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Gating kinetics of potassium channel and effects of nerve growth
factors in PC12 cells analyzed with fractal model’
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ABSTRACT

AIM: To study the gating kinetics of voltage-dependent
K* channels in clonal pheochromocytoma (PC12) cells
and the effect of nerve growth factor (NGF) on it.
METHODS: Outward currents of K* channel were
recorded in PC12 cells cultured with or without NGF us-
ing cell-attached patch-clamp technique. The kinetic
features of K* channel and the effect of NGF on them
were analyzed based on the fractal model. RESULTS:
The fractal dimension D for the closed durations of K*
channel in PCI12 cells cultured without NGF was propor-
tional to the absolute value of the pipette potential (V).
Whereas the fractal dimension [’ was inversely propor-
tional to it. Under pipette polentials of 0, -30, -50,
and — 70 mV, the values of D were 1.75, 1.88, 1.95,
and 2; and of D' were 1.51, 1.40, 1.34, and 1.23.
After the addition of NGF the changes in the fractal di-
mensions became more complex. At the same pipette
potential, fractal dimensions for K* channel in PC12
cells cultured with NGF for both the open and closed du-
rations were not greater than those in PC12 cells cultured
without NGF. The kinetic setpoints for both the close
and open durations did not vary with the pipette potential
with values as follows; A(without NGF) =0.29+0.05,
A(with NGF) = 0.71 + 0. 06, A’ (without NGF) =
0.110 £ 0.020, and A' {with NGF) = 0.38 + 0.08.
CONCLUSION: The voltage dependence of D (without
NGF) increases the probability of the channel for remain-
ing closed for long durations as the patch is depolarized,
and that of D' (without NGF) decreases the probability of
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the channel for remaining open for long durations as the
patch is depolarized. The addition of NGF in the PCI2
cell culture accelerates the dynamic process of the K*
channel occurring over long time scales.

INTRODUCTION

Single channel recording gives one a wnique opportu-
nity to study the gating kinetics of single ion chan-
nels""2) . One aim of such a study is to enable charac-
terization of, for example, interactions between neuro-
transmitters and their target receptor-channels. Howev-
er, before such molecular interpretations may be made
with any degree of certainty, it is essential that the rele-
vant gating model be employed to interpret the observed
kinetics. For a long time, most of the researchers have
studied the kinetics of ion channels with Markov models,
which assume that the channel has a few discrete confor-
mational states such as closed, open, and inactivated.
And it is also assumed that the transition probabilities per
unit time between these states, the kinetic rate constants,
are independent of the history of the previous sequence of
states®* . However, since the properiies of channel
proteins may not be similar to the physical properties as-
sumed by the Markov models, the parameters of these
models do not provide physically meaningful information
about ion channels. Many proteins have large numbers
of conformational siates that are separated by only small
energy barriers. Moreover, changes in protein confor-
mation occur over many time scales. Thus, a chanmel
would be expected to have many conformational states,
rather than a few discrele states, and have a continuous
distribution of time scales of kinetic rate, that is, channel
protein switciing between conformational states is fractal
in time'®~7),

The fractal model of channel kinetics, comsistent
with these ideas, was proposed previously'® and recently
these ideas have been interpreted further®’ . The studies
carried out previousky suggest that the spontaneous fluctu-
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ation in the conformation of the ion channel protein may
be better described by a fractal model®. However,
there are few reports about the fractal analysis of ion
channel kinetics so far.

Clonal pheochromocytoma {PC12) cells, developed
from a pheochromocytoma tumor of the rat adrenal
medulla, have become currently a very important model
for the study of neuronal differentiation, and they are the
premiere tools for the study of nerve growth factor
(NGF). NGF is thought to play an important role in
neuronal survival, growth, differentiation and develop-
ment. This article used the fractal model to analyze and
interpret the single channel currents recorded from K*
channels in PC12 cells and the effect of NGF on them.

MATERIALS AND METHODS

Experimental materials and techniques
PC12 cells and NGF were provided by Dr ZHANG Mao-
Bin of Department of Biochemistry, Medical College of
University of California in Los Angels. The passage cul-
tured PC12 cells were used. The cells were plated on
glass coverslips 1 — 7 d before being used for the experi-
ments, and NGF 100 mg/1, was added 1 -3 d before the
experiment.

At depolarizing pipette potentials of 0, =30, -50,
and — 70 mV, the outward currents of K* channel of
sorts in PC12 cells cultured with or without NGF during
the culture were recorded in a cell attached configuration
of patch clamp method (Fig 1). The single channel
conductance determined from the slope of the I~ V curve
was51 pS+5 pS (n=5). Using a CEZ-2200 paich
clamp amplifier (Nihon Konden, Japan), currents were
filtered with a four-pole Bessels filter, and recorded in
PCH digital videocassette recorder. Current amplitude,
channel open durations, channel closed dorations etc.
were measured by using PCLAMP software in an IBM
PC/AT computer equipped with a TI-1-125 interface with
125 kHz LABMASTER DMA data acquisition system.
Some kinetic properties of those channels were also re-
ported previouslyt'0~14J,

The fractal model of ion channel kinetics In
the fractal model

closed

ko

open
the kinetic rate constant &, or k. for leaving the closed or
open states is actally a function of the time scale, £, at
which they are observed such that k,(1) = A#' = and k.
()=A"1"P, where A, A’ are kinetics setpoints, and
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Fig 1. Representative K* current records from um-
treated and NGF-treated PC12 cells at V,= - 30 mV.

NGF =100 mg/L. Openings are upward deflection.

D, IV are the fractal dimensions. Thus, the closed and
open states are each represented as a continium of many
conformational states. In the present study we have re-
viewed the closed durations. The equations for the open
duration are analogous with k,( r) repiaced by k.(f).
If p(r) be the probability for which the channel remains
closed for the duration[0, ¢]. It can be shown that
p(t)=expl( - A#~P)/(2-D)]

and the close-time probability density function can be giv-
en as

()= —dp(2)/d(t)

= Al Pexp[ ( ~ A~ P)/(2- D) ]

The rate of channel openings depend inversely on the
time scale, such that D=1. The restriction that p (0)
=1 requires that D <2. Thus the fractal dimension D
is restricted to the range 1 D <2.

Let the smallest time interval that can be resolved
define the effective time scale ;. We can only detect
channe{ closings of duration ¢ > ;. Thus, the channel
kinetics can be meaningfully measured as the effective ki-
netic rate constant, k., which follows the conditional
probability that a channel that has been closed for at least
a duration of .y is bound to open. Hence we can find
that

keﬁ‘( teff) =f( fcﬁ)/P(teﬁ)

= —dnp(¢)]/dt 1=ty

=A}eﬁ_l—D
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This effective kipetic rate constant summarizes the
information about the processes that happen at many dif-
ferent time scales. The fractal dimension D detenmines
the relative contribution of various processes at different
time scales and the kinetic setpoint A determines whether
all the processes take place slowly or Tapidly.

The method of the fractal analysis To judge
if the kinetics of an ion channel can be described by a
fractal model, we must determine the effective rate con-
stant k. measured at different time scales 1.y, W keg=
At~ 2, then the kinetics of the channe] is fractal. Li-
bovitch ef @/ have proposed a practical method to deter-
mine whether the kinetics of ion channel is fractal. Any
complex stochastic process can be approximated by an in-
finite number of adjacent Markov processes. For a two-
state closed == open Markov process, that is, the frac-
tal model with D =1, there exist p(t) =exp( — ko1), f
(#) = koexp( — ko1), and k,= —d[In p(2)]|/dt where
k, is a constant. Paying attention to the fact that this
form for ko is similar to that for the effective kinetic rate
constant k= — d[In p{(¢)]/ds | t = t.g, the kinetics
of any channel, over a small range of time, is a form of
a close = open Markov process with kg = k,. Thus,
ko is equal to minus the slope of In[ f( )] vs r evaluat-
ed over a small range of closed duration. To do this,
the data is sampled at one frequency and closed time his-
tograms are constructed with different bin size r,. The
bin size r, determines the effective time scale of the anal-
ysis and thus 1, = fy- To maintain the local analysis for
ke, we must exclude the first time bin (which includes
the closings 7 < < #, which are much smaller than the
time scale ¢ — &) and the longer time bins ( which in-
cludes the closings ¢ > > 1, that are much longer than the
time scale 1,). Then, for the semilogarithmic plot of
each histogram, least squares fit was used to determine
the slope over the second through fourth bins,  This pro-
cedure thus determines k. as a function of 7. Tt has
been shown that if there are multiple plateaus on the plot
of log{ kuy) vs 1g(rg), and then the Kinetics of the
channel can be well described by a Markov process.
However, if the kinetics of the channel are fractal, this
plot will be a straight line in the form of ig(key) = (1~
D)g(t) +1gA (see Fig 6 in reference 8). Thus, the
two parameters of the fractal model, D and A, can be
determined from the slope and the intercept of the straight
line. It has also been shown that based on this procedure
D is overestimated on the average by 10 percent® . So
D was reduced by 10 percent in our reported results.

Once the fractal dimension D and the kinetic setpoint A
were determined, N{(¢)/4 ¢ vs t could be plotted for
certain & ¢, and Ny vs ¢ could be plotted on the same
plot, where N(t) was the number of closings of duration
tto t+ 4¢, and Ny was the total number of closed
times. Since it is difficult to determine Ny accurately,
Nr has been regarded as an adjustable parameter. The
parameter shifts the closed duration histogram up and
down, but does not change its shape. Thus, we have
compared the experimental data to the fractal model based
on the equation N{z) = Np2&gf(¢).

Statistical analysis Data were expressed as X
s. Statistical significance was determined by a paired -
test.

RESULTS

The Markov model of gating kinetics of K*
channels in the PC12 cells Using Markov process,
the gating kinetics of K* channels in PCI2 cells was
modeled!®'¥).  Regardless of the open or closed time
distributions of the channels, at least two exponentials
wete required to fit them. These distributions were ex-
plained in terms of the following kinetic model

closed «L‘—m closed é open J—-":‘ open
‘t21 k!l k“

Both the open and closed durations instead of his-
tograms were directly used (o estimate rate constants k;
{i,j=1,2,3; isj}. However, Markov models can
not be uniquely determined from only the open and closed
duration distributions. Moreover, Markov models in-
volve too many adjustable parameters. Thus, it needs a
large number of experimental data to make good estima-
tions. Too many parameters are also inconvenient for the
evaluation of the effects of medicines on the channels.

Determining the fractal feature of K* chan-
nels in PC12 cells The open and closed durations
was used, which had been measured from the single
channel records to comstruct histograms of bin sizes of
0.5, 1, 2, 4, 8, 16, 32, and 64. Only histograms with
monotonically decreasing numbers for both the open and
closed durations in the first four bins were used for further
analysis. For PC12 cells cultured with or without NGF,
two samples of these histograms were shown respectively
in Fig 2A and Fig 2B. The lines on each histogram were
obtained from least squares fits using the second through
fourth bins. The effective rate constants k. were the
negative values of the slopes of these lines. With or
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Fig2. Semilogatithmic plots of the open(A) and closed(B) time histograms of bin size 1, 2, 4, 8, 16, and 32 ms at
the V,= -50 mV. The lines were obtained from least squares fits using the second through fourth bins. The nega.
tive of the slope of the line equals the effective kinetic rate constant K. for leaving the open(A) and closed(B) state

at the effective time scale f equal to the bin size.

without NGF, the plots of 1g{ k.q) vs Ig{tr) for both
the open and closed durations did not have the plateaus
which could indicate the existence of multiple discrete
states as predicated by Markov models but instead were
approximately straight lines, which indicated that these
channels could be represented by a model using fractal ki-
netics. Four samples of these plots were shown in Fig 3.
Voltage dependence of the fractal dimen-
sions The fractal dimensions D for the closed durations
and D' for the open durations measured from the single
channel records of PCI2 cells cultured without NGF were
both dependent on the pipette potential. D was propor-
tional to the absolute value of the pipette potential, but
the [»' was inversely proportional to it. Under pipetie
potentials of 0, —30, —50, and - 70 mV, the values
of the D were 1.75, 1.88, 1.95, and 2; and the values
of the D' were 1.51, 1.40, 1,34, and 1.23 (Fig 4).
For PC12 cells cultured with NGF, a complex pic-
ture emerged regarding the pipette potential dependence of
the fractal dimensions D and D'. The changing tenden-
cies of the D and D' were just contrary (Fig 5). In

spite of that, under the same pipette potential the fractal
dimensions for both the open and closed durations of K*
channel in PC12 cells cultured with NGF were not larger
than those in PC12 cells cultured without NGF.

Effect of NGF on kinetic setpoint The kinetic
setpoints for both the open and closed durations measured
from single charmel records of PC12 cells cultured with or
without NGF did not vary with the pipette potential (Fig
6). The following observations were made: A (without
NGF) = 0.29 + 0.07, A’ (without NGF) = 0.110 =
0.020 and A{with NGF) =0.71£0.06, A'(with NGF)
=0.38+0.08.

Although the kinetic setpoints for both the open and
closed durations measured from the single channel records
of PC12 cells cultured with or without NGF were inde-
pendent of the pipette potential, there was a difference
between their values due to the effect of NGF. A (with
NGF) was greater than A ( without NGF) (P <0.05),
and A’ (with NGF) was also greater than A’ (without
NGF) (P <0.05). After the fractal dimensions and the
kinetic setpoints had been determined, the experimental
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Fig3. A)Plot of 1g{ k) t8 Ig( tey) for the open durations at V,= 50 mV. B) Plot of Ig{ k) vs lg( 1) for the
closed durations at V,< 30 mV { ko in Hz and t.rin ms). The slopes and intercepts of the lines in these plots de-

data was compared to the fractal model, and the open and
closed durations were both well represented by the fractal
model. An example of fitting the probability density
function f(1) = At'~Pexpl - [A/(2- D)]1£ ™2} to the
experimental data was given in Fig 7.

DISCUSSION

The present study indicated that it was suitable to
model the gating kinetics of K* channel in PC12 cell with
a fractal model. The results give evidence that the spon-
taneous fluctuation in the conformation of the ion channel
protein may be a continuous process, which was well de-
scribed by a fractal model.

Modeling gating kinetics of K+ channel in PC12 cell
with Markov process is based on two steps. First, a

Markov model was chosen and specified by the number of
states and their connectivity is very difficult in practice.
Secondly, the parameters of the model were estimated .
This needed a much more complicated mathematical anal-
ysisﬂmnrequiledtoeﬁinmtsﬂm-pamnetusoflheﬂacta]
model. Furthermore, there ate so many parameters in
the Markov process that the data here is insufficient to es-
timate them under certain pipette potentials. This makes
it difficult to evaluate dynamic properties and the effect of
NGF on the behaviors of channels, quantitatively. But
for the fractal model, under all pipette potentials, good
estimations of parameters can be produced. This makes
it possible to describe the gating kinetics of ion channel
quantitatively and makes it easy to distinguish the behav-
jors of K* channels in PC12 cells cultured with or without

NGF respectively.
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Fig4. The dependence of the D{without NGF) and D’
{ without NGF) on pipette potential. NGF = 100 mg/L.
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NGF} on pipette potemtial. NGF =100 mg/L.

wogram at Ny =10000, £t=2 ms, D=1.%, and 4=0.238.
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From kinetic rate constants k,(#) = Ar'~? and k. REFERENCES

(£)=A"t""" where t is the time for which the channel
remains in its current state and kinetic rate constant is the
transition probability per unit time cut of that siate, and
A(without NGF) is a constant, the voltage dependence of
D(without NGF) increases the probability of the channel
to remain closed for tong durations when the patch is de-
polarized. On the contrary, voltage dependence of D'
(without NGF) decreases the probability of the channel to
remain open for long durations when the patch is depolar-
ized. The kinetic setpoint determines if all the processes
take place slowly or rapidly. Under the same pipette po-
tential the fractal dimension satisfies D (with NGF) < D
(without NGF) and D' { with NGF) =< D’ ( without
NGF). Based on the above two points we concluded
that A (with NGF) > A (without NGF) and A’ (with
NGF) > A'(without NGF) meaning that for K* channels
in PC12 cells cultured with NGF, the dynamic processes
occurring over long time scales happened more rapidly
than those without NGF.

It is very interesting to compare the results of this
study with those of Liebovitch and Sullivan’s’®. In
their results, when the patch was hyperpolarized, the ki-
petic setpoint for both the open and closed durations of
the K* channel from cultured mouse hippocampal neurons
depended greatly on the voltage, but the fractal dimension
was independent of the hyperpolarizing voliage''). The
difference between our observations and those of
Liebovitch's may be caused by different polarities of the
pipette potential, or may be due to the different character-
istic of the channels themselves ot due to both. We tend
to believe that such a difference may be caused by the
structural difference between two sort of K* channels.
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