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Periodic Forcing of Ion Channel Gating: 
An Experimental Approach 
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M. Pellegrino 2 

To get information about the gating process of single ion channels it is impor- 
tant to carry out the periodic modulation of a physical parameter affecting the 
channels while they are recorded by the patch clamp technique. This paper out- 
lines a possible experimental approach in the case that the membrane potential 
is the modulated parameter. 
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1. I N T R O D U C T I O N  

Ion permeation across biological membranes is due to discrete water-filled 
pores embedded in the lipid bilayer. These "ionic channels" structurally 
consist of transmembrane glycoproteins that continually undergo confor- 
mational changes, some of which cause the pore to open. The probabilities 
of finding a channel open or closed can be specifically affected by electrical, 
chemical, or mechanical stimuli. On the other hand, diffusion ion fluxes 
through open channels are determined by electrochemical gradients. 

Direct detection of single-channel gating is obtained with the patch 
clamp technique, (1) which allows ionic currents flowing across a tiny patch 
of membrane mounted at the tip of a glass pipette to be recorded (see 
Fig. la). The open-shut transitions of each channel are detected as step 
changes in the current signal, as shown in Fig. lb for a patch containing 
only a single ion channel. The lower level of current is mainly due to 
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leakage of ions through the sealing resistance (leakage current), while 
the difference between the two current levels measures the flow of ions 
through the open channel. The single-channel current is given by 
ich=gch(Vm - V~q), where gch is the single-channel conductance, Vm the 
membrane potential, and Veq the Nernst equilibrium potential (see 
Fig. 2b). Accordingly, the potential at which the membrane is held directly 
affects the single-channel current. For most channels g~h is constant over a 
wide range of membrane potentials (nonrectifying channels). 

The main interest in studying the gating mechanisms of ion channels 
is to get the sequence of openings and closings that can be obtained by 
transforming the recorded current into a dichotomic signal, by means of 
a two-threshold window discriminator (Fig. lb). Data reduction gives 
eventually a pair of distributions, that of openings (To)  and that of 
closings (Tc). 

The gating transitions of a single channel have been described as 
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Fig. 1. (a) Schematic diagram of the current-measuring circuit in the patch-clamp technique. 
Ip: Current flowing through the pipette and the membrane patch on its tip; R: feedback 
resistance; V: output voltage of the I - V  converter; Vref: potential applied to the membrane 
patch. (b) Upper trace: single-channel current record showing three open-closed transitions 
(O: open; C: closed); lower trace: the corresponding threshold crossing signal (S 1 and $2: 
levels of the window discriminator). Vertical bar: 3 pA; horizontal bar: 2 msec. 
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stochastic events and modeled mainly in terms of discrete Markov 
systems. (2-5) The Markov hypothesis leads to the fitting of the dwell-time 
distributions by sums of decreasing exponentials. However, as the number 
of exponentials required in the fit increases, the method becomes quite 
arbitrary, as recently debated, and alternative models have been 
proposed. (6-8) Nevertheless, in spite of the high number of exponential 
components often required, the exponential functions appear to have a 
physical meaning in fitting dwell-time histograms. In fact, the use of 
conditional distributions, i.e., those of a subset of dwell-time intervals 
satisfying given conditions, makes it possible to extract from a complex 
histogram a single exponential component/8-1~ 

From a different point of view, ion channels are complex systems 
(macromolecules of hundreds of kilodaltons), with a high number of 
degrees of freedom, and a continuous or ahnost continuous description 
could be more realistic. (11) So one can consider the Markov scheme as a 
description of the system, and in the meantime look for what is behind the 
kinetic scheme. 

The use of a periodic external forcing of ion channels could give infor- 
mation about the continuous system that is supposed to be responsible for 
ion channel gating. In particular, one can test whether there are resonant 
frequencies. 

Alternatively, a system exhibiting stochastic resonance might be a 
good candidate to account for the behavior of ion channels. The output of 
an overdamped bistable system actually looks very similar to ion channel 
currents, also considering its statistical properties. In fact, when the 
thresholds for transitions are placed on the potential minima, the distribu- 
tions of dwell times in each potential well are exponential. 

Even in the frame of Markov systems the use of an external periodic 
forcing can give information on the kinetic scheme; for instance, it has been 
shown that irreversible schemes can have complex eigenvalues (12~ and by 
applying periodic forcing it should be possible to enhance the oscillatory 
part of the response. 

The simplest way to apply a periodic forcing is to periodically 
modulate the holding potential itself. However, some problems must be 
solved in order to record channel current under such a stimulation and to 
get the distributions of the relevant dwell times. In this paper we will deal 
with these problems, suggesting a solution. 

2. T H E  S C H E M E  OF T H E  E X P E R I M E N T  

Sinusoidal modulation of the holding potential can be achieved by 
using the setup schematically shown in Fig. 2. Herein the ground reference 
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Fig. 2. (a) Block scheme of the experimental setup; (b) equivalent circuit of the membrane 
patch. Cm : Membrane capacitance; Rt and RCh: leakage and channel resistance, respectively; 
Veq: Nernst equilibrium potential. 

of the patch clamp amplifier, which is usually connected with the bath in 
which the pipette is immersed, is summed up with the modulated signal. 
This modulated voltage is directly applied to the membrane on the tip of 
the glass pipette. Under these conditions the recorded current appears as in 
Fig. 3: its baseline, i.e., the leakage current, is modulated and, as expected, 
the amplitude of its step changes at the openings depends on the potential. 
To perform the statistical analysis of such a signal, the sequence of dwell 

openings 

Fig. 3. Patch amplifier output under sinusoidal modulation of the reference potential; lower 
line indicates zero current level. Upward deflections indicate current from the bath to the 
pipette. Vertical bar: 15 pA; modulation frequency: 1 Hz; cutoff frequency of signal filtering: 
3 kHz. 
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times at the open and closed levels must be extracted from the raw current 
signal; in fact, only the modulation of the dwell times carries information 
on the relationship between the gating mechanism and the applied voltage. 

In order to better understand the analysis protocol, it is worth 
recalling how the membrane patch acts in the electric circuit. The equiv- 
alent electric scheme of the patch is shown in Fig. 2b. Here Cm represents 
the membrane capacity and g~-- 1 /R t  the leakage conductance, due partly 
to imperfect sealing between the pipette glass and the membrane and partly 
to the membrane itself; then gch(1/Rch) is the single-channel conductance 
and Fen the Nernst equilibrium potential. 

The modulated holding potential is given by 

Vm( t ) = Vo(1 + Msin  2 n f t  ) (1) 

where Vo is the mean value, M the modulation depth, and f the modula- 
tion frequency. 

Sinusoidal modulation of the holding potential has been applied as an 
example to stretch sensitive cation channels of leech central neurons. (13) 
The cell-free patch was mounted at the tip of the pipette in inside-out 
configuration and current was recorded in symmetrical 120 mM KC1. Since 
in this experimental condition the solutions bathing the two sides of the 
membrane have the same composition, the equilibrium potential for each 
ion is zero. 

The recorded current is the sum of three terms, i.e., capacitive, leakage, 
and channel currents: 

I ( t )  = i~ + it + ich (2) 

Now the capacitive current leads by 90 deg the applied voltage; so we 
can express the patch amplifier output as 

I ( t )  = A sin(21rft + ~/2) + i t+ ioh (3) 

where A is the amplitude (unknown) of the capacitive current. Then 

i ( t )  = I ( t )  --  A sin(2nft + ~/2) = i / + ich (4) 

The last two terms (leakage current and channel current), under the 
conditions described above, are both proportional to the instantaneous 
value of the voltage. In fact, at least within the range of membrane 
potential where the channel does not rectify, the current flowing through 
the open channel is proportional to the driving potential V m - -  Veq, which 
in this case is equal to Vm. 

Figure 4 shows for simplicity a stretch of record where openings do 
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Fig. 4. Application of the method to a record where gating transitions are absent. In each 
panel the membrane potential is displayed as the middle trace and both the zero-potential and 
zero-current levels as the lower trace. The upper trace from (a) to (c) shows respectively the 
total amplifier output, the current signal minus the capacitive current, and the conductance 
reconstructed as g=i/Vm. Vertical bar: 15 pA in (a) and (b), 200 pS in (c). Modulation 
frequency: 1 Hz; cutoff frequency of signal filtering: 3 kHz. 

not occur. In the first panel the amplifier output and the modulated 
holding potential are displayed. The phase shift between the two signals is 
due to the capacitive current. The second panel is obtained by subtracting 
the capacitive current from the recorded current I(t). This was done by 
software, by computing i(t) of Eq. (4) and varying A until the phases of i(t) 
and of the potential coincided. Thus the signal in the second panel in Fig. 4 
is simply the leakage current, which is proportional to the applied voltage. 

c) 

Fig. 5. The traces in each panel have the same meaning as in Fig. 4. The method was applied 
to a record segment exhibiting gating transitions. Calibrations as in Fig. 4. 
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Dividing the leakage current by Vm(t) yields the third panel. A flat 
signal proportional to the membrane conductance is finally obtained; note 
the expected increase of noise amplitude near the minimum of the input 
signal (the division by small values causes an amplification). 

Figure 5 shows the same procedure applied to a record segment where 
the channel makes shut-open transitions. The third panel shows the 
cleaned sequence of openings and closings. The resulting signal can be 
analyzed with standard procedures, for instance, by selecting openings and 
closings with thresholds placed as in Fig. lb. 

Fig. 6 shows the superposition of five sweeps; here the original signal 
is reported in the first panel and the conductance signal obtained from it 
in the second one. This large-conductance channel, identified as a stretch- 
activated one, looks insensitive to the membrane potential under our 
stimulation conditions. This point was not investigated further because at 
this stage we used this channel only to test the method. 

Now, what can be done by software can also be done by hardware. 
Figure 7 is obtained by using a home-made electronic circuit (the scheme 
is available from the authors) to process the current signal in the same way 
as described above. 

In Fig. 7 the distributions of all the time intervals T o and Tc are 
separately reported on a log-binned time scale(14~; in this representation an 
exponential distribution appears as a skewed bell-shaped curve. The fitting 
curves are a single exponential for the openings and a sum of two exponen- 
tials for the closings. The time constants are not related to the frequency 
of modulation. 

This work shows that it is possible to apply to the channels recorded 
in a patch clamp a modulated holding potential and to analyze the 
recorded signal by separating the meaningless baseline and amplitude 
modulations from the modulation of the sequence of openings and closings. 

2) 

b) 

Fig. 6. Five superimposed (a) current and (b) conductance traces showing the absence of 
modulation in the channel activity. Calibrations as in Fig. 4. 
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Fig. 7. Log-binned histograms of (a) open and (b) closed time intervals obtained after 
conversion of the current signal to a conductance signal. Data reduction was performed by 
hardware. The time constant fitted to openings is 40 msec, those fitted to closings are 7 and 
500 msec. A total of 1500 events were used. 
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