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1. Introduction 

Since the invention of the patch clamp technique by Neher and Sakmann (Hamill et al., 
1981) macroscopic ionic currents can be recorded in neurons of a small diameter. Cortical 
neurons from mammals (Edwards et al., 1989) and even synaptic ends (Stuart and Sakmann, 
1994) have been successfully patched in order to study many physiological phenomena 
which are sensitive to voltage changes. In addition, the activity of just one protein has been 
observed (Hamill and Sakmann, 1981; Sakmann et al., 1980). Unitary currents from a single 
voltage dependent channel can be recorded in a small patch of the plasma membrane. Both 
macroscopic and unitary currents allow understand the processes occurring once channels 
are opened. 

However, there are various closed states before a channel opens and therefore, processes 

taking place during these closed states that to date are partially understood by either 

macroscopic or unitary currents. That is why gating charge movement occurring during 

transitional states of the channels should be studied. A case of a process taking place during 

closed states is the regulation of voltage dependent channels by G-proteins, which has 

begun to be studied by recording gating charge movement. 

Voltage dependent calcium, potassium and even sodium channels are modulated by 
neurotransmitters (Hille, 1994; Ikeda and Dunlap, 1999). They exert its effect by activating 
G-protein coupled receptors (GPCRs). Neurotransmitter-induced activation of GPCRs can in 
turn activate several signaling pathways having pleiotropic effects on neurons (Hille, 1994; 
Hille et al., 1995) The molecule responsible for ion channel regulation has been identified to 
be βɣ G-protein subunits (Gβɣ) (Herlitze et. al., 1996; Ikeda, 1996). Binding of Gβɣ to the 
channel induces characteristic changes. First, the current amplitude is reduced (Dunlap and 
Fischbach, 1981). Second, the voltage dependence of the channel is modified (Bean, 1989). 
Third, the activation kinetics of the current is slowed (Marchetti et. al., 1986). And fourth, 
Gβɣ unbinds from the channels by a strong depolarizing prepulse (Elmslie et. al., 1990; 
Grassi and Lux, 1989). However, it is still controversial whether Gβɣ dimer diminishes the 
number of available channels by either changing the unitary conductance or modifying the 
structure of the channel through conformational changes, therefore altering its function. 
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The aim of this chapter is to show that recording of the gating charge movement is a 
powerful tool to address ion channel regulation during transitional states. Firstly, we will 
overview briefly the fundamentals of the charge movement to point out the methodology 
required to successfully investigate gating charge movement. Then, we will discuss why cell 
lines or native cells can be chosen for recording gating charge movement. Following, the 
procedure to separate charge movement into components has to be carried out in the case of 
native cells. Finally, an application of studying charge movement to understand ion channel 
regulation should be addressed. 

2. Fundamentals of charge movement recording  

Many physiological functions are regulated by changes in membrane voltage through 
regulation of different proteins. Several proteins involved in membrane transport 
mechanisms (including ion channels, transporters and pumps) and G-protein coupled 
receptors are voltage dependent (Ben-Chaim et al., 2006; Hodgkin and Huxley, 1952). The 
molecular events that link changes in membrane voltage and the structural changes of these 
proteins, and thus to the regulation of physiological functions, seem to began with the 
displacement or reorientation of some amino acids capable of sensing the membrane 
voltage. This voltage sensor is the machinery required to transduce membrane potential to 
responses such as action potential conduction, neurotransmitter release, muscle contraction, 
secretion from endocrine cells and agonist binding sensitivity (Almers, 1978). Therefore, 
facilitating or hampering the displacement of the voltage sensor could be related to the 
regulation of these physiological functions. 

During the study of the voltage dependence of action potential generation in nerve, 
Hodgkin and Huxley (1952) predicted, for the first time, the existence of molecules with 
charge or dipole movement capable of distribute or orientate in response to changes in the 
electric field. Today it is well accepted that gating charge movement correlates well with the 
opening and closing of sodium and potassium ion channels (Almers and Armstrong, 1980; 
Armstrong, 1975; Armstrong and Bezanilla, 1974; Bezanilla et al., 1982), which are 
responsible for the permeability changes occurring during an action potential. Positive 
charge amino acids, which constitute the voltage sensor of ion channels, are located in the 
fourth segment (S4) of each domain of the protein and S4 mutations alter gating charge 
movement and voltage dependence of the channels (Perozo et al., 1994; Stühmer et al., 1989). 
As a consequence of the movement of the voltage sensor a current is produced. This current 
is the so-called gating charge movement (Figure 1). Since the movement of these charged 
molecules is the first step in the transduction of voltage changes, gating charge movement 
precedes the opening and follows the closure of ion channels. 

After Hodgkin and Huxley, there was an intense search of the current related to the opening 
and closing of the channels to corroborate the presence of polar molecules in the bilayer of 
cell membranes either in nerve or in muscle. This was firstly accomplished before the patch 
clamp technique invention in muscle (Schneider and Chandler, 1973) and in the squid giant 
axon (Armstrong and Bezanilla, 1973) by using an axial wire to clamp the voltage along the 
fiber. Gating charge movement is observed solely under favorable conditions since it is 
masked almost completely by capacitive and ionic currents, which are at least one order of 
magnitude bigger. For gating charge movement recording cells have to be bathed constantly 
with appropriated solutions designed to eliminate ionic components such as sodium, 
potassium and calcium currents. 
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Fig. 1. Model that summarizes the origin of gating charge movement. According to the 
classical gating model (Horn, 2004; Starace and Bezanilla, 2004) a narrow portion of the S4 is 
in the gating pore where the membrane electrical field (dashed area surrounding voltage 
sensor) exerts its effect. Membrane depolarization (∆V) exerts an electrostatic force on S4’s 
positive charges that are within or near the membrane electrical field and thus can sense 
changes in the membrane voltage (the so-called gating charges). This causes S4 movements, 
resulting in a transfer of gating charges (coiled-coils into the electrical field) through the 
gating pore (gating charge transfer). 

Ionic currents can be abolished by replacing permeant ions on both sides of the membrane 
by species that do not pass through the channels present in the membrane. Some typical 
replacements are tetraethylammonium (TEA), N-methylglucamine (NMG), some organic 
cations such as aspartate or glutamate and cesium. In addition to substitute permeant ions, 
it is common to use blockers such as tetrodotoxin (TTX), nifedipine and cadmium. One point 
to consider is the effect of some ions or blockers on the movement of the voltage sensor 
themselves since they would lead to a misinterpretation of the results. For example, we have 
designed an internal solution to study gating charge movement in neurons from superior 
cervical ganglion after several trials and experimental errors. It has been designed with 
cesium as the non permeant ion in the internal solution. Cesium based solution improves 
the sealing and extends the duration of the experiment by blocking ionic currents without 
altering the kinetics or voltage dependence of gating charge movement. Additionally TTX, 
cadmium and lanthanum are added to the external solution to block residual ionic currents 
(Hernandez-Ochoa et al., 2007). 

When a depolarizing voltage pulse (test pulse) is given to a cell bathed with the solution 
stated above, the recording is comprised of a capacitive current, a small leak current and the 
gating charge movement. However the signal of the gating charge movement cannot be 
observed because it is under the portion of the slow linear capacitive component. This 
component does not change with time and voltage as it can be measured from the resting 
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membrane potential. Taking advantage of the linear properties of the capacitive and leak 
currents, gating charge movement can be unmasked by means of a subtraction protocol 
applied before or after the test pulse. Figure 2A shows a protocol intended to subtract the 
linear components from the whole signal with 5 pulses of the fifth amplitude of the test 
pulse from a holding potential that does not elicit an ionic current (P/-5). Figure 2B shows 
that voltage steps of opposite polarities, which are applied at the range of subtraction 
pulses, are totally cancelled by subtraction confirming the linear properties at these 
potentials. By contrast, gating charge movement behaves nonlinearly with voltage. There 
are a finite number of charges sensing voltage in the membrane, so that gating charge 
movement strongly depends on voltage and saturates (Figure 2C). Therefore the subtraction 
of a signal obtained at the range of voltage where only capacitive and leak currents are 
elicited let us obtain the recording of gating charge movement, whatever subtraction 
protocol is used (Figure 2D).  

 

Fig. 2. General procedure to measure charge movement. A: a typical protocol for linear- 
components subtraction. B: absence of intramembrane charge movement at more negative 
potentials. C: Q-V relationship illustrating voltage dependence and saturation. D: typical 
recording of asymmetric current after linear-components subtraction. Shaded area under the 
curve represents charge movement. (Modified from Hernandez-Ochoa et al., 2007). 

3. Why native cells or cell lines? 

As stated before gating charge movement is at least one order of magnitude smaller than 
capacitive and ionic currents. In addition, the magnitude of gating charge movement 
depends on the number of voltage sensors moving in the cell membrane (Armstrong and 
Bezanilla, 1997; Noceti et al., 1996). Thus, the ideal system to study gating charge movement 
is a cell with a small capacitance but with a high density of channels. As an example of the 
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latter, it has been successfully studied gating charge movement of only one type of channel 
in an expression system Xenopus oocytes (Bezanilla et al., 1991; Conti and Stühmer, 1989; 
Neely et al., 1994) or HEK cells (Starace et al., 1997). 

Heterologous channel expression has led to significant advances in the molecular and 
functional understanding of gating charge movement. Channel expression in Xenopus 
oocytes has allowed to establish that gating charge movement is the consequence of  protein 
conformational changes (Villalba-Galea et al., 2009) where each structural transition 
involves a quantum of charge (Conti and Stühmer, 1989), that the voltage sensor of the 
channels is the 4 transmembrane segment, S4 (Logothetis et al., 1992; Perozo et al., 1994), 
and that every transition from the closed to open state has a unique constant rate (Schoppa 
and Sigworth, 1998).  

On the other hand, charge movement recording in native cells has the advantage of 
studying related phenomena in unaltered conditions. However, the study of charge 
movement in native cells is complicated by the presence of different types of channels, 
making difficult to know the contribution of each type of channel in the total charge 
movement recording (Chameau et al., 1995). In the case of the classical preparation of squid 
axons, the study of gating charge movement did not represent a problem due to the 
presence of only two population of channels at very high densities, sodium and potassium, 
and they could be readily separated by kinetic and temperature changes (Bezanilla, 1985; 
Gilly and Armstrong, 1980). In contrast, in mammalian ventricular cardiac cells were found 
that gating charge movement involving sodium and calcium channel populations, could not 
be separated (Bean and Rios, 1989). 

4. Separation of gating charge movement components in native cells 

In a previous report we show how to isolate and identify channels that are contributing to 

the total gating charge movement from a sympathetic neuron by two different approaches. 

The first approach analyzes gating charge movement kinetics. The hypothesis behind is that 

if sodium (NaV), calcium, (CaV) and potassium (A-type, KV) channels with different constant 

times are contributing to the total gating charge movement, every component should be 

observed separated in time. This approach is essentially a kinetic separation of components 

of the gating charge movement. It has been used classically to establish the components of 

gating charge movement in skeletal muscle (Adrian and Peres, 1979; Francini et al., 2001; 

Huang, 1982; Huang, 1988).  

An additional analysis compares the gating charge movement immobilization with voltage-

gated channel inactivation. Immobilization of gating charge movement can be associated 

with fast voltage-dependent inactivation of ion currents, such as INa or IK(A) (Armstrong and 

Bezanilla, 1977; Bezanilla, 2000). Time- or voltage-dependent immobilization leads to 

differences in the charges moved between depolarization (Qon) or repolarization (Qoff). To 

test this possibility the voltage dependence of charge immobilization is compared to the 

voltage dependence of the steady-state inactivation for both ionic currents (Figure 3). 

Moreover, the parameters of a Boltzmann distribution fitted to gating charge movement 

immobilization and ionic current inactivation can help to determine which channel is 

mainly involved in the total gating charge movement. Following this approach we found 

that there is a component of gating charge movement that immobilizes with the same 
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parameters of the INa inactivation. Half-voltage was -67.2 mV and slope factor was 10.6 mV 

for charge immobilization; half-voltage was -67.4 mV and slope factor was 6.7 mV for INa 

inactivation. This component is the two-thirds of the total charge movement. The other 

component, which does not immobilize probably arise from CaV2.2 calcium channels in SCG 

neurons. Bean and Rios (1989) also described two components of the total gating charge 

movement in rat and rabbit cardiac cells. With the same approach, they found that the 40% 

of the gating charge movement arises from sodium channels and hypothesized that the 

other 60% most probably arises from calcium channels. 

The second approach uses non-stationary fluctuation analysis of currents. This analysis can 
be used to estimate the number of channels in the cell body of the neuron (Alvarez et al., 
2002; Sigworth, 1980). Then, the maximal charge transferred during the gating charge 
movement (Qmax) is compared to the charge transferred by one type of channel. To this end, 
ensembles of currents are generated by a serial of 80 to 200 identical and consecutive voltage 
pulses. The temporal course of the variance (σ2) and mean current of the ensemble is 
calculated. Since changes in σ2 arise not only from stochastic gating of channels but also 
from thermal background noise, the temporal course of σ2 at holding potential is subtracted. 
After correction of the σ2, the relationship of mean current and σ2 can be fitted to the 
following equation:  

σ2 = i(I) – (I)2/N 

Where I is the mean current, N is the number of channels and i is the unitary current. This 
theory is based on three general assumptions about voltage-gated channels: 1) Channels are 
composed of a homogeneous population 2) Channels population has a fixed number of 
independent gating channels and 3) Channels are assumed to exist in either a conducting or 
non conducting state. 

 

Fig. 3. Relationship between charge movement and two ionic-channel currents in a native 
cell (Modified from Hernandez-Ochoa et al., 2007). 
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When the probability in the conducting state is maximal, the theory predicts a parabolic 
relation between σ2 and the mean current that can be used to estimate the number of 
channels and the unitary current amplitude. We found that 3.8 x 104 calcium channels are in 
the cell body of one-day cultured SCG neuron of 40 pF, which it is equal to 9.5 
channels/µm2. Considering 12 elementary charges (e0) equivalent gating charge per channel 
(Noceti et al., 1996) and that Qmax is equal to 6.2 nC/cm2 or, translated into elementary 
charges, 390 e0 it would be 32 channels/µm2 in rat sympathetic neurons. Thus, gating charge 
movement arising from calcium channels comprises approximately one-third of total gating 
charge movement. This value correlates well with our first approach in which two-third of 
total gating charge movement arises from NaV channels while one-third from CaV channels. 

5. Ion channel regulation during closed states studied with gating charge 
movement recording 

Ion channels are regulated by a wide range of neurotransmitters through G-protein coupled 
receptors (Hille, 1994). Effector molecules of this neurotransmitter mediated regulation are 

β subunits of heterotrimeric G-proteins (Herlitze et al., 1996; Ikeda, 1996). It has been 
proposed that G-protein regulation is carried out at the closed states transiting the channel 
toward its opening (Bean, 1989; Boland and Bean, 1993). Whole cell recording has been the 
most frequently used technique to study the effect of G-proteins on channels after they have 
opened, however channels are already regulated before ionic currents come into view. Thus, 
the effect of G-proteins during transitional states of the channels is still unclear. Since the 
transition between closed states involves the movement of the voltage sensor, regulation of 
ion channels at these states has been better understood through gating charge movement 
recording. The hypothesis that ion channels are regulated during closed states is strongly 
supported by the finding that the activation of G-proteins reduces gating charge movement 

(Hernandez-Ochoa et al., 2007). GTPS dialysis, a non-hydrolysable activator of G-proteins, 
has three main effects on the voltage dependence of the total charge in SCG neurons: 1) a 
34% decrease in Qmax, 2) a 10 mV shift of half-voltage toward positive voltage and 3) a 63% 
increase in the slope factor. These observations suggest that non-selective G-protein 
activation modifies both the voltage dependence and the number of available channels 
present in the cell body of SCG neurons. In addition, the activation of a specific signaling 
pathway by application of neurotransmitters such as noradrenaline or angiotensin II also 
reduces the gating charge movement. 

Changes in gating charge movement recording under modulated conditions suggest that the 
voltage sensor of the channels is altered in such conditions. However, how voltage sensor 
activity can be modified by G-proteins? It has been proposed different mechanisms for 
modulating the properties of voltage sensors. All these studies have used gating charge 
movement recording to understand ion channel modulation.  

Immobilization of gating charge movement is related with inactivation of channels, an 
intrinsic process of regulation of some voltage dependent ion channels (Armstrong and 
Bezanilla, 1977; Armstrong et al., 1973; Bezanilla and Armstrong, 1977; Bezanilla et al., 1991; 
Nonner, 1980). However, inactivation seems to be not the only process by which gating 
charge movement is immobilized. Recently it has been shown that modification of the lipid 
milieu induces immobilization of gating charge movement on potassium channels. The 
enzymatic removal of phosphate head groups of sphingomyelin diminishes gating charge 
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movement by 90% without changes in the voltage dependence of the charge (Xu et al., 2008). 
In addition, toxins from several groups of animals alter ion channels (Sheets and Hanck, 
1999; Sheets et al., 1999) by constraining conformational changes between transitional states 
(Catterall et al., 2007; Sokolov et al., 2008). This mechanism is called trapping. In molecular 
terms, it can be interpreted as withholding of the voltage sensor in resting or active position 
and thus the channel is modulated. Toxins can inhibit ion channel activation, deactivation or 
inactivation since they entrap the channel in the open, closed or inactivated conformation. 

Another process that modulates ion channels, mainly potassium channels, is 
phosphorylation (Kaczmarek, 1988; Levitan, 1985). Throughout studying the effect of 
phosphorylation on gating charge movement of potassium channels it has been discovered 
that gating charge movement is reduced and that voltage dependence of the charge shifted 
toward positive potentials (Augustine and Bezanilla, 1990). The modulation of potassium 
channels is mediated by electrostatic interactions between voltage sensor and phosphate 
groups (Perozo and Bezanilla, 1990). In this case it can be interpreted as a screening of the 
potential profile.  

 

Fig. 4. Allosteric model to explain modulation of gating charge movement by G-proteins. 
This model postulates that the change in the number of gating charges (coiled-coils into the 

electrical field) due to G-protein  subunits binding to the channel is by means of a 
redistribution of the local electric field that surrounds the voltage sensor (shown as a change 
in the color pattern) as a result of the allosteric modulation of the gating charge movement. 
(Modified from Rebolledo-Antunez et al., 2009). 

The other molecules affecting gating charge movement are accessory subunits of the ion 
channels and ruthenium complexes. While accessory subunits of calcium channels improve 
the coupling between excitation and opening (Lacinova and Klugbauer, 2004), ruthenium 
complexes uncouples voltage sensor movement with the opening transition (Jara-Oseguera 
et al., 2011). All these possible changes: immobilization, trapping, screening, coupling or 
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uncoupling, are examples of how ion channels can be modulated by means of changes in 
properties of the gating charge movement. Thus gating charge movement recording is a 
powerful tool to understand how ion channels are modulated.  

Concerning G-protein modulation of ion channels is still unclear which mechanism could 
explain the inhibition of gating charge movement by neurotransmitters in SCG neurons. 
Inhibition of gating charge movement is commonly accompanied by a shift and an increase 
of the slope factor of the voltage dependence of the charge. In addition we have observed 
that during ion channel modulation, the effective charge is also reduced (Rebolledo-
Antunez et al., 2009). Reductions in the effective charge, which is transferred during 
activation of the channel with a potential change (Figure 4), support the idea that G-proteins 
exert an allosteric modulation (Herlitze et al., 2001; Monod et al., 1965) of the gating charge 
movement, condition in which voltage sensors respond differentially to changes in the 
membrane potential. 

6. Conclusions  

This chapter offers an updated overview on the origin of the gating charge movement and 
points out the powerful application of this tool in understanding mechanistic processes 
underlying ion channel regulation. Furthermore, it illustrates a remarkable example using a 
model of ion channel regulation by G-proteins.     
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