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The classical model of voltage-gated ion channels assumes that according to a Markov process ion channels switch

among a small number of states without memory, but a bunch of experimental papers show that some ion channels

exhibit significant memory effects, and this memory effects can take the form of kinetic rate constant that is fractal.

Obviously the gating character of ion channels will affect generation and propagation of action potentials, furthermore,

affect generation, coding and propagation of neural information. However, there is little previous research on this series

of interesting issues. This paper investigates effects of fractal gating of potassium channel subunits switching from

closed state to open state on neuronal behaviours. The obtained results show that fractal gating of potassium channel

subunits switching from closed state to open state has important effects on neuronal behaviours, increases excitability,

rest potential and spiking frequency of the neuronal membrane, and decreases threshold voltage and threshold injected

current of the neuronal membrane. So fractal gating of potassium channel subunits switching from closed state to open

state can improve the sensitivity of the neuronal membrane, and enlarge the encoded strength of neural information.
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1. Introduction

Voltage-dependent ion channels mediate action

potentials in excitable membranes, and play an im-

portant role in signal generation and propagation in

neurons. The ionic mechanism underlying generation

and propagation of action potentials in the neuronal

system was well quantified in giant axon by Hodgkin

and Huxley.[1−4] The classical models of voltage-gated

ion channels[5,6] assumes that ion channels switch be-

tween a small number of conformational states with ki-

netic rate constants which only depend on the present

state of the channels. In this Markov process,[7,8] the

physical state of one ion channel at a certain time

does not depend on its physical state at the earlier

time. However, these assumptions may not be con-

formational changes in proteins. The protein consist-

ing of thousands of amino acids is separated by small

energy barriers.[9−17] Thus, a channel would be ex-

pected to have a continuum of many conformational

states rather than a few discrete states, and signifi-

cant dynamic processes with memory are exhibited.

In the past twenty years, a bunch of experimental pa-

pers have shown that many voltage-gated ion channels

do not activate as a pure Markov process, however ex-

hibit significant memory effects.[18−26] This memory

effects can take the form of kinetic rate constant be-

ing fractal.[22−26] The fractal model proposes that the

effective rate constant has the form At1−D, where A

is the kinetic setpoint, t is the time that the channel

has resided in the current state, and D is the fractal

dimension. This form was chosen because many other

physical systems display this type of scaling.[27−29]

Information generation, coding and propagation

in neurons are through action potentials. An action

potential is the transient alteration of membrane po-

tential across an excitable membrane generated by ac-

tivities of voltage-gated ion channels embedded in the

membrane. Action potentials within neural systems

are generally driven by ions through ion channels. The

two main kinds of ion channels for action potentials

are sodium ion channels and potassium ion channels.

The inward sodium ion current through sodium ion

channels is responsible for the depolarizing phase of
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an action potential, and the outward potassium ion

current through potassium ion channels is responsible

for the repolarizing phase of an action potential. It is

well known that ion channels are critical for propaga-

tion of action potentials along mylinated and unmyli-

nated axons. So ion channels are the basic elements to

mediate generation and propagation of action poten-

tials. Then it is obvious that gating character of ion

channels will affect generation and propagation of ac-

tion potentials, furthermore, affect generation, coding

and propagation of neural information. As mentioned

above, a bunch of experimental papers have shown

that gating character of some ion channels is fractal

rather than memoryless.[18−26] So it is reasonable to

imagine that fractal gating of ion channels will affect

generation and propagation of action potentials, fur-

thermore, affect generation, coding and propagation

of neural information. Although there are some theo-

retical papers on fractal gating of ion channels,[30−36]

however, there is little previous research on the inter-

esting and important subject we mentioned above. In

this paper, we will investigate effects of fractal gating

of ion channels on neuronal behaviours. Behaviour

changes of a whole unit is usually due to behaviour

changes of its components, so it is reasonable to de-

duce that fractal gating of one whole channels is due

to fractal gating of its components, channel subunits.

On the other hand, the cornerstone of modern neu-

roscience, the Hodgkin–Huxley (HH) equations for-

malize the dynamics of neuronal membranes by sim-

ulating the dynamics of channel subunits, so in our

simulations, we simulate fractal gating of ion channels

by simulating fractal gating of channel subunits. Al-

though there are experimental papers to demonstrate

fractal gating of some sodium channels,[20,37] in order

to investigate this subject step by step, we first focus

on fractal gating of potassium channels for the first

step. In order to delve into this subject more clearly

and gradually, in this paper we first consider fractal

gating of potassium channels switching from closed

state to open state. In the follow-up researches, we

will investigate effects of fractal gating of potassium

channels switching from open state to closed state and

fractal gating of sodium channels. In this paper, we

investigate the effects of fractal gating of potassium

channels by investigating those of potassium chan-

nel subunits. Our research results show that fractal

gating of potassium channel subunits switching from

closed state to open state has important effects on

neuronal behaviours, increases excitability, rest poten-

tial and spiking frequency of the neuronal membrane,

and decreases threshold voltage and threshold injected

current of the neuronal membrane. So fractal gating

of potassium channel subunits switching from closed

state to open state can improve the sensitivity of the

neuronal membrane, and enlarge the encoded strength

of neural information.

2. Methods

2.1.Deterministic HH model

The membrane dynamics formalized by the HH

equations is given by the following equation[1−4]

Cmdv/dt = −gKn
4(v − vK)− gNam

3h(v − vNa)

− gl(v − vl) + I, (1)

where cm denotes the specific capacitance, gK the

maximal potassium conductance, gNa the maximal

sodium conductance, and gl the leakage conductance

of the neuronal membrane. The voltages vK, vNa and

vl denote the potassium, sodium and leakage reversal

potentials respectively and I is the current injected

into this membrane. The leakage conductance is a

constant, however, the sodium and potassium conduc-

tances are voltage-dependent. The gating variables n,

m and h represent the open probabilities of one n, m

and h gate respectively and have a value between 0

and 1. We can assume that each potassium gate has

two states, the open state and the closed state. If

the open probability is n, then the closed probability

is 1 − n. The transition between the open state and

the closed state is governed by first order kinetics, and

the voltage-dependent transition rates from the closed

state to the open state and from the open state to the

closed state are αn and βn. It is similar for m and h

gates in sodium channels. The gating variables n, m

and h obey the following equations:

dn/dt = αn(1− n)− βnn, (2)

dm/dt = αm(1−m)− βmm, (3)

dh/dt = αh(1− h)− βhh, (4)

where αx and βx (x = n,m, h) are voltage-dependent

opening and closing rates respectively and given in Ta-

ble 1 with the other parameters used in the following

simulations.[1−4]
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Table 1. Parameters and rate functions used in our simulation.

cm specific membrane capacitance 1 µF/cm

vK potassium reversal potential −77 mV

vNa sodium reversal potential 50 mV

vl leakage reversal potential −65 mV

γK single potassium channel conductance 20 pS

γNa single sodium channel conductance 20 pS

gK potassium channel conductance 36 mS/cm2

gNa sodium channel conductance 120 mS/cm2

gl leakage conductance 1 mS/cm2

ρK potassium channel density 20/µm2

ρNa sodium channel density 60/µm2

αn
0.01(V +55)

1−e−(V +55)/10 ms−1

βn 0.125 e−(V +65)/80 ms−1

αm
0.1(V +40)

1−e−(V +40)/10 ms−1

βm 4 e−(V +65)/18 ms−1

αh 0.07 e−(V +65)/20 ms−1

βh
1

1−e−(V +35)/10 ms−1

2.2. Stochastic HH model

The dynamics of the n, m and h gates can be de-

scribed by first-order differential equations when the

number of ion channels is large. However, ion channels

are random devices with stochastic gating character.

When the number of ion channels is small, the stochas-

tic effect becomes important in neuronal dynamics,

and the deterministic differential equations are not a

good description for neuronal dynamics. In stochastic

HH equations, voltage variation of a neuronal mem-

brane obeys the following equation:

dv/dt = −(gKN
open
K /NK(v − vK)

+ gNaN
open
Na /NNa(v − vNa)

+ gl(v − vl)) + I, (5)

where Nopen
K and Nopen

Na respectively represent the

numbers of open potassium and sodium channels in

the specific membrane, NK and NNa represent respec-

tively the total numbers of potassium and sodium

channels in the specific membrane. The parameters

in Eq. (1) are independent of the membrane area,

however the total numbers of potassium and sodium

channels NK and NNa in Eq. (5) are proportional to

the membrane area, and the numbers of open potas-

sium and sodium channels Nopen
K and Nopen

Na in Eq. (3)

are approximately proportional to the membrane area.

The coefficient n4 in Eq. (1) means that there are four

n gates in one potassium channel. Only when all the

four n gates are in the open state, does the potassium

channel open. Similarly, the coefficient m3h in Eq. (1)

means that there are three m gates and one h gate in

one sodium channel. Only when all the three m gates

and the h gate are in the open state, does the sodium

channel open. To integrate Eq. (5), the numbers of

open sodium and potassium channels have to be deter-

mined at each instant, and one method called simple

stochastic HH method was employed.[37−39] On one

hand, subunits in ion channels are cooperative, one

potassium channel consists of four n subunits and one

sodium channel consists of three m subunits and one

h subunit; on the other hand, each subunit in one ion

channel switches between open and closed states in-

dependently with transition rate just depending on

membrane voltage.[37−43] This means that all sub-

units open and close according to a two-state Markov

process with voltage-dependent opening and closing

rates.[37−41,44,45] Because there are four n subunits in

one potassium channel, we need an NK × 4 matrix

to record the state of each potassium subunit. Simi-

larly, we need an NNa × 4 matrix to record the state

of each sodium subunit. We first simulate the state

of each potassium subunit according to the two-state

Markov process at each instant. Secondly, according

to the states of four certain potassium subunits in one

potassium channel, we obtain the state of each potas-

sium channel at each instant. Thirdly, according to

the state of each potassium channel, we obtain the

number of open potassium channels at each instant.

Similarly, we can obtain the number of open sodium

channels at each instant. When the numbers of open
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sodium channels and open potassium channels are ob-

tained, we can update the membrane voltage in Eq. (5)

at each instant. The kinetic two-state Markov process

of a single subunit is shown in Fig. 1, α and β are

the opening and closing rates of the subunits. A very

small time interval δt is chosen, for δt ≪ 1/α and

δt ≪ 1/β. If the gate is closed at time t, it will open

with probability αδt and remain closed with probabil-

ity 1− αδt. If the gate is open at time t, it will close

with probability βδt and remain open with probabil-

ity 1 − βδt. According to the assumption described

above, a random number γ from a uniform distribu-

tion in each simulation step is employed. If the sub-

unit is closed at time t and γ > αδt, the subunit keeps

in the closed state, while it switches to the open state

if γ < αδt. Similarly, if the subunit is open at time

t and γ > βδt, the subunit remains open, while it

switches to the closed state if γ < βδt.

Fig. 1. Kinetic scheme of a two-state gate.

2.3. Fractal HH model

The gating behaviour of ion channels is memory-

less in the popular Markov model. In contrast, this

fractal gating method simulates ion channels gating

with memory effects. The basic assumption of this

method is that once the channel subunit closes, the

reopening rate is dependent on the time spent in the

closed state, so that the rate of reopening declines as

the closed time increases. The reopening rate of one

gate is set as k(t):

c
k(t)−−→ o,

where k(t) is time-dependent and given by

k(t) = At1−D, (6)

where A is the kinetic setpoint and D is the fractal di-

mension from 1 to 2.[20,23,26] In this paper, A is set as

αn, which is the transition rate of n gate in the Markov

process. In order to avoid simulation divergence of

Eq. (6), we also need to choose a small value τ .[36] In

our simulation, for potassium channels of squid axon,

we set τ = 1 ms. When the dwell-time t < τ , the

Markov method is employed, and the kinetic rate only

depends on membrane voltage. When the dwell-time

t > τ , the fractal method is employed, and the kinetic

rates not only depend on membrane voltage, but also

on dwell time t. In order to investigate effects of frac-

tal gating step by step, we just simulate fractal gating

of potassium channel subunits switching from closed

state to open state. The switching process of potas-

sium channel subunits from open state to closed state

and the switching process of sodium channel subunits

are chosen as Markov process. In the future research,

we will investigate a series of fractal gating issues, in-

cluding effects of fractal gating of potassium channel

subunits switching from open state to closed state, the

competitive behaviours between the two fractal gat-

ing mechanisms of potassium channel subunits, and

effects of fractal gating of sodium channel subunits.

3. Results

In our simulations, we simulate fractal gating of

ion channels by simulating fractal gating of channel

subunits. In the closed state of potassium channels,

there are four different kinds of sub-states, sub-state

with four closed n gates, sub-state with three closed

n gates, sub-state with two closed n gates and sub-

state with one closed n gate. If the fractal dimension

of single n gate is D, we can deduce that the fractal

dimension of the sub-state with four closed n gates is

approximately 4 × (D − 1) + 1. Similarly, the fractal

dimension of the sub-state with three closed n gates is

approximately 3× (D − 1) + 1, the fractal dimension

of the sub-state with two closed n gates is approx-

imately 2 × (D − 1) + 1, and the fractal dimension

of the sub-state with one closed n gate is approxi-

mately (D − 1) + 1. Furthermore, we can suppose

approximately that the general fractal dimension of

one potassium channel is the average of the fractal

dimensions of four different sub-states, then the ap-

proximate fractal dimension of one potassium channel

is 2.5 × (D − 1) + 1. Actually, the deduction is not

strict, we should use accurate simulation to obtain the

fractal dimension D′ of potassium channels. We use

the methods in Refs. [22]–[26] to calculate the rela-

tionship between the fractal dimension D of potas-

sium channel subunits and the fractal dimension D′

of potassium channels, and the results are plotted in

Fig. 2. In the simulation, we choose the membrane

voltage as −65 mV, which is near the rest potential of

the neuronal membrane. We find from Fig. 2 that D′

is approximately 3.0 × (D − 1) + 1, which is close to

our approximate deduction result 2.5 × (D − 1) + 1.
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Because the experimental result of the fractal dimen-

sion D′ of potassium channels is from 1 to 2,[20,23,26]

according to the simulation result in Fig. 2, we can

choose the fractal dimension D of potassium channel

subunits from 1.0 to 1.3. Thus, in the following simu-

lation, we choose D as 1.0, 1.1, 1.2 and 1.3.

Fig. 2. The relationship between the fractal dimension D

of potassium channel subunits and the fractal dimension

D′ of potassium channels.

3.1. Effects of fractal gating of potassium

channels on large neuronal mem-

brane

We first focus on the case of large neuronal mem-

brane. If the area of the neuronal membrane is large,

the ion channel number on the membrane is large,

and then the effect of channel fluctuation is less. If

the area of the neuronal membrane is large enough,

we can neglect the effect of ion channel noise, and

the specific membrane has a certain threshold volt-

age for initializing a spike. We choose the area of

the neuronal membrane as 2000 µm2, which is large

enough to have a certain threshold voltage. In or-

der to measure the threshold voltage, we inject ex-

ternal current pulse to the neuronal membrane, start-

ing from a small value. In each step, computer will

judge whether an action potential is generated or not

and records the highest voltage of the neural mem-

brane due to the external current pulse. If an action

potential is not generated, the magnitude of the ex-

ternal current pulse will increase 0.01 mV, and the

procedure is repeated again till an action potential is

generated. Then we can obtain the threshold voltage

of the neuronal membrane, which is the highest volt-

age of the preceding step. In order to eliminate the

error due to ion channel noise, we choose 100 differ-

ent random seeds in the simulations, repeat the whole

procedure described above 100 times, and obtain the

accurate threshold voltage by calculating the average

of the results of 100 trials. The threshold voltage ver-

sus the fractal dimension D is plotted in Fig. 3. As

shown in Fig. 3, increasing the fractal dimension D

will decrease continuously the threshold voltage of the

large neuronal membrane. It is well known that lower

threshold voltage means higher excitability, so fractal

gating of potassium channel subunits switching from

closed state to open state increases excitability of the

neuronal membrane, and makes the neuronal mem-

brane easy to spike.

Fig. 3. Threshold voltage of the neuronal membrane ver-

sus the fractal dimension D.

Except threshold voltage, spiking frequency ver-

sus external injected current is another factor to mea-

sure excitability of the neuronal membrane. We

also choose the area of the neuronal membrane as

2000 µm2, which is large enough to neglect the effect

of ion channel noise. The spiking frequency versus ex-

ternal injected current is plotted in Fig. 4. As shown

in Fig. 4, increasing the fractal dimension D increases

continuously the spiking frequency. It shows that frac-

tal gating of potassium channel subunits switching

from closed state to open state increases excitability

of the neuronal membrane, and makes the neuronal

membrane easy to spike.

Fig. 4. Spiking frequency versus different injected current

with different fractal dimension D.

Threshold injected current evoking stable and

regular spikes is also an important parameter to mea-

sure excitability of the neuronal membrane. We
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also choose the area of the neuronal membrane as

2000 µm2. In order to measure the threshold injected

current, we inject the constant external current to

the neuronal membrane, starting from a small value.

In each step, computer will judge whether the stable

and regular spikes are generated or not. If not, the

magnitude of external injected current will increase

0.01 µA, and the procedure is repeated again till the

stable and regular spikes are generated. Then we ob-

tain the threshold injected current. In order to elim-

inate the error due to ion channel noise, we choose

100 different random seeds in the simulations, repeat

the whole procedure described above 100 times, and

obtain the accurate threshold injected current by cal-

culating the average of the results of 100 trials. The

threshold injected current versus the fractal dimension

D is plotted in Fig. 5. As shown in Fig. 5, increas-

ing the fractal dimensionD decreases continuously the

threshold injected current. Lower threshold injected

current means higher excitability of neuronal mem-

brane, so fractal gating of potassium channel subunits

switching from closed state to open state increases ex-

citability of the neuronal membrane, and makes the

neuronal membrane easy to spike.

Fig. 5. Threshold injected current versus the fractal di-

mension D.

Rest potential is also a parameter to measure ex-

citability of neuronal membrane. If the rest poten-

tial of the specific neuronal membrane is higher, the

membrane is more excitable and easier to evoke ac-

tion potentials, and vice versa. We also choose the

area of the neuronal membrane as 2000 µm2, which is

large enough to neglect the spontaneous spiking due

to ion channel noise. Rest potentials of the neuronal

membrane versus the fractal dimension D are plotted

in Fig. 6. As shown in Fig. 6, increasing the frac-

tal dimension D increases continuously the rest po-

tential of the neuronal membrane, so fractal gating

of potassium channel subunits switching from closed

state to open state increases excitability of the neu-

ronal membrane, and makes the neuronal membrane

easy to spike. Above all, in four aspects, thresh-

old voltage, spiking frequency, threshold injected cur-

rent and rest potential, we show that fractal gating

of potassium channel subunits switching from closed

state to open state increases excitability of the large

neuronal membrane, and makes the large neuronal

membrane easy to spike. Previous researches show

that threshold voltage of the neuronal membrane de-

cides excitability of the neuronal membrane and ex-

citability of the neuronal membrane decides spiking

frequency of the neuronal membrane.[46,47] So, thresh-

old voltage is more fundamental to decide the electri-

cal behaviours of the neuronal membrane than spiking

frequency. The changing of threshold voltage induces

the changing of spiking frequency. Decreasing thresh-

old voltage will increase spiking frequency, and vice

versa. In one word, threshold voltage is more fun-

damental, and the change of spiking frequency is the

result of the change of voltage threshold.

Fig. 6. Rest potential versus the fractal dimension D.

3.2. Effects of fractal gating of potassium

channels on small neuronal mem-

brane

Now, we focus on the case of small neuronal mem-

brane. If the area of the neuronal membrane is small,

and then the ion channel number on the neuronal

membrane is also small. In the neuronal membrane

with small number of ion channels, the effect of ion

channel noise due to stochastic switching of ion chan-

nels is dramatic, and spontaneous spikes can be gen-

erated by ion channel noise.[37,38,48] We calculate the

average interspike interval ⟨T ⟩ of neuronal membranes

with different sizes versus different fractal dimension

D, and the results are shown in Fig. 7. In order to min-

imize the effect due to ion channel noise, we simulate
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5000 spikes for each point in Fig. 7 and then obtain

the accurate average interspike interval. As shown in

Fig. 7, for a certain neuronal membrane, increasing

the fractal dimension D, decreases continuously the

average interspike interval ⟨T ⟩ of spontaneous spikes.
In other words, increasing the fractal dimension D

decreases continuously the average spontaneous spik-

ing frequency. It means that fractal gating of potas-

sium channel subunits switching from closed state to

open state increases excitability of the small neuronal

membrane, and makes the small neuronal membrane

easy to spike. We find from Fig. 7 that as a func-

tion of the membrane area, the average spontaneous

interspike intervals do not increase monotonically. In

Ref. [38], we explained the phenomenon in detail. In

this paper, we introduce it briefly. When the mem-

brane area is small, only one sodium channel opens,

a spontaneous spike can be evoked. If the sodium

channel number in a specific neuronal membrane in-

creases, the probability of one sodium channel opening

will increase. So when the membrane area is small,

enlarging the membrane area will increase the spon-

taneous spiking frequency, and decrease the average

spontaneous interspike interval. When the membrane

area is large, opening of single sodium channel can-

not trigger an action potential, a critical fraction of

all available sodium channels is required to be open.

It is well known that if ion channel number is large,

when we increase the number of sodium channels, the

effect of ion channel noise will be suppressed and de-

creased continuously. So if ion channel number in the

neuronal membrane with large area increases, there

will be increasing probability that the open fraction

of all available sodium channels due to ion channel

noise reaches the critical value, then the spontaneous

spiking frequency will decrease and the average spon-

taneous interspike interval will increase.

Fig. 7. Average interspike interval versus membrane area

with different fractal dimension D.

3.3.Mechanism to induce the effects of

fractal gating of potassium channel

subunits

According to the research results of the two above

subsections, fractal gating of potassium channel sub-

units switching from closed state to open state in-

creases excitability of the neuronal membrane, and

makes the neuronal membrane easy to spike. In order

to explain the results, we can check Eq. (6). Accord-

ing to Eq. (6), the transition rate of potassium channel

subunits switching from closed state to open state de-

creases when the dwell time of the specific potassium

channel subunit in closed state increases. It means

that the transition rate of ion channel subunits with

fractal gating is less than that of ion channel subunit

switching by Markov process. Smaller transition rate

of the specific ion channel subunits means larger dwell

time of the specific ion channel subunit in the original

state, so fractal gating of potassium channel subunits

switching from closed state to open state will increase

the dwell time of potassium channel subunits in closed

state, and then decrease activation of potassium ion

channels. It is well known that activation of potassium

ion channels is important to regulate excitability and

rest potential of the neuronal membrane. If activation

of potassium ion channels decreases, excitability and

rest potential of the neuronal membrane will increase,

and vice versa. Till now, we explain qualitatively why

fractal gating of potassium channel subunits switching

from closed state to open state can improve excitabil-

ity of the neuronal membrane, and make the neuronal

membrane easy to spike. Furthermore, we can use

simulation results to show quantitatively that fractal

gating of potassium channel subunits switching from

closed state to open state can increase the average

dwell time of potassium channel subunits in closed

state, and then increase excitability of the neuronal

membrane and make the neuronal membrane easy to

spike. In order to calculate the average dwell time of a

single potassium subunit in closed state, we track the

state of a certain subunit in a certain potassium ion

channel, and record the spans of the certain subunit in

closed state. Then the average dwell time of a single

potassium channel in closed state is the sum of the

spans in closed state dividing by the number of the

spans. In order to increase accuracy, the simulation

time is as long as 106 ms. We first calculate the av-

erage dwell time of single potassium channel subunit

at fixed membrane voltage versus different fractal di-
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mension D. We change the fixed membrane voltage

from −60 mV to 50 mV, and use four different D

from 1.0 to 1.3. The results are plotted in Fig. 8.

As shown in Fig. 8, when the fractal dimension D in-

creases, at fixed membrane voltage, the average dwell

time of single potassium subunit in closed state will

increase correspondingly.

Fig. 8. Average dwell time of single potassium channel

subunit in closed state versus membrane voltage with dif-

ferent fractal dimension D.

On the other hand, membrane voltage is not fixed

at a certain value, however, changes from −80 mV to

50 mV according to different firing status of the neu-

ronal membrane. So in the further step, we do not

fix the membrane, and calculate the average dwell

time of single potassium channel subunit over all

the membrane voltage. Similarly, we calculate the

average dwell time with four different fractal dimen-

sion D from 1.0 to 1.3 versus different membrane

areas. The corresponding results are plotted in Fig. 9.

Fig. 9. Average dwell time of single potassium channel

subunit in closed state versus membrane area with differ-

ent fractal dimension D.

As shown in Fig. 9, increasing the fractal dimension D

will increase correspondingly the average dwell time

of single potassium subunit in closed state. From

Fig. 9, we can find that as a function of membrane

area, the average dwell time does not increase mono-

tonically. The nonmonotonic behaviour of the aver-

age dwell time is due to that of the average sponta-

neous interspike interval. Above all, we show quanti-

tatively that fractal gating of potassium channel sub-

units switching from closed state to open state can

increase the average dwell time of one potassium chan-

nel subunit in closed state, decrease activities of the

potassium channels, and then increase excitability of

the neuronal membrane and make the neuronal mem-

brane easy to spike.

4. Conclusion and discussion

Voltage-gated ion channels are the basic ele-

ments to mediate generation and propagation of ac-

tion potentials, furthermore, mediate generation, cod-

ing and propagation of neural information. The clas-

sical model of voltage-gated ion channels assumes that

transition rates of ion channels are memoryless and de-

pend only on the present state of the specific channel.

However, a bunch of experimental papers have shown

that many voltage-gated ion channels do not activate

as a pure Markov process, however exhibit significant

memory effects.[18−26] In other words, switching char-

acter of ion channels is fractal rather than memoryless.

It is obvious that changing the switching character

of ion channels will affect the macroscopic behaviours

of the excitable membrane. In this paper, we inves-

tigated the effects of fractal gating of ion channels

on neuronal behaviours. In order to delve into this

subject clearly and gradually, we first considered the

fractal gating of potassium channel subunits switch-

ing from closed state to open state. The obtained

results show that the fractal gating of potassium chan-

nel subunits switching from closed state to open state

will increase excitability, rest potential and spiking

frequency of the neuronal membrane, and decrease

threshold voltage and threshold injected current of the

neuronal membrane. It is well known that neurons use

spiking frequency to encode stimulus strength.[46,47] In

some neurons, the encoded strength of stimulus has

linear relationship with spiking frequency. So fractal

gating of potassium channel subunits switching from

closed state to open state not only increases the sen-

sitivity of neuronals membranes, but also enlarges the

encoded strength of neural information.

It is well known that the activation of potassium

ion channels is important to regulate excitability and

rest potential of neuronal membranes.[1−4] If the acti-

vation of potassium ion channels decreases, excitabil-
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ity and rest potential of the neuronal membrane will

increase, and vice versa. Fractal gating of potassium

channel subunits switching from closed state to open

state will decrease the switching probability of potas-

sium channel subunits from closed state to open state,

increase the average dwell time of potassium chan-

nel subunits at closed state, reduce the activation

of potassium channels, and then increase excitability

of neuronal membrane and make neuronal membrane

easy to spike. We also demonstrate quantitatively that

fractal gating of potassium channel subunits switching

from closed state to open state will increase the aver-

age dwell time of potassium channel subunits in closed

state. We demonstrate this quantitatively in two as-

pects, fixed membrane voltage and variable membrane

voltage. In the two aspects, we obtain the similar re-

sults that fractal gating of potassium channel subunits

switching from closed state to open state will increase

the average dwell time of potassium channel subunits

in a closed state.

We have done some research on effects of fractal

gating of potassium channel subunits switching from

open state to closed state. Our preliminary results

show that fractal gating of potassium channel subunits

switching from open state to closed state has the op-

posite effects of fractal gating of potassium channel

subunits switching from closed state to open state,

will decrease excitability, rest potential and spiking

frequency of the neuronal membrane, and increase

threshold voltage and threshold injected current of

the neuronal membrane. If we consider the two frac-

tal gating mechanisms together, there are interesting

competitive behaviours between the two fractal gating

mechanisms. In addition to fractal gating of potas-

sium channels, evidence for fractal gating of sodium

channels has also been discovered. In the future re-

search, we will investigate a series of fractal gating

issues, including effects of fractal gating of potassium

channel subunits switching from open state to closed

state, the competitive behaviours between the two

fractal gating mechanisms of potassium channel sub-

units, and effects of fractal gating of sodium channel

subunits.
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