oscillator
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Fig.6 Output voltage waveform for positive potential
generation. The dotted line is an original waveform.
The solid line is synchronized waveform to the input
trigger pulse.

(1) Pulse oscillator

The neuron operates as a pulse oscillator to generate

the output of potential waveforms when the product

of open loop gain K and feedback ratio S exceeds 1.
This oscillator is composed of self-injection with

inner feedback signal without external trigger.

rk
T, =c, —2 (%)
rr+R,
T, = C,R, (6),
where, Rq+rg >>rgr I =0

are assumed for simplified analysis.
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The period of oscillation T is given as the total time
length as following;

r.R
T=Ty+Tp=Cqy—2-+C,4R (7).
1mr2 drC+Ra ara

The mode of oscillation is astable. The stable point
is only at the bottom.

The neuron operates as an astable mode tuned to
external injection. Whenever, the phase and the
period of original free running oscillator is
fluctuating, the oscillator becomes stable by locking
to the external signal as shown in Fig. 6.

Synchronization is established in a system with a
group of neurons, and a stable timing clock is
realized by total coupling among neurons.

(2) Plateau oscillator
When the ion channel in the receptor is composed of

a secondary messenger, the input signal is featured
by a long holding time defined by discharge effects.

T

Q

rR
c.(r.+r)+c, —=2 (8),
s(s c) dr+R

c a

T, =cR (9).

a’ ‘a
where, r <«<r, ¢, <<c,

The period of oscillation T with pulse and plateau is
given as the total time length as following (Fig. 7).

T=T,+T,+T,+T, (20)

voltage

time

Fig. 7 Typical output voltage with positive pulse
and plateau.
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Fig. 8 Electro-physical modelling of an active neuron for negative potential generation.
ClI- channels at the dendrite is ligand-dependent. ClI- channels at the central part are voltage
dependent. K* channels at the central part and at the axon contribute to reduction of pulse width

and current multiplication respectively.

4 Characteristic of an Active Neuron
for Negative Potential Generation

4.1  Equivalent circuit of total neuron
Electro-physical modelling of a neuron for negative
potential generation is given in Fig. 8.

Formation of zones and depletion layers in Fig. 8
is same to Fig. 2 except the kinds of ion channels.
lon channels for reception of signals from previous
neurons are ligand-dependent CI- channels

lon channels for reception of signals from
previous neurons are ligand dependent CI- channels.
Cl- and K* channels at the central part and at the
axon are voltage dependent. Ca?* channels are
provided for secretion of neurotransmitters.

K* and CI- transmitters operate to provide resting
potential which works as a battery for neural circuit
[17].

4.2 Electrical Characteristics

Electrical modelling of the activity for negative
potential generation is shown in Fig. 9. Input and
output diodes ng, na correspond to the first and the
second depletion layers, which are shown as reverse
and forward diodes respectively.

Equivalent circuit of an active neuron is shown
in Fig. 10 for negative potential generation.

For negative potential generation, the waveform
is just inverse of the waveform shown in Fig. 6 and
7.

It is summarized that modelling and analysis of
electrical characteristics are common to neurons
with positive and negative potential outputs except
the direction of diodes and current flows in the
equivalent circuit.
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Fig. 9 Electrical modelling of activity
of a neuron for negative potential
generation.
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Fig. 10 Electrical modelling of an active neuron for
negative potential generation.
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5 Conclusion

Unified modelling of activity in neurons was given
in this paper. By this modelling, typical potential
output is positive pulse. And the variations in
output potentials are negative pulse, positive
and negative plateaus depending on ion
channels in the receptor driven by the first and
the second messengers. These output potentials
depend on conditions of marine, limnetic, and
physiological solutions in nature.
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Appendix

Al. Formation of depletion layer (liquid
junction)

It is considered that positive (p-) ions are injected
into uniform electrolyte filled with negative (n -)
ions. p - ions diffuse to n - side by the gradient of
density. n — ions diffuse to p — side simultaneously.
Coulomb’s force appears between diffused p- and n-
charges. When diffusion and Coulomb’s forces are
balanced, diffusion stops as shown in Fig. A-1(a).

Depending on the difference of potentials in p-
and n-zones, a potential wall appears with space
charges distributed at each side of space as shown in
Fig. A-1(b). If any charges are in the space, they are
driven out of the space. This is denoted a depletion
layer.

The equational analysis is written in [3].

A glass electrode is inserted into the cytoplasm
of a test cell. When the cytoplasm and solutions in
the electrode are different, the potential difference
appears  between true and  experimental
observations. This effect is well known in solid
(semiconductor) and liquid sciences.

ISSN: 2534-885X

International Journal of Medical Physiology
http://www.iaras.org/iaras/journals/ijmp

ispace charge

(

S D
Q ®
® 9 52
©
& 8 |, £ e
p-zone g depletion layer % n-zone
'Zp§ §ZI’]
(a)
S
>
— Vn(zn)
3 f
S Vb
©
o
-7 0 Z
P "z
(b)

Fig. A-1 Depletion layer (liquid junction) composed
of space charge and potential difference ata p —n
boundary.

(a) Space charge distribution

(b) Potential difference
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