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There is mounting evidence that lipid bilayers display conductive properties. However, when interpreting the electrical response of biological membranes to voltage changes, they are commonly considered as inert insulators. Lipid bilayers under voltage-clamp conditions display current traces with discrete conduction-steps, which are indistinguishable from those attributed to the presence of protein channels. In current-voltage (I-V) plots they may also display outward rectification, i.e., voltage-gating. Surprisingly, this has even been observed in chemically symmetric lipid bilayers. Here, we investigate this phenomenon using a theoretical framework that models the electrostrictive effect of voltage on lipid membranes in the presence of a spontaneous polarization, which can be recognized by a voltage offset in electrical measurements. It can arise from an asymmetry of the membrane, for example from a non-zero spontaneous curvature of the membrane. This curvature can be caused by voltage via the flexoelectric effect, or by hydrostatic pressure differences across the membrane. Here, we describe I-V relations for lipid membranes formed at the tip of patch pipettes situated close to an aqueous surface. We measured at different depths relative to air/water surface, resulting in different pressure gradients across the membrane. Both linear and non-linear I-V profiles were observed. Non-linear conduction consistently takes the form of outward rectified currents. We explain the conductance properties by two mechanisms: One leak current with constant conductance without pores, and a second process that is due to voltage-gated pore opening correlating with the appearance of channel-like conduction steps. In some instances, these non-linear I-V relations display a voltage regime in which dI/dV is negative. This has also been previously observed in the presence of sodium channels. Experiments at different depths reveal channel formation that depends on pressure gradients. Therefore, we find that the channels in the lipid membrane are both voltage-gated and mechanosensitive. We also report measurements on black lipid membranes that also display rectification. In contrast to the patch experiments they are always symmetric and do not display a voltage offset.
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1. INTRODUCTION

The permeability of biological membranes is of immense biological importance. The biological membrane separates inside and outside of cells and has to be selectively permeable to ions and substrates in order to establish well-defined chemical potential gradients of the components between inside and outside of the cells. Since this is a formidable task, it is believed that nature must control this by an appropriate “smart” mechanism, in particular by providing selective ion channels and pumps to cell membranes (Hille, 1992). The picture is that of an intelligent pump station with many switches, in which the opening and closing of individual pipes is controlled by substrates or system parameters, such as transmembrane voltage, mechanical membrane tension, or temperature. Channels that respond to these variables are called voltage-gated channels (e.g., Doyle et al., 1998; Bezanilla, 2005; Schmidt et al., 2006), mechano-sensitive channels (e.g., Martinac et al., 1990; Cruickshank et al., 1997; Corey et al., 2004; Syeda et al., 2016), or heat- and cold receptors (e.g., Voets et al., 2004, 2005). A complete field has dedicated its research to the investigation of the molecular nature of the switches. Since there are many substrates and ions, the whole machinery of the biological membrane is complex. In order to understand the working of a membrane with such a complex composition of “intelligent” components, one imagines a network of sequential (mostly binary) molecular interactions called pathways. This picture is inherently non-thermodynamic. Instead of making use of thermodynamic variables that act on a complete system with energy, entropy and distributions of states, the channels and receptors seemingly act as receptors to voltage and other intensive variables on the level of single molecules. This picture does not account for the thermodynamic nature of complex biological ensembles, which must undoubtably exist.

It comes as a profound surprise that appearance of channel-like conduction events can also be seen in pure lipid membranes in the absence of any proteins and macromolecules, i.e., in the complete absence of any single molecule that could act as a channel (e.g., Antonov et al., 1980, 2005; Kaufmann and Silman, 1983; Blicher et al., 2009; Wunderlich et al., 2009; Heimburg, 2010; Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013). These channel events are indistinguishable from those of proteins in so far as the current-traces alone do not provide any indication of whether the events originate from proteins or pure lipid membranes. Their single channel conductance, open-lifetime distributions and voltage dependence are very similar to those reported for proteins (Blicher and Heimburg, 2013). We have called the channels found in lipid membranes “lipid ion channels” (Heimburg, 2010) in order to stress these similarities. Lipid channels are thought being due to pores in the lipid membrane that open and close as a consequence of thermodynamic fluctuations. Due to the fluctuation-dissipation theorem, fluctuations become large close to melting transitions. Therefore, in this temperature regime lipid channels and lipid membrane conductance are strongly temperature sensitive (Papahadjopoulos et al., 1973; Nagle and Scott, 1978; Sabra et al., 1996; Blicher et al., 2009). We and others have shown that biological membranes display melting transition slightly below physiological temperature with heat capacity maxima in the range of 20–25°C, which in many electrophysiological experiments is the experimental temperature. The lipid membrane permeability is voltage-gated and can display rectified behavior, i.e., the conductance can be largely different at positive and negative voltage (Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013; Mosgaard et al., 2015a,b), especially when measured on patch pipettes. Since pure lipid membranes do not contain single macromolecules that could account for the formation of pores, these current fluctuations must be controlled by the thermodynamics of the membrane as a whole. This is striking because one can define a self-consistent macroscopic thermodynamic theory that describes these channels (Heimburg, 2010) without any need for macromolecules. It has even been shown that channels can be seen at the interface of patch pipettes with rubber surfaces (Sachs and Qin, 1993).

Such findings represents a serious problem for the interpretation of electrophysiological data. It is easy to demonstrate that quantized conduction events exist in lipid membranes in the absence of proteins. However, it is practically impossible to investigate channel proteins in the absence of membranes. A common approach in electrophysiology is to consider the lipid membrane as an insulator with very high resistance and attribute all discrete opening- and closing events to channel proteins. This is obviously not permissible if the membrane itself can display channels with similar appearance. Many publications have shown that the lipid membrane is not generally an insulator (e.g., Papahadjopoulos et al., 1973; Nagle and Scott, 1978; Sabra et al., 1996; Blicher et al., 2009). A complete field exists that describes the formation of nano pores in lipid membranes by voltage pulses (electroporation) (e.g., Neumann et al., 1999; Böckmann et al., 2008). This has found clinical applications in drug-delivery and the treatment of cancer (Gehl, 2003; Højholt et al., 2019). Thus, the interpretation of current traces in electrophysiological experiments rests on assumptions that are provably not generally true.

While the body of research on protein channels is huge, the permeability of pure membranes is still under-investigated. However, it seems unlikely that on one hand lipid pores represent the sole possible permeation mechanism in synthetic membranes but that on the other hand this mechanism is completely absent in cell membranes. It is interesting to ask the question whether including the thermodynamics of lipid channels into a picture for the biological membrane will help to elucidate the function of cell membranes. Most importantly, it is not known to which degree lipid pores and protein channels may share a similar mechanism or may even be the same. In Mosgaard and Heimburg (2013), we have proposed that proteins could act as catalysts for lipid pore formation, a view that is in line with the experimental finding that truncated proteins that cannot span through the membrane nevertheless can induce pores in biomembranes (Stoddart et al., 2014).

Besides the fact that lipid pores display a similar appearance as protein channels, it is not known what they look like. Glaser et al. (1988) have proposed that there exist hydrophobic and hydrophilic pores with openings on nanoscale, a view that is consistent with molecular dynamics simulations (Böckmann et al., 2008).

In this paper we study I-V profiles of synthetic lipid membrane patches using patch-clamp recordings. We use the droplet-technique, in which the membrane is formed across a patch pipette that is in contact with the aqueous surface of a buffer (Hanke et al., 1984; Gutsmann et al., 2015). In this setup, the depth of the pipette can be altered. This will influence the pressure gradients across the membrane. We study the depth dependence, analyze the theory of the I-V profiles and combine it with theoretical consideration about the equilibration processes directly after a voltage jump. We compared the patch experiments with black lipid membrane (BLM) experiments which are performed on much larger membranes. Finally, we compare our findings with potassium channels.



2. MATERIALS AND METHODS


2.1. Lipids and Chemicals

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and cholesterol were purchased from Avanti Polar Lipids (Alabaster/AL, US), stored in a freezer and used without further purification. Lipid patches consisted of DMPC:DLPC = 10:1 (mol:mol) for the patch clamp experiments and of DMPC:DLPC:cholesterol = 77.3:7.7:15 (mol:mol:mol) for the black lipid membrane experiment. Each lipid was suspended separately in chloroform and then mixed to the desired ratio. The mixture was then dried under vacuum. In the patch experiments, the dry lipids were resuspended in Hexane:Ethanol = 4:1(mol:mol) to a final concentration of 2mM for the patch clamp experiment. The cholesterol mixture used in the BLM experiments was dissolved in decane to a final concentration of 10 mg/mL.

In the patch clamp experiment, the electrolyte solution used on both sides of the membrane consisted of 150 mM KCl, 150 mM NaCl and it was buffered with 50 mM TRIS to a final pH of 7.6. All water used in the experiments was purified with a Direct-Q Water Purification System (Merck Millipore, Germany) and had a resistivity larger than 18.1 MΩ·cm. In the BLM experiments we used 150 mM KCl, 150 mM NaCl, 2 mM HEPES, and 1 mM EDTA (both from Sigma-Aldrich, Germany), pH was adjusted to 7.4.

Pores in lipid membranes occur due to fluctuations in the membrane. According to the fluctuation theorem, the heat capacity is proportional to the fluctuations in enthalpy. Therefore, one finds more pores close to transitions. However, large fluctuations also destabilize the membrane because there are cases when large pores start to grow and rupture the membranes. Thus, when we choose a lipid mixture we always try to be at the upper edge of a melting transition such that fluctuations are present but not large enough to rupture the membrane (see Figure 1). The DMPC-DLPC mixture displays a transition peak close to 22°C with heat capacity events extending out to 25°C. Experiments were done at room temperature (24–24.5°C) at the surface of a beaker exposed to air. This is just below the upper end of the transition. The DMPC-DLPC mixture was not stable in BLM experiments. This might be due to the fact that the area of the BLM membrane is about 150 times larger than the patch in the pipette experiment, and rupture due to a growing pore is much more likely. Since cholesterol stabilizes membranes—probably at least partially because it broadens the transition and lowers the heat capacity—we used a different mixture in the BLM experiments. Since the BLMs are completely surrounded by water, it is much easier to control the temperature. In our experiment it was 32.4°C as measured close to the membranes. Note that the heat capacity in the BLM experiments is about an order of magnitude lower as in the patch pipette experiments.


[image: Figure 1]
FIGURE 1. Calorimetric profiles of the two lipid mixtures used. The vertical dashed line indicates the experimental temperature at which I-V profiles and currents were measured.




2.2. Methods
 
2.2.1. Patch Clamp Experiments

Glass micropipettes were pulled from borosilicate capillaries with a vertical PC-10 puller (Narishe Group, Japan) following the two-steps procedure explained in Laub et al. (2012). They were then fire-polished using a Narishige MF-900 Microforge, which created pipette openings on the order of 10 μm.

Lipid membrane patches were reconstituted on the tip of glass pipettes following the method introduced by Hanke et al. (1984) and described in detail in Laub et al. (2012) and Gutsmann et al. (2015). According to the protocol a droplet of lipid solution is placed on the outer wall of a glass micropipette filled with the electrolyte. The pipette stands vertically with its tip in contact with the liquid/air interface of a buffered electrolyte filled glass beaker. As the lipid droplet flows down to the pipette tip, it gets sealed by a spontaneously formed lipid bilayer.

Two Ag/AgCl electrodes were placed one inside the pipette and the other one in the bulk electrolyte, the latter acting as ground electrode. They were both connected to a patch clamp amplifier (Axopatch 200B, Molecular Devices, US) through a headstage to which the pipette was also secured. The amplifier was run in whole cell mode, the signal was sampled at a frequency of 10 kHz and filtered with a 2 kHz low pass Bessel filter. The headstage was allowed to move vertically with the aid of a micromanipulator (Luigs & Neumann, Germany), with which the vertical position of the tip relative to the electrolyte surface could be monitored.

An equivalent circuit of the pipette at an aqueous surface is given in Figure 2. It contains a voltage-dependent pore conductance gp, a leak conductance gL that contains contributions from the seal between membrane and pipette walls and defects in the membrane, a series resistance RS inside of the pipette, a capacitive element Cpipette between glass wall and buffer, and an applied voltage V. The charge on the membrane capacitor is given by q = Cm(V + V0) (see section 3.3.1), where Cm is the voltage-dependent membrane capacitance and V0 is the offset potential cause by a (voltage dependent) polarization of the membrane (Petrov and Sachs, 2002; Mosgaard et al., 2015a). This can be written as [image: image], where [image: image] is an effective capacitance that includes polarization effects. This element is shown in Figure 2. The arrows across conductive and capacitive elements indicate the voltage-dependence.


[image: Figure 2]
FIGURE 2. Equivalent circuit diagram of the patch experiment. Here, [image: image] is the effective voltage-dependent capacitance of the membrane (see text), gp is the voltage-dependent conductance of the lipid pores, gL is the constant leak conductance, RS is a series resistance of the pipette interior, Cpipette is the capacitance of the pipette, and V is the externally applied voltage.




2.2.2. Black Lipid Membrane Experiments

A DMPC:DLPC:cholesterol = 77.3:7.7:15 (mol:mol:mol) mixture was dissolved in decane to a final concentration of 10 mg/mL. Black lipid membranes were formed on a circular aperture in a 25 μm thick Teflon film. We used commercially available horizontal bilayer slides (Ionovation GmbH, Germany) made of two microchambers (filled with ~150 μl of the same electrolyte solution) separated by an horizontal Teflon film. The upper and lower chambers are connected only through the 120 μm aperture in the film. Once a small droplet (≈0.2 μl) of lipid solution is placed in the upper chamber close to the aperture, a bilayer is formed automatically by a microfluidic perfusion system (Ionovation Explorer, Ionovation GmbH, Germany). The membrane formation was monitored with capacitance measurements and was automatically repeated until the membrane capacitance was stable above a minimum threshold value of 40 pF. The bilayer slide was placed on the work stage of a in inverted microscope (IX70, Olympus, Japan) which allowed for optical monitoring of the bilayer formation. See Zecchi et al. (2017) for more details.



2.2.3. Differential Scanning Calorimetry

Heat capacity profiles were obtained using a VP scanning-calorimeter (MicroCal, Northampton, MA) at a scan rate of 5°/h.




2.3. Electrophysiological Experiments

All experiments are representative and qualitatively reproducible. However, membranes break easily. In patch clamp measurements, voltage-jumps were performed between 200 and −200 mV in steps of 25 mV (Figure 3). Each step lasts 3.1 s for 17 different voltage-clamp traces needed for one I-V profile. Thus, each series lasts about 53 s. Only few membranes are stable long enough for a complete series of voltage jumps that lead to a single I-V profiles. Even less membranes allow for recording several I-V profiles to check for reproducibility and the variation of pipette depth. The typical interval between two I-V profiles recorded on the same membrane is 1–5 min. The series of I-V profiles shown in Figure 7 (top) contains five traces for one single depth of the pipette in the aqueous medium, which corresponds to 10–25 min. Since we could measure on this membrane at three different depths, the membrane was stable for a total of ~30 min–1 h. In total, we had nine membrane patches that were stable enough to allow us obtaining complete I-V profiles. Of those, three did not show channels but only leak conductance. There were six membranes that displayed both linear and rectified I-V profiles. Two of those were stable enough to record so many I-V profiles that one could obtain several curves for several depths of the pipette. For this reason, all patch clamp data shown in this paper originate from two different membrane patches. We name them membrane 1 and membrane 2 throughout the text. Those experiments are included in this work. However, the other membranes displayed similar behavior. We also obtained several membranes in the BLM-setup. They always yield symmetric IV-profiles.


[image: Figure 3]
FIGURE 3. Protocol of the voltage steps used in the I-V measurement. The lower bar indicates the duration of each part of the protocol. The arrow shows the direction of voltage steps, which ranged from 200 to −200 mV in steps of −25 mV.


The voltage-jump protocol for the BLM measurements shown in Figure 11 was different. Here, we changed the voltage from +10 to −10 mV, then to 20 and −20 mV, and so on (not shown).




3. RESULTS


3.1. Description of the Experiment

After a voltage jump, all the current traces measured showed an initial transient decay of about 10 ms from a current peak at t = 50 ms (the time of the voltage step, see Figure 4) to their steady state value (the current value at t = 3 s). The transient part of the current contains information about the charging of the pipette (and electrodes), the charging of the membrane and any relaxation phenomena in the membrane which can lead to changes in resistance, capacitance, and polarization.


[image: Figure 4]
FIGURE 4. Initial phase of a voltage jump from 0 to 0.175 V (left) and back (right) from the experiment shown in Figures 5B,D. The profiles are reasonably well-fitted by a biexponential function with the same two relaxation times for the jump in both directions. The two exponential functions are shown in the inserts.


The relaxation processes are well-described by a biexponential function (Figure 4). We decided to not include the first data point in the fit. This corresponds to the first 100 μs which is the time resolution of our experiment.

The current response of the membrane after a voltage jump was measured. As an example, we show two sets of recordings in Figures 5A,B. Possible voltage offsets were corrected by subtracting the mean value of the current at the holding voltage from the corresponding current trace during the step protocol.


[image: Figure 5]
FIGURE 5. (A,B) Detail of the last 1.5 s of two representative current responses to the voltage pulses shown in Figure 3 recorded from the same membrane. The graph shows the response to only every other voltage step for clarity. Current traces were corrected for the initial offset at zero voltage. Currents in (A) were measured with the tip of the pipette at the air/water interface. Traces in (B) were measured with the tip of the pipette 3 mm below the water surface. (C,D) Current-voltage relationship for the traces in (A,B), respectively. All points of all the current traces between 1.5 and 3 s were plotted and fitted. The model used for the fit were a linear relation in (C), and Equation (5) in (D) as outlined in the Theory section. The fit gives a conductance of gL = 372 ± 4 pS for the recording in (A,C), and a voltage offset of V0 = 209 mV for the recording in (B,D). Solid circles show the average values of the current. The measurements were performed at a temperature of T = 297.85 K.


In order to obtain steady state currents for the I-V profiles, we restricted ourselves to determine averages of the second half of the current traces corresponding to the last 1.5 s after each voltage step (open circles in Figures 5C,D).



3.2. General Trends

Both recordings in Figures 5A,B were obtained from the same membrane (membrane 1). Nevertheless, they show distinct features that are representative of all the recordings made on the two membranes used in the patch clamp measurements described in this work. These are outlined below.

Figure 5A shows the current response of the membrane when the tip of the pipette was at the air/water interface. The current traces are symmetric with respect to voltage and their relatively small value indicates a large membrane resistance. This can be quantified by inspection of the correspondent current-voltage relationship (Figure 5C). A linear fit to the data in Figure 5C gives a value for the conductance of gL = (372 ± 4) pS, or equivalently, a membrane resistance of about R0 = 2.69 GΩ. The conductance in this case is constant and independent of voltage.

A different scenario is shown in the traces plotted in Figure 5B, measured for the same membrane at a different depth with respect to the water surface (3 mm). Here, the current response to positive and negative voltage-jumps is clearly different, as confirmed by the asymmetric and non-linear I-V curve in Figure 5D. The membrane appears to be more conductive at positive voltages, showing a fairly constant conductance of about g = 1.7 nS (or resistance of roughly R = 500 MΩ), as obtained by a linear fit to the positive voltage range. Thus, it is almost five times larger than the linear I-V profile shown in Figure 5C. The response to negative voltages, in contrast, is slightly non-linear and less pronounced, comparable in magnitude to the linear case.

The data point at 200 mV in Figure 5D has not been included in the fit. In our protocol this is the first datapoint. The corresponding current trace shows a transient behavior and does not equilibrate fully in the 3 s of the test pulse. This transient behavior of the current starting from a low conductance value and increasing without reaching a steady state was not uncommon. It was only observed at positive high voltages, and under few instances (in case of reversed voltage protocol) at high negative voltages. In the absence of any satisfactory explanation, in this work traces showing similar behaviors were discarded from steady-state analysis. Further, we generally find that the first datapoint in each I-V profile is an outlier with respect to an otherwise systematic behavior. This might also be related to an equilibration of the membrane patch after the first voltage jump of a series.

The two sets of recordings shown in Figures 5A,B have been performed at different depths of the pipette tip with respect to the bath surface. Different vertical positions of the pipette relative to the surface correspond to different values of hydrostatic pressure at the bath-facing leaflet of the membrane. Since the pressure at the inner leaflet is constant, this corresponds to different pressure gradients across the membrane. A pressure difference between the two leaflets can result into a net curvature according to the Young-Laplace law. Curvature in a chemically symmetric membrane can break the otherwise symmetric charge and dipole distribution, and therefore produce a voltage offset, as outlined in Mosgaard et al. (2015a).



3.3. Theoretical Considerations
 
3.3.1. Current-Voltage Relations

The general tendency of a membrane to display a higher conductance at positive as compared to negative voltages is known as outward rectification. In the case of biological membranes, it's customary to ascribe electrical rectifications like the one shown here to the voltage dependent behavior of certain protein-channels spanning the membrane. However, outward rectified I-V curves like the one of Figure 5D have already been observed earlier in protein-free membranes (Laub et al., 2012; Blicher and Heimburg, 2013). In these publications, the rectified behavior was explained on the basis of a capacitor model like the one introduced below. It requires the formation of membrane pores and a spontaneous electrical membrane polarization as caused from an asymmetry between the two monolayers of a bilayer (Mosgaard et al., 2015b). This could, for instance, originate from membrane curvature that changes the relative lipid dipole density on the two monolayers of the membrane.

We will describe the conductance of a membrane by using a description from Mosgaard et al. (2015a).

We assume that the membrane contains pores with an open probability that display a quadratic voltage dependence (Winterhalter and Helfrich, 1987; Blicher and Heimburg, 2013). The chemical potential difference between open and closed pore, μ0, is given by

[image: image]

Here, Δμ(0) is the free energy of a pore at a voltage of V = 0 V, and α is a coefficient. Δμ0 displays a minimum at V = −V0, where V0 is the voltage offset that originates from a polarization of the membrane. Its origin will be discussed below. Defining an equilibrium constant K = exp(−Δμ0/kT) between a closed and an open pore, we obtain for the probability of finding an open or a closed pore, Popen or Pclosed, respectively:

[image: image]

which sum up to one. This formalism assumes that the membrane is equilibrated. This is permissible for the following reason: In the past, we have investigated equilibration processes in membranes (Grabitz et al., 2002; Seeger et al., 2007). We generally found that the relaxation time is proportional to the heat capacity. The relaxation times in DPPC multilayers are about 30 s at the heat capacity maximum, in large unilamellar vesicles of DPPC they are about 1–2 s, in biological preparation, such as lung surfactant about 100 ms at the maximum. At the edge of transitions, the relaxation time is of the order of 1–100 ms. Since we attribute the lipid pores to fluctuations of the membrane state, the open-close kinetics of the pores is in fact identical to the relaxation time scale. In the experiments shown in Figures 8–10, the open lifetime of the channels is of the order of 10–100 ms. Thus, equilibration happens on a time scale much shorter than our experimental time of 3 s. We also see in Figure 12 (section 3.3.6) that relaxation processes are on the time scale of a few milliseconds.

If we assume that conduction occurs exclusively via open pores in the membranes, the overall current through the membrane pores will be given by

[image: image]

where gpore is the conductance of a single open pore, N is the total number of pores, and gp = Ngpore is the conductance of N open pores.

In the experimental section we find that there exist current traces that do not display any open pore events. This is mostly the case when the current-voltage relation is linear. It is therefore possible that there exists a voltage-independent leak current, IL, and voltage-dependent current through pores in a membrane, Ip. If this were the case, the current-voltage relation in Equation (3) would be given by

[image: image]

where gL is a constant leak-conductance of the membrane in the absence of pores. This equation assumes identical ion concentrations on both sides of the membrane (Nernst potential E0 is zero). If the ion concentrations were different from zero, we would obtain

[image: image]

with E0 = (RT/zF)ln(cout/cin) for an ion with charge z and the concentrations cout and cin outside and inside of the pipette, respectively. Since we use the same buffer in the pipette and in the external medium, the Nernst potential in our experiments is E0 = 0 V.

Figure 6 shows the non-linear rectified I-V profile from Figure 5D and three attempts to describe it. We expect the I-V profile to pass through zero (E0 = 0) because we have the same ion concentrations on both sides of the membrane. We corrected for slight deviations in the current at zero voltage. For the fit in Figure 6A we assumed that there is only one single permeation process by pores and no leak-conductance (ie, gL = 0 in Equation 5). The fit is reasonable but not perfect. The insert shows the calculated pore open-probability. It displays a minimum at −162 mV corresponding to a spontaneous polarization of the membrane that leads to a voltage offset of V0 = +162 mV. The minimum open-probability at this voltage is about 0.27 which requires 27% of all pores being open. However, we will see below that no open pores can be detected at this voltage. For this reason we decided that this is not the most likely scenario. Figure 6C shows a free fit allowing for a variation of the leak conductance gL. The straight line in this panel corresponds to the leak currents IL = gLΔV. In this fit, the open probability of the pores reaches a minimum at −208 mV and the minimum open probability of pores is below 1%. Since there is one more fit parameter, it is not surprising that this describes the measured I-V profile better. However, what also speaks in favor of this description is that one does not expect open pores at negative voltages. Only at positive voltages, the open probability of pores is significantly different from zero. The fit in Figure 6C is composed of a leak current IL and a pore current Ip, which are independently shown in the figure.


[image: Figure 6]
FIGURE 6. Three different scenarios to fit the non-linear current-voltage relations. (A) Conductions by pores only (gL = 0). (B) Conduction by voltage-dependent pores and a voltage-independent fixed leak current taken from the experiment in Figure 5C. (C) Same as (B) but the leak current was not fixed. The latter fit describes the data best. The inserts show the pore open probability for the three different scenarios. The minimum of Popen represents the offset voltage −V0. See text for details.


In our experiments we sometimes find linear I-V relations and sometime outward rectified profiles. It is not exactly clear why both cases occur with the same experimental settings for the same membrane. Interestingly, the linear I-V profile (Figures 5C, 6B) yields a quite similar conductance gL as leak current IL in Figure 6C. This supports our assumption that the conductance of the lipid membranes is a phenomenon described by two different processes: A voltage-independent leak conductance and a voltage-gated pore formation process.

Therefore, we tentatively assumed that the two cases are only distinguished by the presence or absence of pre-pores that are ready to open but that the leak conductance of the membrane is identical in all experiments. Figure 6B shows a fit where the leak conductance gL was obtained from the linear I-V profile shown in Figure 5C. Its value was kept constant for fitting the rectified profile. We see that this describes the I-V profile quite well.



3.3.2. Relaxation Processes

In Figure 4 one could see that the initial current during equilibration displays more than one exponential component. Time-dependent changes of the membrane current can have two origins. The first is the charging of the membrane capacitor, of pipette walls and electrodes. The charge on a capacitor is given by

[image: image]

where Cm is the capacitance, A is the area of the capacitor and P0 is its spontaneous polarization (Mosgaard et al., 2015a), which is related to the voltage offset V0 described above. The capacitive current is therefore given by

[image: image]

The first term on the right hand side is considered in electrophysiology, while the second and third term are neglected. Thus, in the textbooks it is assumed that the capacitance of the membrane and all membrane properties are constant after a voltage jump. This assumption requires that the membrane structure is independent of voltage, which is practically impossible for a soft molecular layer the will deform in the presence of electrostatic forces. The time constant of charging a constant capacitor in an electrolyte solution, τ0, is typically fast because it is dominated by the low resistance of the electrolytic medium. The second term in Equation (7) represents the time-dependent change in capacitance caused by a voltage-induced structural change in the membrane, and the third term is the related voltage-induced change in the spontaneous polarization of the membrane, for instance caused by changes in lipid head-group orientation or changes in curvature. Due to electrostriction, the capacitance of membranes is voltage-dependent (Heimburg, 2012; Mosgaard et al., 2015a,b). The capacitance of a membrane is given by Cm = ε0εA/D where A is the membrane area and D is the membrane thickness. Electrostriction reduces the membrane thickness and increases the membrane area. Both effects lead to an increase in capacitance, ΔCm. This effect is most pronounced close to melting transitions in membranes because here the membranes are softest. This is the situation treated in this paper (see Figure 1). In this paper we assume that the slow timescale of capacitance and polarization changes, τm, results from the relaxation processes in membranes, which are in the millisecond regime (Grabitz et al., 2002; Seeger et al., 2007).

A further time-dependent change in the membrane current may originate from voltage-induced changes in the membrane conductance, Δg, due to changes in membrane structure. It is known that membranes are more permeable in their melting transitions (Papahadjopoulos et al., 1973; Nagle and Scott, 1978; Sabra et al., 1996; Blicher et al., 2009). Therefore, a voltage-induced change in membrane structure as caused by electrostriction will also change the conductance of the membrane. In the presence of a spontaneous voltage-offset (polarization) of the membrane, this effect will be different for positive and negative voltages, i.e., it will be rectified. Since it is related to structural changes in the membrane, the time-scale of its changes will also be dictated by the relaxation time-scale in the membrane, τm, where we have assumed a single-exponential relaxation process (as described in Grabitz et al., 2002; Seeger et al., 2007).

For the total membrane current we obtain for a jump from voltage Vb before the jump to a voltage Va after the jump:
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where the term related to charging the capacitor is described by the timescale τ0 and the amplitude A0. All terms related to changes in membrane structure change with the time constant τm and amplitude Am. Cm,b, Cm,a, gb, and ga are the steady-state capacitance and conductance before and after the voltage jump, respectively. ΔV = Va − Vb, ΔCm = Cm,a − Cm,b, Δg = ga − gb, and Δ(AP0) = (AP0)a − (AP0)b are the differences of the respective functions in steady state before and after the voltage change. We see that the steady-state current after a jump is given by
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The time-dependent current contributions are dominated by two time-scales. One of them, τ0, is related to charging a constant capacitor, while the second one, τm, is slow and dominated by the relaxation process of conductance, capacitance and polarization of the membrane.



3.3.3. Experiments at Different Pipette Depths

In order to better understand the appearance of the non-linear behavior and the origin of the voltage offset, I-V measurements were performed on the same membrane at different positions of the tip in the water bath. This is an indirect attempt of controlling the hydrostatic pressure gradient across the membrane, which increases linearly with the depth, h.

With the aid of a micromanipulator, the tip of the pipette was lowered from its initial position (close to the water surface) down to different depths inside the water bath. Figure 7 shows two series of I-V curves measured for the same membrane (membrane 1) at different positions, i.e., at 1 and 3 mm below the water surface, corresponding to a pressure difference of about 98 and 294 Pa. The numbers close to each curve indicate the temporal order of the recording in each sequence. The time interval between subsequent recording was not fixed but was never more than 5 min (with an average of 1 min and a half). Fits for the I-V profiles were generated by using Equation (4) and the procedure used in Figure 6C. The two contributions to the conductance are displayed separately in the small panels. No qualitative differences can be observed between the recordings at 1 and 3 mm. Both positions produce consistently both linear and non-linear responses, the latter being always in the form of outward rectified I-V curves. Interestingly, during each voltage-jump sequence, one behavior was consistently maintained while in the next sequence one can observe a different behavior. For instance, in Figure 7 top left, the first trace was outward rectified, the second was linear, the 3rd and 4th trace were rectified and finally the 5th was linear. The reason for this behavior is not clear. It seems that the linear contribution of the conductance is the same in both, linear and rectified profiles—but that it is not always possible to activate pores. The values of the voltage offset as obtained from the fit vary slightly from one recording to the other, but they are comparable between the two different positions. On average, it is 243 (±34) mV at 1 mm depth and 221 (±20) mV on average at a depth of 3 mm. The leak conductance gL and the pore conductance gp were larger at larger depth of the patch pipette. For membrane 1, the conductance gL increased by 32% and the pore conductance gp by 37% when going from 1 to 3 mm depth.


[image: Figure 7]
FIGURE 7. I-V recordings of the same membrane as Figure 5 (membrane 1) at different depths below the air/water interface. (Top) Tip 1 mm below the surface. (Bottom) Tip 3 mm below the surface. Both sets of recordings show two different electrical behaviors, with both linear and non-linear I-V relationships. The curves were measured in sequence and are numbered in order of appearance. Only the average values of the current are displayed for clarity. The dotted lines are fit to all current data points.


It is interesting to note that trace 1 in the top left panel of Figure 7 displays a voltage regime around −50 mV, in which the dependence of the current on voltage, dI/dV, is negative. This is impossible without a voltage-dependent conductance. It can be explained if one considers that around −200 mV, all pores are closed while at −50 mV some pores are open. For this reason, one can find a larger negative current at −50 mV than at −200 mV.



3.3.4. Channel Activity

Non-linear I-V curves and outward rectification are not the only properties of the lipid membranes studied here that resembled those of biological membranes. We also find that several recordings of membranes showed current fluctuations and quantized steps that are typical of ion channel activity.

Figure 8 shows two current responses of membrane 2 to the same voltage protocol as describe in section 2.3. The membrane had the same lipid composition as the one of Figures 5–7. The two recordings shown here were obtained with the membrane at 4mm (left) and 8mm (right) below the water surface.


[image: Figure 8]
FIGURE 8. Current response of membrane 2 at 4 mm (Left) and 8 mm (Right) below the water surface. The current response to negative voltages doesn't show current fluctuations. (Left) The membrane current at high positive voltages shows quantized steps to a lower current value before jumping down to it and staying there for the lower voltages. The current response at 200 mV shows a constant drift in the baseline and is not shown here. (Right) The current responses to 200, 175, and 150 mV have been shifted to the top panel for clarity as they overlap. The membrane shows current fluctuations for increasing voltages. They end up in well-defined quantized steps at high voltages when pores are open most of the time.


One can recognize that the I-V profiles in both cases are non-linear. They display a larger conductance at positive voltages, which is more pronounced at the depth of 8 mm as compared to the 4 mm recording. Further, one recognizes discontinuous conduction steps in both experiments, which are also more pronounced at 8 mm depth. The fits to the I-V profile are performed as in Figures 6, 7.

A continuous recording of this membrane at 4 mm depth and a fixed holding voltage allowed to observe consistent channel-like activity for a longer period of time. Figure 9 shows the first 5s of the raw current trace. The trace shows clear quantized steps from a baseline at 94pA that was slightly drifting to a set value of about 106pA. The step-size was about 13 pA, corresponding to a single lipid channel conductance of about ~68 pS, very similar to the single channel conductance in the same experiment at 150 and 125 mV. Thus, the single channel conductance is probably independent of voltage, as already found in Blicher and Heimburg (2013). The step size at 200 mV for the 8 mm depth recording in Figure 8 (right, top) yields a single channel conductance of about 137 pS, which is twice as high as in the 4 mm recording in the left panels. The current traces in Figure 8 indicate that at high positive voltage, pores can be open most of the time.


[image: Figure 9]
FIGURE 9. Continuous current recording for the same membrane as Figure 8 (membrane 2) at a holding voltage of 190 mV, 4 mm below the water surface (T = 297.15 K). The graph shows 5 consecutive seconds of recording, starting from the top row. The time-intervals are presented as a stack for clarity.


The above recordings were observed when the pipette tip was 4 and 8 mm below the water surface, so slightly lower than the recordings shown for membrane 1 in Figure 7.

We observed channels at high positive voltages and at different depths. In membrane 2 (Figures 8, 9), channel activity seemed to increase with increasing depth of the tip in the water bath. At the same time, the voltage threshold for activity onset seemed to decrease with increasing depth/pressure. However, we have only three data points in this sense (i.e., three different depths). Note that the depths here are larger than those for the previous membrane. Interestingly, also the first membrane showed current fluctuations when brought 10 mm below the air-water interface. This is shown in Figure 10. The current traces correspond to voltage steps in the range 200−0 mV (we did not record traces for negative voltage because at 0 V the membrane ruptured).

The membrane in Figure 10 ruptured at 0 mV. Indeed, membrane rupture at large depths was one of the main obstacles to investigating this phenomenon further. In fact, membrane instability seemed to increase with increasing depth.


[image: Figure 10]
FIGURE 10. Current response of the same membrane as Figures 6, 7 (membrane 1) at a depth of 10 mm below the water surface. The membrane ruptured at 0 mV. Hence only the positive range is shown. (Left) Current traces at different voltages. The top trace is the response to the first jump of the protocol (from 0 to 200 mV), and it has been plotted separately for clarity. At this voltage, the membrane shows a step-wise increase in conductance, from an initial value of about 1.2 nS to a final one of roughly 1.8 nS. In the bottom panel, the other traces are shown. Current fluctuations start to appear in the form of spikes already at 50 mV, and increase in number and duration at higher voltages. (Right) Current-voltage relationship for the traces shown at the left. A linear fit gives a value of the conductance of 1.8 nS. This is in line with the final value of conductance for the trace at 200 mV. Due to its transient behavior, however, this trace has not been included in the fit.


Summarizing, it seems that larger depth of the pipette enhances channel activity, and they occur at lower voltage. In the previous section, we have also found large conductances gL and gp at larger depth. This suggests that the lipid membrane channels are mechanosensitive.



3.3.5. Symmetric I-V Profiles in Black Lipid Membranes

In a previous publication (Zecchi et al., 2017) we suggested that the offset voltage responsible for the asymmetry and the apparent outward rectification of the I-V profiles is caused by flexoelectricity. Bending of the membrane creates an electrical polarization that is roughly proportional to the curvature (Petrov, 2001; Petrov and Sachs, 2002; Mosgaard et al., 2015b). The tip diameter of a patch pipette is small. The maximum curvature possible is that of a half sphere with a radius that corresponds to the radius of the tip opening. For a pipette with 1 μm diameter, the maximum curvature is c = 1/500nm. However, if one uses black lipid membranes spanning a hole with a diameter of about 100 μm, the maximum possible curvature is 100 times smaller (see Zecchi et al., 2017 for details about this argument). If the voltage offset were in fact caused by flexoelectricity, the voltage offset would be practically absent in black lipid membrane measurements. This means that patch pipettes allow for high curvature, while black lipid membranes rather imply membranes without or with low curvature.

Figure 11 shows a black lipid membrane experiment made with the Ionovation Explorer (see section 2). The aperture in this experiment had a diameter of about 120 μm. In the patch experiment it was ~8 μm, i.e., about 15 times smaller. We used a membrane with 77.3% DMPC, 7.7% DLPC, and 15% cholesterol and a temperature of 32°C at the upper end of the melting transition of this membrane (Figure 1). Cholesterol is known for largely broadening the melting transitions of membranes, thus reducing domain formation and fluctuations. This renders membranes more stable. This is an important factor in black lipid membrane measurements because of the notorious instability of the membranes close to transitions.
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FIGURE 11. Recordings on a DMPC:DLPC:chol. = 77.3:7.7:15 BLM measured at 32.4°C. (Left) Current traces. For better visibility, they are evenly spaced on the vertical axis. Note, the current traces in the linear regime of the I-V profile are not shown. (Right) I-V-profile. The solid line is a fit of the I-V profile to Equation (5). The insert represents the pore open probability. Note that for the BLM, the I-V profile is symmetric and the channel activity occurs at both higher positive and higher negative voltages.


We found an I-V profiles that is completely symmetric, i.e., it does not display a significant voltage offset (the fit yields ~−5 mV). We found a leak conductance of gL = 270 pS and a pore conductance of gp = 863 pS when fitting it with Equation (4). The conductance steps at 100 mV correspond to 78 pA, comparable to a single channel conductance of ~78 pS. This is similar to the single channel conductance of the traces in Figure 7 where we found ~68 pS. This indicates that the magnitude of the conductance steps does not depend on the size of the membrane. Most interestingly though, the near absence of a voltage offset allows seeing that the rectification pattern is also symmetric, and that channel activity appears both at positive and negative voltages in the non-linear part of the I-V profile that we attribute to pore formation. This supports our interpretation of having two conduction processes present.



3.3.6. Membrane Relaxation

In section 3.3.2 we described how after a voltage jump one finds transient equilibration processes that consist of capacitive currents and time-dependent changes in conductance (Figure 4). We have argued that one expects (at least) two relaxation processes. One is related to charging the capacitor via the electrolyte and a second one is coupled to changes in membrane structure with effects both on conductance and capacitance. In the present set of experiments, we performed voltage jumps from zero to a fixed voltage, and back to zero. The voltage across the membrane must not necessarily be equal to the voltage adjusted by the setup. The resistance of the pipette is a series resistance of glass pipette and membrane. Occasionally, our membrane ruptured during the experiment (e.g., Figure 8). Thus, one can observe the resistance of the setup with and without membrane after an instantaneous process. We found that in the absence of a membrane, the resistance is at least 2 orders of magnitude smaller than in the presence of the membrane. From this we concluded that the adjusted voltage was practically identical to the voltage across the membrane and that the resistance and capacitance of the pipette (with a tip diameter of about 8 μm) do not contribute much to the observed currents.

We describe the relaxation process by a bi-exponential function (see Figure 4 and Theory section):
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We fitted the relaxation profiles shown in Figures 12A,B with biexponential profiles. We found that one obtains good fits of the relaxation profiles if the same relaxation times were taken for a given membrane for all voltages jumps from zero to a fixed voltage (Figure 12A, 0 → V) and back (Figure 12B, V → 0). Empirically, we adjusted the two relaxation times to 258 μs (dominated by the digital filter time constant of the experiment) and 1.74 ms for all profiles. What is fitted are the amplitudes A0 and Am of the two relaxation processes (Figures 12C,D).
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FIGURE 12. Relaxation processes corresponding to the I-V profiles shown in Figures 5C,D: (A) Relaxation processes after a jump from 0 volt to a fixed voltage for the rectified I-V profile shown in Figure 5D. The thin black lines represent the fits to a biexponential function. V. (B) Relaxation processes after jump from a fixed voltage V to zero volts for the rectified I-V profile shown in Figure 5D. (C) Bottom panel: The fit parameters of the relaxation processes corresponding to Figure 5C. The top panel shows the corresponding I-V relation Both the amplitudes of the fast and the slow process, A0 and Am are linear as is the IV profile. (D) Bottom panel: The fit parameters of the relaxation processes corresponding to Figure 5D. Here, Am is linear in voltage and equal in magnitude in both experiments (blue lines). Amplitude A0 displays a non-linear voltage dependence for the rectified I-V profile (right). The solid lines at the bottom are the same in (C,D). In (D) they serve as a guide to the eye to demonstrate the non-linearity of the voltage dependence for amplitude A0. The current relaxation profiles in (A,B) were not corrected for a slight current offset from zero.


We find that the bi-exponential relaxation profiles with fixed time constants describe the experimental data well. The amplitude Am of the slow process displays a linear dependence on the voltage for both the linear and the rectified I-V-relation shown in the top panels of Figures 12C,D (blue symbols). In contrast, the fast process with amplitude A0 (red symbols) is similar to the voltage dependence of the IV relation. It displays a linear behavior for the linear IV relation in Figure 12C, and a rectified behavior for the rectified I-V relation in Figure 12D. The analysis of the data in Figure 8 yields a similar result. Taking into account the similarities between the voltage-dependence of the fast process and the steady state current, it seems plausible to assume that the fast relaxation processes contains elements from the relaxation of the conductance after a voltage jump. Since we attributed the non-linearity of the I-V profile to the opening of pores in the Theory section, we suggest that the fast process is related to the timescale of pore opening.





4. DISCUSSION

In this work, we studied the conductance of DMPC:DLPC = 10:1 and DMPC:DLPC:cholesterol = 77.3:7.7:15 membranes subject to voltage jumps of different magnitude and direction. The experiments had different aspects: (1) Studying I-V profiles at different depths of a patch pipette in the aqueous buffer. (2) Studying discrete channel opening- and closing events. (3) Comparing BLMs with lipid patches. (4) Determination of the kinetics of membrane equilibration after a voltage jump.

For each of the two membranes that were stable enough for an extended experimental sequence in the patch clamp experiments that we describe here, we found two quantitatively different current-voltage profiles. We either found linear I-V relationships or outward rectified I-V profiles, even under the same conditions and for the same membrane. We could well describe these profiles with a model that allows for two electrical conduction processes: A voltage-independent leakage and a voltage-dependent pore-formation (i.e., the occurrence of lipid ion channels). This is consistent with our observation that membrane channels are usually found in the rectified profiles at positive voltages. The asymmetry of the rectified I-V profile is a consequence of an offset potential V0, i.e., a polarization of the membrane. The leakage-current of the rectified profiles was within error identical to that of the linear I-V profiles found for the same membrane in the absence of pores. One therefore has to conclude that the pore-formation sometimes lacks the nucleation sites for pore formation [sometimes called a pre-pore in the literature (Böckmann et al., 2008)]. Sometimes pores are present and sometimes they aren't. Details of this somewhat stochastic process remain to be explored. In contrast, the leak current is always present. In our theory, we assumed that the voltage-dependence of the free energy of the pores is quadratic in voltage, which has been proposed earlier (Winterhalter and Helfrich, 1987; Blicher and Heimburg, 2013; Mosgaard et al., 2015a). In Winterhalter and Helfrich (1987), it was also proposed that voltage may stabilize the formation of pores with a given radius, i.e., pores of fixed conductance, which we have also found here. Interestingly, the I-V relations of the BLM measurement was non-linear but symmetric, in agreement with previous findings (Wodzinska et al., 2009).

In the past, we have attributed an offset potential of the membrane to a spontaneous polarization of the membrane. Since our lipids are uncharged, the polarization may arise from membrane curvature due to an effect called flexoelectricity (Petrov, 2006; Mosgaard et al., 2015a). It arises from the asymmetric distribution of lipid dipoles in curved membranes. It may also arise from the asymmetric attachment of membranes to the glass pipette or from a lipid asymmetry (not likely in the present experiments). The offset potential V0 results in the rectified profiles. The voltage dependence of the pore open probability is also relative to the voltage V0.

We have changed the depth of the pipettes in the aqueous medium. This changes the pressure difference and might potentially lead to a change in the offset potential. For membrane 1 we found 243 (±34) mV on average in 1 mm depth, while we found 221 (±20) mV on average at a depth of 3 mm. The difference of these two values of V0 is smaller than the standard deviation. Similarly, for membrane 2 we found V0 = 221 mV at 4 mm depth and V0 = 193 mV at 8 mm depth. Thus, while it might be that the offset potential is smaller at larger depth, the error margin does not allow us to make a trustworthy statement about its depth dependence. It seems that the origin of membrane polarization is not primarily the pressure difference across the membrane. However, it was generally true that the leak conductance gL and the pore conductance gp were larger at larger depth of the patch pipette. For membrane 1, the conductance gL increased by 32% and the pore conductance gp by 37%. For membrane 2, gL change by 43% upon going from 4 to 8 mm depth, and gp changed by 86%, respectively.

Interestingly, one does not find a measurable offset potential in black lipid membranes (Figure 11). We attribute that to the fact that the maximum possible curvature for a membrane across an aperture of 120 μm in our BLMs is much smaller that of a lipid patch spanning a tip aperture of about 8 μm.

We reported that the rectified I-V relations are often accompanied by the voltage-gated opening of single lipid ion channels (see also Laub et al., 2012; Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013). This is surprising because it is usually believed that voltage-gated conduction-events are an exclusive feature of protein channels. In our experiments, the minimum pore open probability is found for V − V0 = 0, i.e., at a voltage around −200 mV. One expects opening of pores below about −400 mV (outside of our experimental range) and above about 0 V. This has in fact been observed in Figure 8. In the BLM measurements that do not display a voltage offset, the formation of channel events displays symmetric voltage-dependence, i.e., it occurs at both higher positive and negative voltages. In patch experiments, we found a single channel conductance at 8 mm depth that was 2.0 times larger than the single channel conductance at 4 mm depth (γ = 137 pS vs. γ = 68 pS, respectively). In the BLM experiment, the single channel conductance was γ = 78 pS.

In the previous section, we outlined that the conductance gp of the I-V profile associated with open pores was about 2 times larger at 8 mm depth than at 4 mm depth. These numbers are well in agreement with the difference in single channel conductance. This indicates that interpreting a conduction process related to pore-formation is reasonable. The second conduction process that we called a leak-current is voltage-independent and does not display discrete channel events. Larger depth of the pipette enhances channel activity, and they occur at lower voltage. This suggests that the lipid membrane channels are mechanosensitive.

The conductance of the lipid pores is of a magnitude typical for single channel proteins. Llano et al. (1988) reported single potassium channel conductances of γ = 10, 20, and 40 pS in the squid axon. Salkoff et al. (2006) found that the so-called SLO-potassium channel family may have larger conductances, e.g., γ = 100–270 pS (SLO1), γ = 60–140 pS (SLO2.1), γ = 100–180 pS (SLO2.2), and γ = 70–100 pS (SLO3). Sakmann and Trube (1984) described a potassium channel with a single channel conductance of 27 pS. Below we show that also the voltage-gating properties of our membranes are similar to potassium channels. This suggests that the phenomenology of lipid and protein channels is practically indistinguishable.

After a voltage jump one finds a transient time regime of about 10 ms, in which the membrane equilibrates to a new state. In the theory section we outlined that one expects at least two relaxation processes. One of them is the charging of the membrane (and pipette) capacitor with a timescale independent of the membrane state, and the second one is a structural variation of the membrane leading to changes in capacitance, polarization and membrane conductivity. The second timescale reflects relaxation processes in the membrane. We could describe all current traces with bi-exponential fits containing a fast timescale of about 300 μs (dominated by the low pass-filter time constant of the experiment) and a slow timescale of about 2 ms. The amplitude of the slow process was linear with the magnitude of the voltage jump and did not depend on whether the I-V profile was rectified or linear. In contrast, the amplitude of the fast process reflected the voltage-dependence of the steady-state conductance of the membrane after the voltage jump. We conclude that there exists a fast process altering the conductance by changing the membrane state. This could be reflected in a timescale of channel opening or of the overall membrane area. Usually one would assume that the membrane-related process is the slow process, which is opposite to the experimental evidence showing that the fast process reflects that rectification. The reasons for this remain to be explained. It is further not clear why the I-V profiles are sometimes rectified and sometimes not.


4.1. Comparison of Membrane Conductance With the Potassium Channel of Hodgkin and Huxley

We have found that many of the I-V curves are rectified, which we explained by the voltage-gated opening of pores. These pores can be recognized in many of the current traces. Our analysis allows for a determination of the probability of pore opening. We found that close to the offset-voltage V0, the pores are mostly closed, while the open probability increase as a function of [image: image]

Rectified behavior has usually been attributed to voltage-gated protein ion channels. These channels were originally introduced by Hodgkin and Huxley in order to explain the properties of the nervous impulse in squid axons (Hodgkin and Huxley, 1952a). In their model they introduced two channels (or more accurately: two gating mechanisms) for the conduction of sodium and potassium. The conductances of the potassium channel, gK, and of the sodium channels, gNa were described by
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where n(V, t), m(V, t), and h(V, t) are voltage and time-dependent functions describing single-exponential kinetics of gate-opening in the channels. The potassium channel is described by four independent and identical gates. After a voltage jump from V0 to V, the conductance of the potassium channel is described by
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where the relaxation time τn(V) and the steady state values of n, n∞(V), and n∞(V0) are given by
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with
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where the voltage V is given in units of [V].1 The functions αn(V) and βn(V) were not derived from first principles but rather parameterized from experimental voltage-clamp data (Hodgkin et al., 1952; Hodgkin and Huxley, 1952b). The steady state open probability of the potassium channel is then given by
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This function is shown in Figure 13 (solid black line). It is interesting to compare it to the open probability of the pure lipid membranes of the experiments described above (blue traces).


[image: Figure 13]
FIGURE 13. Comparison of the open probability of the K+-channel of Hodgkin and Huxley (1952a) (fat line), the KvAP channel reconstituted into a POPE/POPC = 3:1 membrane (Schmidt et al., 2006) (fat red line and symbols), and selected open probabilities from Figures 7, 8 in the voltage regime of physiological relevance.


We took the calculated open probabilities of five selected traces from Figures 7, 8 and plotted them in comparison to the steady state open probability of the K+-channel determined by Hodgkin and Huxley. While the curves are not identical, they are in fact quite similar. Figure 8 shows that the open probability in fact goes along with the opening of pores. For comparison, we also added the normalized conductance of the voltage-gated KvAP channel (red symbols, Lee et al., 2005; Schmidt et al., 2006) that displays a voltage-dependent conductance that is very similar to the HH-potassium channel and the lipid channels from this publication. This demonstrates that many properties of the potassium channel can be described by the rectified properties of the lipid membrane in the absence of any macromolecules. The similarity of lipid membrane behavior with that of potassium channels has in fact been noticed before (Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013).

Interestingly, Seeger et al. (2010) showed that the both mean conductance and open channel life-times of the KcsA potassium channels reconstituted into a synthetic lipid membrane are proportional to the heat capacity of the lipid membrane. They used a POPG:POPG = 3:1 mixture, which is commonly used in conduction studies on reconstituted proteins. For instance, it was used as a demonstration for how lipids change the function of the KvAP channel (Schmidt et al., 2006). This mixture shows a transition exactly at room temperature (the experimental temperature in Schmidt et al.). This shows that even in membranes containing protein channels, it may be impossible to understand the results without studying the thermodynamics of the host matrix. Since this lipid mixture is so common, it is likely that in some of the respective studies the function of the protein may have been confused with that of the host membrane. This behavior would be a logical consequence of membrane fluctuations if the membrane conductance originated from the lipid membrane alone. Since the conductance of the membrane was still proportional to the concentration of K-channels in the membrane, we have proposed in the past that the conductance in the membrane originates from membrane pores that are catalyzed by the channel protein (Mosgaard and Heimburg, 2013).



4.2. Membrane Conductance and the State of the Lipid Membrane

Membrane conductance depends on the thermodynamic state of the lipid membrane, which is influenced by all intensive variables. These may be temperature, pressure and membrane tension, but also voltage and the chemical potentials of membrane components, e.g., due to lipid composition, membrane proteins and to drugs associated to the membrane. In this manuscript, we focused on voltage and pressure differences across the membrane that are responsible for membrane curvature.

We treated the temperature dependence and chemical potential changes (in terms of an anesthetic drug) in earlier papers. The temperature dependence of the membrane conductance is closely associated with the temperature dependence of membrane melting (Blicher et al., 2009). In the past we have shown that one can seemingly “block” lipid pores by anesthetics (e.g., ethanol and octanol) in a manner which resembles that being reported for some protein receptors, such as the nicotinic acetylcholine receptor, N-methyl-D-aspartate (NMDA), serotonin [5-HT(3)], glycine and GABA receptors (Wodzinska et al., 2009). The reason is that anesthetics affect the melting profiles of membranes (Heimburg and Jackson, 2007; Græsbøll et al., 2014). Therefore, anesthetic drugs actually do not block pores but change the thermodynamics of the membrane. This is a clear case for an action of a drug on conductance that can convincingly be explained by its effect on lipid membranes. Anything that alters the membrane state will alter the likelihood of lipid pore formation. These are not only the anesthetics, but also neurotransmitters, such as serotonin that display a large effect on lipid melting (Cantor, 2003; Seeger et al., 2007) (Robert Cantor called some of the neurotransmitters “endogenous anesthetics”), and proteins (Heimburg and Biltonen, 1996; Heimburg and Marsh, 1996; Mosgaard and Heimburg, 2013). We have also studied the effect of tetrodotoxin (TTX) on lipid membranes but did not find a measurable effect on lipid transitions (unpublished data). This is evidence for that TTX specifically acts on macromolecules and not un-specifically on lipid membranes. Thus, proteins are involved in TTX-dependent processes but probably not in the action of anesthetics. We have proposed in the past that proteins could affect the thermodynamics of membranes and act as catalysts for lipid pores (Mosgaard and Heimburg, 2013). Proteins have chemical potentials and add to the free energy of the membrane. This effect may be influenced by specifically binding drugs, such as TTX because they can alter the chemical potentials of the proteins.



4.3. Thermodynamic Variables and Protein Channels

The lipid melting transition is a function of the chemical potential difference between gel and fluid lipids, which depends on temperature, pressure, lateral tension, voltage, and the chemical potentials of the components (Heimburg, 2007). The open-close probability of pores is related to this chemical potential difference. It would not make sense to distinguish between heat- and cold sensing pores, mechanosensitive pores, voltage-gated pores, or pores created by changes in composition, protein and drug concentration, or pH-dependence. The lipid pores naturally are sensitive to all of these changes. We have demonstrated this here for mechanosensitivity and voltage, and previously for temperature and anesthetics. The effect of drugs, such as anesthetics can be reversed by pressure, temperature, or pH changes (Heimburg and Jackson, 2007; Heimburg, 2019; Mužić et al., 2019). It is therefore interesting to compare this with protein channels and receptors. In the protein field is believed that there exist proteins that “sense” different variables separately and that they are specialized receptors for thermodynamic variables. Receptors for temperature changes that have been proposed include the TRPM8- and TRPA1-channels for cold reception (and simultaneously for menthol), whereas TRPV1, TRPV2, TRPV3, and TRPV4 are believed to be activated by heating (Voets et al., 2005). Other proteins are voltage sensors, e.g., the KcsA potassium and other K+-channels (Doyle et al., 1998; Bezanilla, 2005) or sodium channels (Hodgkin and Huxley, 1952b). A lot of attention has been given to mechanosensitive channels that are activated by changes in membrane tension (Martinac et al., 1990; Sukharev et al., 1994), e.g., the piezo1 and piezo2 channels (Coste et al., 2010; Syeda et al., 2016) and the TMC1 and TMC2 proteins (Jia et al., 2020). As we have shown here, lipid channels are equally sensitive to membrane tension and are mechanosensitive.

As for the lipid channels, the kinetics for opening and closing of protein channels should depend on the chemical potential differences, which generally are functions of all variables. Some changes of the variables will activate and others deactivate channels. In general, also the channel events observed in the presence of proteins will depend on all thermodynamics variables. It is possible that many of the effects of changes in the variables on proteins may originate from the lipids. Thus, it is not surprising that the cold-sensing protein TRPA1 can be activated by calcium. Calcium increases the melting temperature of charged and uncharged lipid membranes due to its effect on the electrostatics. Uncharged membranes melt at higher temperature than charged membranes (Träuble et al., 1976). Therefore, the change in the state of a membrane upon addition of calcium is similar to that one obtains upon cooling. Likewise, it would be straight-forward to predict that TRPA1 is activated be lowering the pH because this has a similar effect on electrostatics than binding calcium. Interestingly, lowering pH reverses anesthesia. We have pointed out that many aspects of the phenomenology of TRP-channels can be found in artificial membranes (Laub et al., 2012). The cold activation of TRPM8 displays a similar critical temperature (19°C) and width (about 10°) as the melting transitions in biological membranes (Mosgaard and Heimburg, 2013; Mužić et al., 2019). Mechanosensitive channels from E. coli can be activated by membrane-soluble amphipathic drugs, such as trinitrophenol and chlorpromazine (a neuroleptic), or by changes in their chemical potential, respectively. This resembles the effect of anesthetics on lipid membranes and its channel activity discussed above. Martinac et al. (1990) in fact suggested that this could be explained by a lipid membrane effect because the effect is related to their membrane solubility. This is also the case for the effect of general anesthetics on lipid channels that obey the famous Meyer-Overton relation (Heimburg and Jackson, 2007; Blicher et al., 2009).




5. CONCLUSION

We describe the voltage-gated opening of channels in pure lipid membrane. When the I-V profiles are outward rectified, in most cases one finds single channel events at high voltage. When I-V profiles are linear, one does not see single channels. I-V profiles in BLMs are symmetric and show lipid channels at higher voltage. We concluded that there are two conduction processes: One leak current not related to membrane channels and with a conductance that is independent of voltage, and single channel events that are voltage-gated. We reported evidence for that channel-opening is mechanosensitive. The properties of the membrane channels resemble those of potassium channels.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

KZ designed and performed the experiments and wrote parts of the manuscript. TH designed the project, wrote parts of the manuscript, and provided the theory. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Villum Foundation (VKR 022130).



FOOTNOTES

1Note that in Hodgkin and Huxley (1952a) the voltage was defined relative to the resting potential.



REFERENCES

 Antonov, V. F., Anosov, A. A., Norik, V. P., and Smirnova, E. Y. (2005). Soft perforation of planar bilayer lipid membranes of dipalmitoylphosphatidylcholine at the temperature of the phase transition from the liquid crystalline to gel state. Eur. Biophys. J. 34, 155–162. doi: 10.1007/s00249-004-0438-8

 Antonov, V. F., Petrov, V. V., Molnar, A. A., Predvoditelev, D. A., and Ivanov, A. S. (1980). The appearance of single-ion channels in unmodified lipid bilayer membranes at the phase transition temperature. Nature 283, 585–586. doi: 10.1038/283585a0

 Bezanilla, F. (2005). Voltage-gated ion channels. IEEE Trans. Nanobiosci. 4, 34–48. doi: 10.1109/TNB.2004.842463

 Blicher, A., and Heimburg, T. (2013). Voltage-gated lipid ion channels. PLoS ONE 8:e65707. doi: 10.1371/journal.pone.0065707

 Blicher, A., Wodzinska, K., Fidorra, M., Winterhalter, M., and Heimburg, T. (2009). The temperature dependence of lipid membrane permeability, its quantized nature, and the influence of anesthetics. Biophys. J. 96, 4581–4591. doi: 10.1016/j.bpj.2009.01.062

 Böckmann, R, de Groot, R., Kakorin, S., Neumann, E., and Grubmüller, H. (2008). Kinetics, statistics, and energetics of lipid membrane electroporation studied by molecular dynamics simulations. Biophys. J. 95, 1837–1850. doi: 10.1529/biophysj.108.129437

 Cantor, R. S. (2003). Receptor desensitization by neurotransmitters in membranes: are neurotransmitters the endogenous anesthetics? Biochemistry 42, 11891–11897. doi: 10.1021/bi034534z

 Corey, D. P., Garcia-Anoveros, J., Holt, J. R., Kwan, K. Y., Lin, S. Y., Vollrath, M. A., et al. (2004). TRPA1 is a candidate for the mechanosensitive transduction channel of vertebrate hair cells. Nature 432, 723–730. doi: 10.1038/nature03066

 Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, M. J., et al. (2010). Piezo1 and piezo2 are essential components of distinct mechanically activated cation channels. Science 330, 55–60. doi: 10.1126/science.1193270

 Cruickshank, C. C., Minchin, R. F., Le Dain, A. C., and Martinac, B. (1997). Estimation of the pore size of the large-conductance mechanosensitive ion channel of Escherichia coli. Biophys. J. 73, 1925–1931. doi: 10.1016/S0006-3495(97)78223-7

 Doyle, D. A., Morais, J., Gulbis, J. M., Cohen, A. L., Chait, B. T., and MacKinnon, R. (1998). The structure of the potassium channel: molecular basis of K+ conduction and selectivity. Science 280:69. doi: 10.1126/science.280.5360.69

 Gehl, J. (2003). Electroporation: theory and methods, perspectives for drug delivery, gene therapy and research. Acta Physiol. Scand. 177, 437–447. doi: 10.1046/j.1365-201X.2003.01093.x

 Glaser, R. W., Leikin, S. L., Chernomordik, L. V., Pastushenko, V. F., and Sokirko, A. I. (1988). Reversible breakdown of lipid bilayers: formation and evolution of pores. Biochim. Biophys. Acta 940, 275–287. doi: 10.1016/0005-2736(88)90202-7

 Græsbøll K, Sasse-Middelhoff, H., and Heimburg, T. (2014). The thermodynamics of general and local anesthesia. Biophys. J. 106, 2143–2156. doi: 10.1016/j.bpj.2014.04.014

 Grabitz, P., Ivanova, V. P., and Heimburg, T. (2002). Relaxation kinetics of lipid membranes and its relation to the heat capacity. Biophys. J. 82, 299–309. doi: 10.1016/S0006-3495(02)75395-2

 Gutsmann, T., Heimburg, T., Keyser, U., Mahendran, K. R., and Winterhalter, M. (2015). Protein reconstitution into freestanding planar lipid membranes for electrophysiological characterization. Nat. Protoc. 10, 188–198. doi: 10.1038/nprot.2015.003

 Hanke, W., Methfessel, C., Wilmsen, U., and Boheim, G. (1984). Ion channel reconstruction into lipid bilayer membranes on glass patch pipettes. Bioelectrochem. Bioenerg. 12, 329–339. doi: 10.1016/0302-4598(84)87013-0

 Heimburg, T. (2007). Thermal Biophysics of Membranes. Berlin: Wiley VCH.

 Heimburg, T. (2010). Lipid ion channels. Biophys. Chem. 150, 2–22. doi: 10.1016/j.bpc.2010.02.018

 Heimburg, T. (2012). The capacitance and electromechanical coupling of lipid membranes close to transitions. The effect of electrostriction. Biophys. J. 103, 918–929. doi: 10.1016/j.bpj.2012.07.010

 Heimburg, T. (2019). “Phase transitions in biological membranes,” in Thermodynamics and Biophysics of Biomedical Nanosystems. Series in BioEngineering, eds C. Demetzos and N. Pippa (Singapore: Springer Nature), 39–61. doi: 10.1007/978-981-13-0989-2_3

 Heimburg, T., and Biltonen, R. L. (1996). A Monte Carlo simulation study of protein-induced heat capacity changes. Biophys. J. 70, 84–96. doi: 10.1016/S0006-3495(96)79551-6

 Heimburg, T., and Jackson, A. D. (2007). The thermodynamics of general anesthesia. Biophys. J. 92, 3159–3165. doi: 10.1529/biophysj.106.099754

 Heimburg, T., and Marsh, D. (1996). “Thermodynamics of the interaction of proteins with lipid membranes,” in Biological Membranes: A Molecular Perspective From Computation and Experiment, eds K. M. Merz and B. Roux (Boston, MA: Birkhäuser), 405–462. doi: 10.1007/978-1-4684-8580-6_13

 Hille, B. (1992). Ionic Channels of Excitable Membranes. Cambridge: Cambridge University Press.

 Hodgkin, A. L., and Huxley, A. F. (1952a). A quantitative description of membrane current and its application to conduction and excitation in nerve. J. Physiol. 117, 500–544. doi: 10.1113/jphysiol.1952.sp004764

 Hodgkin, A. L., and Huxley, A. F. (1952b). Currents carried by sodium and potassium ions through the membrane of the giant axon of loligo. J. Physiol. 116, 449–472. doi: 10.1113/jphysiol.1952.sp004717

 Hodgkin, A. L., Huxley, A. F., and Katz, B. (1952). Measurement of current-voltage relations in the membrane of the giant axon of loligo. J. Physiol. 116, 424–448. doi: 10.1113/jphysiol.1952.sp004716

 Højholt, KL, Mužić, T, Jensen, S. D., Bilgin, M., Nylandsted, J., Heimburg, T., et al. (2019). Calcium electroporation and electrochemotherapy for cancer treatment: importance of cell membrane composition investigated by lipidomics, calorimetry and in vitro efficacy. Sci. Rep. 9, 4758. doi: 10.1038/s41598-019-41188-z

 Jia, Y., Zhao, Y., Kusakizako, T., Wang, Y., Pan, C., Zhang, Y., et al. (2020). TMC1 and TMC2 proteins are pore-forming subunits of mechanosensitive ion channels. Neuron 105, 310–321. doi: 10.1016/j.neuron.2019.10.017

 Kaufmann, K., and Silman, I. (1983). The induction by protons of ion channels through lipid bilayer membranes. Biophys. Chem. 18, 89–99. doi: 10.1016/0301-4622(83)85002-9

 Laub, K. R., Witschas, K., Blicher, A., Madsen, S. B., Lückhoff, A, and Heimburg, T. (2012). Comparing ion conductance recordings of synthetic lipid bilayers with cell membranes containing trp channels. Biochim. Biophys. Acta 1818, 1–12. doi: 10.1016/j.bbamem.2012.01.014

 Lee, S. Y., Lee, A., Chen, J., and MacKinnon, R. (2005). Structure of the KvAP voltage-dependent K+ channel and its dependence on the lipid membrane. Proc. Natl. Acad. Sci. U.S.A. 102, 15441–15446. doi: 10.1073/pnas.0507651102

 Llano, I., Webb, C. K., and Bezanilla, F. (1988). Potassium conductance of the squid giant axon. Single-channel studies. J. Gen. Physiol. 92, 179–196. doi: 10.1085/jgp.92.2.179

 Martinac, B., Adler, J., and Kung, C. (1990). Mechanosensitive ion channels of Escherichia coli activated by amphipaths. Nature 348, 261–263. doi: 10.1038/348261a0

 Mosgaard, L. D., and Heimburg, T. (2013). Lipid ion channels and the role of proteins. Acc. Chem. Res. 46, 2966–2976. doi: 10.1021/ar4000604

 Mosgaard, L. D., Zecchi, K. A., and Heimburg, T. (2015a). Mechano-capacitive properties of polarized membranes. Soft Matter 11, 7899–7910. doi: 10.1039/C5SM01519G

 Mosgaard, L. D., Zecchi, K. A., Heimburg, T., and Budvytyte, R. (2015b). The effect of the nonlinearity of the response of lipid membranes to voltage perturbations on the interpretation of their electrical properties. A new theoretical description. Membranes 5, 495–512. doi: 10.3390/membranes5040495

 Mužić, T, Tounsi, F., Madsen, S. B., Pollakowski, D., Konrad, M., and Heimburg, T. (2019). Melting transitions in biomembranes. Biochim. Biophys. Acta 1861:183026. doi: 10.1016/j.bbamem.2019.07.014

 Nagle, J. F., and Scott, H. L. (1978). Lateral compressibility of lipid mono- and bilayers. Theory of membrane permeability. Biochim. Biophys. Acta 513, 236–243. doi: 10.1016/0005-2736(78)90176-1

 Neumann, E., Kakorin, S., and Tænsing, K. (1999). Fundamentals of electroporative delivery of drugs and genes. Bioelectrochem. Bioenerg. 48, 3–16. doi: 10.1016/S0302-4598(99)00008-2

 Papahadjopoulos, D., Jacobson, K., Nir, S., and Isac, T. (1973). Phase transitions in phospholipid vesicles. Fluorescence polarization and permeability measurements concerning the effect of temperature and cholesterol. Biochim. Biophys. Acta 311, 330–340. doi: 10.1016/0005-2736(73)90314-3

 Petrov, A. G. (2001). Flexoelectricity of model and living membranes. Biochim. Biophys. Acta 1561, 1–25. doi: 10.1016/S0304-4157(01)00007-7

 Petrov, A. G. (2006). Electricity and mechanics of biomembrane systems: flexoelectricity in living membranes. Anal. Chim. Acta 568, 70–83. doi: 10.1016/j.aca.2006.01.108

 Petrov, A. G., and Sachs, F. (2002). Flexoelectricity and elasticity of asymmetric biomembranes. Phys. Rev. E 65, 021905-1–021905-5. doi: 10.1103/PhysRevE.65.021905

 Sabra, M. C., Jørgensen, K, and Mouritsen, O. G. (1996). Lindane suppresses the lipid-bilayer permeability in the main transition region. Biochim. Biophys. Acta 1282, 85–92. doi: 10.1016/0005-2736(96)00042-9

 Sachs, F., and Qin, F. (1993). Gated, ion-selective channels observed with patch pipettes in the absence of membranes: novel properties of a gigaseal. Biophys. J., 65, 1101–1107. doi: 10.1016/S0006-3495(93)81149-4

 Sakmann, B., and Trube, G. (1984). Conductance properties of single inwardly rectifying potassium channels in ventricular cells from guinea pig heart. J. Physiol. 347, 641–657. doi: 10.1113/jphysiol.1984.sp015088

 Salkoff, L., Butler, A., Ferreira, G., Santi, C., and Wei, A. (2006). High-conductance potassium channels of the slo family. Nat. Rev. Neurosci. 7, 921–931. doi: 10.1038/nrn1992

 Schmidt, D., Jiang, Q. X., and MacKinnon, R. (2006). Phospholipids and the origin of cationic gating charges in voltage sensors. Nature 444, 775–779. doi: 10.1038/nature05416

 Seeger, H. M., Aldrovandi, L., Alessandrini, A., and P Facci, P. (2010). Changes in single K+ channel behavior induced by a lipid phase transition. Biophys. J. 99, 3675–3683. doi: 10.1016/j.bpj.2010.10.042

 Seeger, H. M., Gudmundsson, M. L., and Heimburg, T. (2007). How anesthetics, neurotransmitters, and antibiotics influence the relaxation processes in lipid membranes. J. Phys. Chem. B 111, 13858–13866. doi: 10.1021/jp075346b

 Stoddart, D., Ayub, M., Hoefler, L., Raychaudhuri, P., Klingelhoefer, J. W., Maglia, G., et al. (2014). Functional truncated membrane pores. Proc. Natl. Acad. Sci. U.S.A. 111, 2425–2430. doi: 10.1073/pnas.1312976111

 Sukharev, S. I., Blount, P., Martinac, B., Blattner, F. R., and Kung, C. (1994). A large-conductance mechanosensitive channel in E. coli encoded by Mscl alone. Nature 368, 265–268. doi: 10.1038/368265a0

 Syeda, R., Florendo, M. N., Cox, C. D., Kefauver, J. M., Santos, J. S., Martinac, B., et al. (2016). Piezo1 channels are inherently mechanosensitive. Cell Rep. 17, 1739–1746. doi: 10.1016/j.celrep.2016.10.033

 Träuble, H, Teubner, M., Woolley, P., and Eibl, H. (1976). Electrostatic interactions at charged lipid membranes. I. Effects of pH and univalent cations on membrane structure. Biophys. Chem. 4, 319–342. doi: 10.1016/0301-4622(76)80013-0

 Voets, T., Droogmans, G., Wissenbach, U., Janssens, A., Flockerzi, V., and Nilius, B. (2004). The principle of temperature-dependent gating in cold- and heat-sensitive TRP channels. Nature 430, 748–754. doi: 10.1038/nature02732

 Voets, T., Talavera, K., Owsianik, G., and Nilius, B. (2005). Sensing with TRP channels. Nat. Chem. Biol. 1, 85–92. doi: 10.1038/nchembio0705-85

 Winterhalter, M., and Helfrich, W. (1987). Effect of voltage on pores in membranes. Phys. Rev. A 36, 5874–5876. doi: 10.1103/PhysRevA.36.5874

 Wodzinska, K., Blicher, A., and Heimburg, T. (2009). The thermodynamics of lipid ion channel formation in the absence and presence of anesthetics. BLM experiments and simulations. Soft Matter 5, 3319–3330. doi: 10.1039/b909877a

 Wunderlich, B., Leirer, C., Idzko, A., Keyser, U. F., Myles, V., Heimburg, T., et al. (2009). Phase state dependent current fluctuations in pure lipid membranes. Biophys. J. 96, 4592–4597. doi: 10.1016/j.bpj.2009.02.053

 Zecchi, K. A., Mosgaard, L. D., and Heimburg, T. (2017). Mechano-capacitive properties of polarized membranes and the application to conductance measurements of lipid membrane patches. J. Phys. Conf. Ser. 780:012001. doi: 10.1088/1742-6596/780/1/012001

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Zecchi and Heimburg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcell-08-592520-g013.gif
voltage [mV]





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Non-linear Conductance, Rectification, and Mechanosensitive Channel Formation of Lipid Membranes



		1. Introduction



		2. Materials and Methods



		2.1. Lipids and Chemicals



		2.2. Methods



		2.2.1. Patch Clamp Experiments



		2.2.2. Black Lipid Membrane Experiments



		2.2.3. Differential Scanning Calorimetry









		2.3. Electrophysiological Experiments







		3. Results



		3.1. Description of the Experiment



		3.2. General Trends



		3.3. Theoretical Considerations



		3.3.1. Current-Voltage Relations



		3.3.2. Relaxation Processes



		3.3.3. Experiments at Different Pipette Depths



		3.3.4. Channel Activity



		3.3.5. Symmetric I-V Profiles in Black Lipid Membranes



		3.3.6. Membrane Relaxation













		4. Discussion



		4.1. Comparison of Membrane Conductance With the Potassium Channel of Hodgkin and Huxley



		4.2. Membrane Conductance and the State of the Lipid Membrane



		4.3. Thermodynamic Variables and Protein Channels







		5. Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Footnotes



		References

















OPS/images/fcell-08-592520-g012.gif





OPS/images/inline_2.gif
Ch=Cy (147,17





OPS/images/inline_1.gif





OPS/images/math_8.gif
) = C;"T‘Av[% + (ACaVa+ AAPD) ‘;j

+(arag(i-eF))v= ®
Vs Sy
T
4 (AC,..V. t+ A4P)

AgV,) e =

GV A E A e





OPS/images/math_7.gif
av
v
Cp +

Lm
=

a
+ APy

@)





OPS/images/fcell-08-592520-g011.gif
current [pA]

“voltage m!





OPS/images/fcell-08-592520-g010.gif





OPS/images/math_9.gif







OPS/images/math_5.gif






OPS/images/math_4.gif






OPS/images/math_6.gif





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-08-592520-g005.gif





OPS/images/fcell-08-592520-g006.gif





OPS/images/fcell-08-592520-g003.gif





OPS/images/fcell-08-592520-g004.gif
time [ms]






OPS/images/fcell-08-592520-g009.gif
Fln g B vt 1w
o™ e s
VA
N it
L






OPS/images/fcell-08-592520-g007.gif





OPS/images/fcell-08-592520-g008.gif
voltags (V)





OPS/images/math_15.gif
Popenx (V) = n (V)





OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology

Non-linear Conductance,
Rectification, and Mechanosensitive
Channel Formation of Lipid
Membranes





OPS/images/math_14.gif
10°-(V+0055)
exp (-~ )
B = 125 exp -

an(V) = (13)

do16°)
V40065
0.08






OPS/images/math_3.gif





OPS/images/math_2.gif
@)





OPS/images/fcell-08-592520-g001.gif
¢p [kJ/molR]

emperature [°C)

temaerstare ['C)





OPS/images/math_11.gif
& = gro-m(V,0)
ONa = ENao - MOV, 1) - h(V, 1) (10)





OPS/images/fcell-08-592520-g002.gif
[l
-

bran





OPS/images/math_13.gif
(V) _ 1
“amepm ™ V=L Em
(12)

so(V)





OPS/images/math_12.gif
1V, ) = (V) = (1ao(V) = (Vi) - exp (— ) (1D





OPS/images/inline_4.gif
W2 +207;)





OPS/images/inline_3.gif





OPS/images/math_10.gif





OPS/images/math_1.gif





