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• The figure shows the permeability of an artificial, protein-free, lipid bilayer membrane to compounds
having various physicochemical properties
• A: For gases, such membranes are permeable
• B: For small polar molecules, such membranes are permeable
• C: for water, such membranes are only partially permeable. This is shown by the dashed arrow and
the arrow returning from the membrane surface
• D: For large, neutral but polar molecules, such membranes are impermeable. This is shown by the
arrow bending backward from the membrane surface
• E: For ions such membranes are impermeable. The red arrow and circle underline that this will be the
focus of the rest of the presentation
• F: For large, polar charged molecules, such membranes are impermeable.
• Transporter protein is required for the ions to pass through the membrane
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• A: Alternatives to ion transport through the membrane, along with the average transport speed. The tips of the
triangles point toward the region of lower ion concentration. Possibilities of ion transport are: ATP-dependent pump
(A1), ion channel (A2) and transporter (A3).
• A1: The ATP-dependent pump is the slowest. The tip of the triangle points towards the cytosolic
compartment, the transported ion (red circle) moves from the lower concentration compartment to the
higher ion concentration compartment, the transport is accompanied by ATP hydrolysis, and the protein
can be phosphorylated. The ion to be transported binds to the pump on one side and dissociates on the
other side of the membrane, and the pump protein undergoes a significant conformational change during
transport.
• A2: The ion channel is the fastest. The tip of the triangle points towards the extracellular compartment,
the transported ion (red circle) translocates from the higher concentration compartment to the lower one,
the transport is NOT accompanied by ATP hydrolysis, the transport is passive and requires the ion channel
to be open, the conformation that forms a pore permeable to ions
• A3: Membrane transporter at intermediate velocity: The tip of the triangle points toward the extracellular
compartment, the transported ion (black circle) travels from the higher concentration compartment to the
lower one, the transport is NOT accompanied by ATP hydrolysis. The transport protein undergoes a
significant conformational change during transport.
• B: Simplified model of ion channels:
 integral protein, a transmembrane protein within this group
 has a central hydrophilic pore which creates a favorable environment for the ions
 the flow of ions requires two conditions: 1) the ion channel must be in the open state, and 2) a driving
force is required, which is the electrochemical gradient of the ion, i.e. passive transport, NO direct ATP
hydrolysis is required
 The flow of ions can be measured as ion current; the unit of ionic current is Amper (A), the current of an
ion channel is in the order of picoamperes (pA = 10-12 A).
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• A: The equations that determine the ion current. Ix=Gx(Em Ex), where Ix is the current of ion 'x', Gx is the
conductivity of the membrane to ion 'x', Em is the membrane potential and Ex is the equilibrium potential of ion 'x'.
The equilibrium potential of Ex is determined by the Nernst equation (see there), [X]i and [X]o are the intra- and
extracellular concentrations of ion "x", R is the universal gas constant, T is the absolute temperature, z is the charge
valence of ion "x" and F is the Faraday constant. The term (Em  Ex) means the "driving force" for the ion.
• B: There is no current when the permeant ion is at electrochemical equilibrium even if the ion channel is in a
conductive state, i.e, its gate is open. This occurs when the membrane potential (Em) and the equilibrium potential
(Ex) are equal. For K+ the EK at the indicated ion concentrations is  89 mV. If the membrane potential is  89 mV
then Em  Ex = 0, i.e. there is no driving force, at any value of GK the K+ current is 0, IK=0. This is a dynamic equilibrium,
that is, the net current is 0, the inward (negative) and outward (positive) K+ currents sum to 0. Due to the unequal
ion distribution, the concentration gradient for K+ (=pushing K+ outward) is counterbalanced by the negative
membrane potential (=”pulling” K+ inward) .
• C: If the membrane potential (Em) is not equal to the equilibrium potential (Ex) then Em  Ex is not 0, i.e. given
that the channel is open, net current will flow through the channel. But in what direction will the current flow?
 If the membrane potential is more positive than the equilibrium potential (Em >Ex), there will be an
outward current of the positive charge carrier (here, for example, K+). This can be seen as follows: due to
the unequal distribution of ions the concentration gradient for K+ ions drives an outward current that is
not counterbalanced by the inward current driven by the negative membrane potential, i.e., there will be
a net outward current. This is realized in a formula: if Em >Ex then Ix>0.
 If the membrane potential is more negative than the equilibrium potential (Em <Ex), then there will be an
inward current of the positive charge carrier (e.g. K+). This can be seen as follows: due to the unequal
distribution of ions the concentration gradient for the K+ ions would cause an outward current, but due
to the membrane potential, which is more negative than Ex, there is an inward K+ current to the cell that
is larger than the outward one caused by the concentration gradient. In the form of a formula: if Em <Ex
then Ix<0 (by convention, the cation current flowing into the cell is a negative current).
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The individual ion channel currents are rectangular deviations from zero current level (red dashed lines). The
current in the closed (non-conducting) state of the channel is 0 and it is constant in the open state at a given
membrane potential, its value is a few pA. Rewriting the ion current equation for the single channel current we
obtain: ix=x(Em Ex), where ix is the current of ion "x" flowing through the single ion channel and x is the single
channel conductance of the ion channel carrying the ion "x".
The duration of individual channel openings is in the range of ms.
The three current traces were recorded at Em = -10 mV (A), +20 mV (B) and +50 mV (C) using the patch-clamp
technique (see later).
The currents are positive for each Em, Em> Ex. Going from panels AC three things can be noticed:
 1, The more positive Em, the greater the current. It can be seen from the single channel current equation
that if Em becomes more positive, then the driving force (Em Ex) will also increase, resulting in a greater
current amplitude. That is, in panel C, the individual ion channel currents are greater than in panel A (i.e.,
the deflections are greater as compared to the 0 current level).
 2, The more positive Em the longer the channel remains in the open state, i.e. the open probability (Po) of
the channel increases. Simple calculation of open probability: [time spent in open state (in ms)] / [total
length of current record (in ms)]. The increase in Po with a more positive membrane potential is a feature
of voltage gated ion channels (see there)
 3, at the membrane potential of +50 mV, two steps (levels) can be seen in the current record. The first level
shows the state when only 1 ion channel is open on the examined membrane patch, whereas the second
stage shows when two ion channels are open simultaneously so that their currents are summed, the
amplitude of the "simultaneous opening" is twice of the one characteristic for the opening of a single
channel. Simultaneous opening is observed at a membrane potential of +50 mV, where the probability of
opening of individual channels is high enough for two opening events to occur simultaneously.
When whole-cell currents are derived from the microscopic single channel currents, the individual channel
current (ix) must be multiplied by the number of channels (n) and their open probability (Po):
Ix= ix n  Po=n  Pox (Em Ex)
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Gating is an essential feature of ion channels. This means that upon proper stimulus the conformation of the
ion channel changes, resulting in different functional and structural states of the channels.
The ion channels are in their closed, non-conductive state when they are at rest. When exposed to the right
stimulus, their structural state becomes open, and functionally they become conductive. We classify ion
channels based on these stimuli ("signals"). Five major groups can be distinguished: voltage-gated channel (A),
ligand-gated channel (B), i.c. messenger gated channel (C), membrane stretch-gated channel (D), and
background channel (E).
voltage-gated channel (A): the channel is closed at a negative membrane potential, the pore is not permeable
to the ion (here Na+, pictogram A-left); the pore becomes permeable to the ions (channel goes from Closed (C)
to Open (O) state, (CO)) upon depolarization (shown by the arrow, Em). Typical examples: voltage-gated
Na+ and K+ channels of nerve cells.
ligand-gated channel (B): as the extracellular ligand (blue circle) binds to the closed channel (B-left pictogram),
the ligand-bound channel (B-right pictogram) opens and the pore becomes permeable to ions (CO). A typical
example is the nicotinergic acetylcholine receptor in the neuromuscular junction synapse, this receptor opens
upon acetylcholine binding. These neurotransmitter-gated receptors are also called ionotropic receptors.
i.c. messenger-gated channel (C): as the intracellular ligand (red circle, second messenger) is bound to the
closed channel (C-left pictogram) the ligand-bound channel (C-right pictogram) opens and the pore becomes
permeable to ions (CO). A typical example of this channel type is in rod cells, the cGMP-gated cation channel
opens upon cGMP binding and closes upon unbinding of cGMP.
membrane stretch-gated channel (D): the closed channel (D-left pictogram, broad-based triangle showing
tension of resting membrane) is exposed to change in membrane tension () and consequently it opens (C-
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right pictogram, narrow tapered, elongated triangles show an increase in membrane tension) and the pore
becomes permeable to ions (CO). Typical examples are the stretch-gated Cl channel that opens upon cell
swelling in lymphocytes (see cell biology) or the “tip-link K+ channel” opened upon pull by the tip-link in inner
hair cells (see biophysics of the auditory system)
background channel (E): this ion channel type is involved in maintaining the resting membrane potential of
nerve and muscle cells. This channel type is regulated by a multitude of molecules and physical influences
which keep a fraction of the channels open continuously, thus providing a high K+ conductivity of the resting
membrane. Under experimental conditions, factors controlling the transition between CO states can be
identified (e.g., pH, temperature, membrane lipids, etc., these activating agents / molecules / environmental
factors are symbolized with different colored circles). From the physiological point of view the cumulative action
of these factors is important, which keeps a fraction of channels always open, thus, these channels are called
background K+ channels.
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• The function of ion channels is to conduct ionic currents. From a functional point of view, ion channels can be in
two states: conducting or non-conducting, i.e. the pore is permeable to ions or not.
• Conducting or non-conducting states can be implemented by a variety of structures. The non-conductive state of
several voltage-gated channel types can be accomplished by two structural states, the closed state (C) and the
inactivated state (I). The molecular structure of these states is different, but functionally are the same: they are
non-conducting states, the pore is impermeable to ions. The difference between the C and I states of voltage-gated
Na+ channels is very important for physiology, see action potential.
• A: typical gating scheme for voltage gated Na+ channels. At the resting membrane potential this channel type is in
a non-conducting closed state (C). Depolarization (Em, depol.) causes the channels to open (O), which is a
conductive state, the pore becomes permeable to ions. Subsequently, at depolarized membrane potential
(sustained depol.), the channels transit to the non-conducting inactivated state (I). The channels can recover from
the inactivated state and return to the closed state by membrane repolarization (the process of recovery from
inactivation), which requires time at a negative membrane potential (during repolarization, abbreviated as repol.)
• B: When the membrane is depolarized (membrane potential is switched from -120 mV to +50 mV, see voltage step
below the current trace), the individual ion channel transits from closed (C) to the open (O) state (upward step-like
jump in the current) and after approx. 200 ms (the membrane is still depolarized at +50 mV), the channel enters a
non-conductive inactivated (I) state.
• C: When many identical ion channels are expressed in a cell and their currents are measured simultaneously a
continuous current trace can be measured. The shape of the current trace is determined by the statistical
summation of COI transitions occurring at the single channel level. The very quick rising phase of the current
is called activation whereas the slow decay is called inactivation of the whole-cell current. The membrane potential
was artificially changed from 120 mV to +50 mV here, the same way as in panel B (see voltage protocol above the
current trace). The whole-cell current is not pA but nA (nano, 10-9 A) since many ion channel currents are measured
simultaneously and thus, individual channel currents cumulate. The zero nA current is indicated by the dotted line.
• There are channels with multiple open states as well. These states are common in that they are all conducting
states but conduct currents of different magnitudes. These open states have different molecular structures.
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A: structure of a pore-forming () subunit of a voltage-gated K+ channel. One subunit consists of six
transmembrane -helical segments (S1-S6) and the intra- and extracellular loops connecting them. Of the
helixes, the 4th (S4) plays a prominent role in voltage sensing (voltage sensor), it contains many positively
charged amino acid residues. The extracellular loop connecting the S5 and S6 helices contributes to the
formation of the ion-selective pore by protruding back into the membrane between the helices. It is also
important to mention the N-terminal peptide loop (see later, inactivation unit).
• B: top view of the ion channel formed by the four, pore forming  subunits. The four subunits are not
covalently linked to each other, the tetrameric channel is assembled in the endoplasmic reticulum. The central
pore of the channel shows the K+ that is passing through.
C: Schematic drawing of two opposing subunits of the tetrameric channel with the main structural elements.
The channel consists of two main domains:
o The voltage sensor domain consists of helices S1-S4 (there are 4 voltage sensors per channel). This part
senses a change in membrane potential.
o The pore domain is made up of the four subunits, with the addition of the S5-S6 helices and the S5-S6
extracellular loops from each subunit.
o The connection between the voltage sensor domain and the pore domain is established by S4-S5 linker.
o The most important part of the pore domain is the selectivity filter provided by the extracellular loops
connecting the S5-S6 helices. This is responsible for allowing only one type of ion to pass through the pore.
o At the cytosolic entrance to the pore the intersection of the S6 helixes forms the physical gate that allows
or prevents the passage of ions, depending on the membrane potential (i.e., the position of the voltage
sensor domain). The intersection of the S6 helixes of the four subunits opens or closes the pore with a
movement similar to the iris of a photo camera.
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A: Four auxiliary subunits are connected the to the pore-forming  subunit of the voltage-gated
Ca2+ channel expressed in skeletal muscle. Their most important task is to fine tune the operation
of the  subunit.
The presence of the subunit, for example, increases the Ca2+ current.
This effect is so significant that certain mutations in the -subunit (B) cause a very significant
decrease in the Ca2+ current.
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A: membrane depolarization (Em) also means a change in electric field, which “grabs” the resting
voltage sensor domain (electrostatic interaction between the electric field and the positively charged
domain) and moves it towards the extracellular compartment.



Movement of the domain also means that charged amino acid residues are transferred from one side
of the membrane to the other, which represents an ion current (= charge displacement) and can be
measured as a gating current (not shown).



The movement of the voltage-sensing domain can be directly measured and monitored over time by
changes in the light emission of fluorescent dyes bound to the tip of the S4 helix. This is the VCF,
voltage-clamp fluorometry technique (not shown).



B: The electric field "grabs" the voltage sensor through the positively charged amino acid residues of
S4. By replacing one of the arginines (a positively charged amino acid residue) of the S4 helix of a
voltage-gated K+ channel with Q (glutamine, an uncharged amino acid, R368Q mutant), the number
of charges to be “grabbed” is reduced, making the mutant channel less sensitive to changes in
membrane potential.



The curve in Fig. B shows the voltage-dependence of the K+ conductance of the membrane in this
experiment. The graph is called the normalized G-V curve, which gives a good approximation of the
membrane potential dependence of the channel opening probability (Po-V relationship). The
characteristic parameter for this curve is V1/2, the membrane potential where the opening probability
is 0.5, i.e. statistically half of the channels are open.



Neutralization of arginine in the mutant channel reduces the sensitivity of the channel to membrane
potential change, a greater depolarization is required to achieve a given opening probability, thereby
shifting V1/2 towards depolarization.
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A) At the resting membrane potential wild-type voltage-gated K+ channels are closed, they open upon
membrane depolarization (Em), and after a short time (t), the inactivation unit (inactivation ball) located at
the N-terminus of the channel protein plugs (seals) the ion-permeable pore. This is called N-type inactivation,
implying that the N-terminus of the channel is responsible for the phenomenon. Features are:
o occurs at a depolarized membrane potential
o the channel activation gate is open (see previous slides for explanation of the activation gate)
o the inactivation unit (ball) plugs the pore, the channel is non-conductive despite all other conditions are set
forth its operation
o the binding of the inactivation unit is a stochastic process due to Brownian motion, only depends on time
(t). The tetrameric K+ channel has 4 inactivation units (one per subunit); one is shown for clarity.
o The inactivation process is clearly visible in the right panel (B). Following the depolarization of the
membrane (Em) the current is rapidly activated and inactivated in a few ms (the displayed currents were
measured at different Em values).
B, The mutant () K+ channel lacks inactivation (lower panel of B).
o The deletion of N-terminal amino acids 6-46 that form the inactivation unit (“no ball”, ) results in a
non-inactivating current, the channels remain open after t time - no inactivation.
o The lack of inactivation is clearly visible in the right panel, after the change in the membrane potential (Em)
the currents are rapidly activated but not inactivated throughout the measurement.
Voltage-gated Na+ channels are also inactivated by a similar mechanism.
Recovery from inactivation after depolarization requires holding the membrane at negative membrane
potential for a long time (several x 10 ms – or x 10 s), depending on the channel. The negative membrane
potential promotes the dissociation of the inactivation unit (ball) from the pore. The ball itself has multiple
positive charges and is "pulled" out of the pore by the negative charge of the inner surface of the membrane at
repolarized potential.
During C-type inactivation, the open channel becomes non-conductive by narrowing the selectivity filter, which
prevents ions from passing through.
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Selectivity of ion channels means that a given channel is permeable to a well-defined or a well-defined
set of ions.
In general, there is a relationship between the number subunits comprising an ion channel and its
selectivity, but the correspondence is not mutually unambiguous, there are many exceptions
highly selective channels:
o are usually made up of 4 subunits
o they are permeable to a well-defined ion type, based on which we distinguish K+, Na+, Ca2+ or Cl
channels. Their selectivity is not absolute, the highly selective voltage-gated K+ channel for
example allows to pass 1 Na+ for 1000 K+ through the pore (denoted as 1000:1 selectivity)
o examples: voltage-gated K+ and voltage-gated Na+ channels in nerve cells
mildly selective channels:
o are usually made up of 5 subunits
o they are permeable to multiple ions of the same charge, e.g. permeable to cations or anions
o examples: nicotinergic acetylcholine receptor (nAchR): permeable to K+, Na+ and Ca2+ in the
muscle cell membrane in nerve-muscle synapse (neuromuscular junction)
non-selective channels:
o are usually made up of 6 subunits (connexin molecules)
o pass multiple ions and molecules up to ~ 1000 Da in molecular mass
o example: gap junction channel among cardiac myocytes.
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A, Selectivity by size: ions that cannot penetrate the pore cannot pass through the membrane. This means
the exclusion of molecules larger than 1kDa in case of the Gap Junction channel (molecular sieve effect).
• B, Selectivity by charge: the entrance to the channel pore is surrounded by charged amino acid residues
(negative charges in the figure) that attract the opposite charged ions (green cations in the figure) while
repelling ions of the same charge (negatively charged ions by red circles). The red arrows show repulsive
interaction, the thick purple arrows show the movement of repelled ions. This example can be used to
understand the mechanism of selectivity of channels having intermediate selectivity.
• C, Selectivity by specific interactions: The figure shows a schematic view of the selectivity filter of the
high-selectivity K+ channel. The K+ ions passing through the selectivity filter interact specifically with the
narrowest part of the channel, both charge and size matters (see below). As a result, only K+ is likely to
pass the selectivity filter. This example can be used to understand the mechanism of selectivity of highly
selective channels.
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A: The selectivity mechanism of the highly selective K+ channels was understood from the X-ray crystallographic
image of the channel pore, for which MacKinnon received the Nobel Prize in 2003. The central structural
element of the selectivity filter is the GYG(D) sequence (highlighted in red), with one such element per subunit
and a total of four such constituting the selectivity filter in a tetrameric channel. The selectivity filter is the
narrowest part of the channel pore.
B: Sketch of the selectivity filter in side-view showing two opposing subunits. The carbonyl oxygens of the amino
acids that make up the filter (i.e., not the side-chain oxygens but the oxygens attached to the  carbon atoms
of the peptide backbone) are turned towards the pore, where they interact with the passing K+ ion.
C: K+ and Na+ in an aqueous solution are surrounded by H2O as a hydrate shell, oxygens of the water molecules
turn towards the ion in the center (brown, O highlighted). Ions with hydrate shells do not fit into the selectivity
filter. The loss of the hydrate shell has a high-energy expenditure, 322 kJ/mol and 406 kJ/mol for K+ and Na+,
respectively.
However, K+ easily passes from the aqueous medium into the selectivity filter (top view of the pore, K+ in the
center, left side, bottom), since the carbonyl oxygens present in the filter are at exactly the same distance as
the oxygens of the hydrate shell in the aqueous solution ("surrogate water, surrogate hydrate shell"). Entering
the filter dos not form an energy barrier for K+ (carbonyl oxygens substitute for hydrate shell oxygens).
For a Na+ with a smaller ion radius entry into the pore is energetically unfavorable (top view of the pore, Na+ in
the center, right side, bottom), the carbonyl oxygens are too far apart to replace the hydrate shell oxygens.
Because of this, Na+ passes through the K+ channel very rarely, even though Na + has an ionic radius smaller
than that of K+ (so Na+ should fit by size!)
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Schematic representation of the nicotinergic acetylcholine receptor (nAchR) illustrates the details of
the selectivity mechanism of a mildly selective channel. It is important to emphasize that it is a
nicotinergic channel, as there is also a so-called muscarinic AchR (mAchR). The nAchR is an ionotropic
receptor, the extracellular ligand binds to the channel and opens it. In contrast, Ach binding to the
mAchR initiates a signaling cascade (see cell biology, metabotropic receptors)
located in the postsynaptic membrane (muscle cell) of the nerve-muscle synapse (neuromuscular
junction)
the pentameric channel consists of two Ach binding  subunits and one each of the and  subunits.
two negatively charged amino acid rings (red circles, arrows label them as filter) are responsible for
selectivity, the pore of the channel is permeable to cations only. Under experimental conditions the
channel is permeable to K+, Na+ and Ca2+. Physiologically the inward Na+ and Ca2+ currents are
significant, which causes the depolarization of the muscle cell.
The competitive antagonist of nAchR is curare, a highly toxic molecule extracted from the skin of the
arrow poison frog. It displaces the natural ligand (Ach) from the ligand binding site but does not
activate the nAchR. This results in a flaccid paralysis in the skeletal muscles. In practice, modern
analogues (e.g. d-tubocurarine) are used as muscle relaxants during surgical anesthesia, relaxing the
muscles of the patient undergoing surgery facilitates the work of the surgeons and provides the
opportunity for artificial ventilation and proper use of anesthetic gases. Because of the paralysis of
the respiratory muscles, ventilation is required.
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The patch-clamp technique is a single-cell based electrophysiological method. It can be operated in voltageclamp mode (to measure current) or current-clamp mode (to measure voltage).
(panel B): Voltage-clamp mode allows the measurement of individual ion channel currents or currents flowing
through all ion channels in the entire cell. Voltage-clamp means that the membrane potential is kept constant,
regardless of the magnitude and direction of the ion currents flowing through the membrane. At a constant
membrane potential, the charging current of the cell membrane (Ic, the membrane acts as a capacitor, Cm is the
membrane capacitance) is zero (Ic=Cm dV/dt, if dV=0, then Ic=0). At this point, the current flowing through the
electrode (Ip) will be equal to the ion current flowing through the membrane (I m)
In I = 0 current-clamp mode the membrane potential of a cell can be measured. In this case the pipette
potential (Vp) is adjusted to give zero pipette current (Ip=0). This Vp is the membrane potential.
The most important technical features of the patch-clamp technique (panels A and B):
o cells are in a recording chamber mounted on the stage of an inverted field microscope. The chamber is
filled with physiological saline.
o the membrane is touched with a glass pipette having a tip diameter of ~1 µm and filled with a saline (A)
o a contact between the cell and the membrane is formed having high electrical resistance and mechanical
stability. This is called a giga-seal connection (Giga  resistance) ensuring that the current flowing through
the pipette tip opening (Ip) is equivalent to the ion current flowing through the membrane (Im).
o the pipette filling saline is connected to the patch-clamp amplifier via an Ag/AgCl electrode. The amplifier
brings the Vp pipette potential, using an operational amplifier, to the Vhold value set by the experimenter. If
Ip pipette current is flowing, the output of the operational amplifier (V out) will be such that Vhold and Vp are
equalized. Then, from the equation (Vout-Vhold) = IpxRf, the unknown pipette current Ip can be determined.
Thus, the patch-clamp amplifier sets the pipette potential to a constant value while measuring the Ip
pipette current.
o in voltage-clamp mode, the patch-clamp amplifier sets the pipette potential (Vp) and with this the
membrane potential (Em) as well and measures the current (Ip). The result of such a measurement is shown
in panel C, current traces of different colors were measured in a human T lymphocyte at the membrane
potentials indicated (color-matched traces and voltage protocol).
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The relationship between the pipette, the cell membrane, and the ion channels within classifies four
patch-clamp configurations that have certain advantages and disadvantages.
A: cell-attached patch: the starting point for all patch-clamp configurations. The opening of the pipette
tip adheres tightly to the membrane of the intact cell, creating a high resistance giga-seal between the
membrane and the glass. Given that the electrically isolated membrane patch engulfed by the pipette tip
opening contains a single ion channel then the current of an individual ion channel can be measured
during a voltage-clamp measurement (red arrow points to the single channel record below). The
technique was originally invented for this recording configuration, hence its name: patch-clamp
(membrane patch under voltage-clamp).
o
o

Advantages: single ion channel current measurement, intact cell
Disadvantage: It is difficult to administer pharmacologic agents from the pipette filling solution
side

B: inside-out patch: vigorously retracting a pipette that had adhered to the membrane in the previous
step excises a membrane patch out of the cell. The cytosolic surface of the ion channel in the membrane
patch becomes in contact with the extracellular solution (blue) surrounding the cell. Therefore, the
configuration is called an inside-out configuration.
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o
o

Advantages: single ion channel current measurement, high precision in the characterization of ion
channel inhibitors or activators acting on the cytosolic side of the channel/pore
Disadvantages: the membrane patch loses its contact with the cell (cell-free recording)

C, whole-cell configuration: The membrane patch engulfed by the pipette tip opening in the cell-attached
patch configuration is ruptured by a vacuum pulse applied to the inside of the pipette. Thus, the pipette
filling electrolyte contacts the cytosol (beige), replacing the cytosolic solution completely with the pipette
filling electrolyte ("dialysis" of the cell) within a short period of time.
o
o

Advantages: The ion current of all ion channels in the cell membrane can be measured
simultaneously, high precision pharmacology.
Disadvantages: single ion channel openings and closings are no longer visible, the sum of currents
is recorded, cell dialysis, technical problems when the currents are large

• outside-out patch: We slowly begin to retract the patch pipette from the cell in whole-cell configuration.
At a critical point the membrane ruptures and the free membrane ends "reseal" to form a miniature
vesicle at the tip of the patch pipette, which may contain a single ion channel. The orientation of the ion
channel in this configuration is such that its extracellular surface faces the extracellular solution (blue),
hence, the name of the configuration is outside-out.
o

o

Advantages: single ion channel current measurement, high precision characterization of ion
channel inhibitors or activators that act on the extracellular surface of the channel, quasi-ideal
measurement conditions due to small current amplitudes.
Disadvantages: the membrane patch loses its contact with the cell (cell-free recording)

20

All ion channel currents in the cell membrane are simultaneously measured in the whole-cell
configuration. Selective inhibitors must be used to study these currents separately.
The red curve labeled "A" represents the total current of a neuron, the current is inward below the dotted
line and outward above the dotted line. The inward current can be selectively inhibited by the potent
neurotoxin of the pufferfish, tetrodotoxin (TTX). This toxin is a highly potent inhibitor of voltage-gated
Na+ channels, with a median lethal dose of 334 µg/kg in mice – this value is 8.5 mg/kg for cyanide, i.e.,
TTX is a much more lethal compound than cyanide. The toxin inhibits single voltage gated Na+ channels at
nanomolar (nM) concentrations. (The pufferfish is a delicacy in Japan, due to its TTX content it causes 3050 poisonings a year, even though the fish is cooked by specialist chefs).
The black current curve "B" is the residual current measured in the presence of TTX. This residual current
is solely an outward current, this is how the K+ current (IK) of nerve cells looks like. It has the following
characteristics: slow activation kinetics (still pretty fast being on the ms time-scale but slower than the
inward current); no inactivation is present during the 5 ms time window shown.
The current trace on the bottom panel (labeled C) in red is the difference between trace A and trace B.
That is, the total current (current trace A) minus the K+ current (current trace B) yields the inward Na+
current (C, INa). The graph shows that the Na+ current is activating rapidly (faster than the K+ current,
trace B) and then the current completely inactivates in a few ms.
The experiment can also be performed by current separation in the reverse order. IK can be inhibited by
tetraethylammonium ions (TEA+), the residual current after this step is the inward Na+ current (INa).
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• The GHK equation contains permeability constants pK, pNa and pCl. Ion channels make the membranes
permeable to ions. Opening of an ion channel increases permeability of the membrane to the ion the
channel is permeable for, the channel conducts ion current (= transfers charges), and thus, sets the resting
membrane potential of the cells to a new value.
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• Schematic diagram of a neural action potential. The development of the AP depends on the proper
functioning of voltage-gated ion channels. (see more details in the AP lecture booklet)
• Voltage-gated Na+ channels open during the depolarization phase and a net Na+ current flows into the
cell, causing further depolarization. This opens more Na+ channels, resulting in an even greater Na+
current, which gives the AP a rapid rise. The Na+ permeability reaches its peak in less than 1 ms and begins
to decrease. This is due to the inactivation of the Na+ channels (bottom panel, red curve).
• Voltage-gated K+ channels start opening during the depolarization phase, but mainly during the
repolarization phase, and the net outward K+ current repolarizes the membrane. The K+ permeability
reaches its peak during the repolarization phase of the AP, between 1-2 ms, then it begins to decline. The
decline is because the membrane repolarizes and the K+ channels close in the absence of an activation
signal (i.e. the membrane is no longer depolarized).
• There is an important difference between the gating kinetics of voltage-gated Na+ and K+ channels. The
activation kinetics of Na+ channels (that is, how fast they open) is much faster than that of the K+
channels. This difference in their time-course ensures that the action potential is formed. If the two
channel types would open at the same rate upon membrane depolarization, then no action potential
would develop: the depolarizing Na+ current would be counterbalanced by the repolarizing K+ current.
• Voltage gated Na+ channel inactivation is required for AP repolarization, the K+ current can effectively
repolarize the membrane in the absence of a counterbalancing Na+ current.
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Action potential (AP) requires a depolarizing Na+ current and repolarizing K+ current. Despite the net
currents, there is no significant change in the cytosolic Na+ and K+ concentrations during a single AP.
In contrast, when Ca2+ channels open in the plasma membrane, the inward Ca2+ current causes a
significant change in cytosolic free Ca2+ concentration. That is, not the change in membrane potential
(not the electrical signal), but the change in the ion concentration (the chemical signal) is the primary
consequence of the channel function.
Bottom panel: inward Ca2+ current through the voltage-gated Ca2+ channel (1, circled in red) at the
nerve terminal increases the Ca2+ concentration and causes the synaptic vesicles to be released.
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•

Myasthenia gravis: An autoimmune disease in which 'blocking' antibodies are formed against the
nAchR in the neuromuscular junction (NMJ). Some of these antibodies bind to the  subunit of the
nAchR such that they inhibit the binding of Ach, the natural ligand. Thus, synaptic stimulation of
muscle contraction becomes impossible. The antibodies also include those that increase the
endocytosis of the nAchR receptor due to the cross-linking of the receptors. This reduces the number
of receptors and the efficiency of stimulation resulting in severe muscle weakness. The first sign of
this is difficulty in swallowing, and the most noticeable is the difficulty in raising the eyelid. The
frequency of the disease is 8-9/100,000.
Lambert-Eaton syndrome: Here, autoantibodies also inhibit NMJ function, but in this disease
antibodies bind to the to the voltage-gated Ca2+ channel  subunit (P/Q-type, Cav2.1 channel) on
the presynaptic nerve terminal. This causes channel internalization and the reduction of the number
of Ca2+ channels and a consequent decrease in the Ca2+ signal required for the release of the synaptic
vesicles, and consequently, muscle weakness.
Na+ channel myotonia (Sodium Channel Myotonia): A manifestation of a wide variety of myotonia
diseases. It is a hereditary disease, affects the voltage-gated Na+ channel type (Nav1.4) expressed in
skeletal muscles. It is caused by gain of function mutations that result in an increased Na+ current
due to insufficient inactivation of the Na+ channel. This results in increased muscle cell excitability,
increased muscle tone, and involuntary muscle contractions following completion of a muscle
movement.
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•

•
•

Malignant hyperthermia: Mutation of the ligated-gated Ca2+ channel (ryanodine receptor, RYR)
expressed in the sarcoplasmic reticulum (SR) of striated muscle cells (this receptor is in an
intracellular membrane, not in the cell membrane). The mutation results in the uncontrolled release
of Ca2+ from the SR during surgical anesthesia induced by halogenated anesthetic gases (eg,
halothane). Ca2+ release from the SR results in muscle tremors and the resulting excess heat
(conversion of chemical energy to muscle contraction has a very low efficiency, a lot of waste heat is
generated) critically raises the patient's body temperature.
Cystic Fibrosis (CF), supplement to the figure: Loss of function mutation of the Cl channel causes the
disease.
Hyperekplexia, supplement to the figure: The loss of function mutation of the glycine receptor in the
brainstem and spinal cord causes the disease. The glycine receptor is a ligand-gated ion channel, its
normal function in inhibitory synapses is the hyperpolarization of the postsynaptic cell. The loss of
function mutation causes the loss of the hyperpolarization required for an adequate balance of
excitatory and inhibitory effects, thereby leading to an increase in depolarizing effects and seizures.
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A) The upper left panel shows the normal action potential of a heart muscle cell (red curve). The direction
and magnitude of the ion currents forming the action potential are indicated by arrows. The green arrows
pointing downward show the depolarizing inward Na+ current and the yellow arrows pointing upwards
show the repolarizing K+ currents. IKs and IKr represent two different K+ currents having different
molecular, pharmacological and biophysical properties. The lower left panel shows a normal ECG, the time
between ventricular depolarization and repolarization is the Q-T interval measured from the beginning
of the Q wave to the end of the T wave. Although ECG does not measure the action potential of an
individual cardiomyocytes, the time between depolarization and repolarization of individual myocytes
determines the Q-T interval. If we synchronize the QRS complex with the start of the AP depolarization,
then AP repolarization coincides with the T wave.
B) In the case of long QT syndrome (LQT), the individual action potential of individual cardiomyocytes is
prolonged and with this the Q-T interval is also increased in the ECG (compare the positions of the Q and
T waves on panels A and B). LQT syndrome can result in severe, fatal cardiac arrhythmias (e.g. ventricular
fibrillation). The cause of the prolonged AP in LQT syndrome is either an increase in depolarizing currents
or a decrease in repolarizing currents. In the former case, it is more difficult to repolarize the cell against
the higher depolarizing current. In the latter case, the reduced repolarizing K+ currents can repolarize the
cell with a delay and at a reduced rate (even in the presence of normal depolarizing currents). There are
many reasons for these phenomena, two of which are highlighted below:
•

•

Increased depolarizing current is generated due to a gain of function mutation of the
cardiomyocyte voltage-gated Na+ channels (Nav1.5). These mutation affects the inactivation
mechanism, slower and incomplete Na+ channel inactivation results in increased Na+ current
AP prolongationLQT syndrome
Decreased repolarizing current may occur due to a loss-of-function mutation in voltage-gated K+
channels. The mutation causes a decrease in cell surface expression of K+ channels or a
lack/decrease of the K+ conductance of the pore. This results in a decreased repolarizing K+
current AP prolongation LQT syndrome.
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Supplement to the molecular mechanism of lidocaine action:
Lidocaine is a membrane permeant Na+ channel blocker that binds to the cytosolic entrance of the open
Na+ channel pore. Blocking the channel reduces the Na+ conductivity of the membrane, and thus, inhibits
the spread of AP on nerve fibers  local anesthetic effect. Lidocaine contains atoms that can be
reversibly protonated at low pH and the molecule will have a net + charge. At this point, lidocaine is unable
to cross the cell membrane and to exert its local anesthetic effect. This may occur during dental
procedures, lidocaine injected into the inflamed gingival tissue (low local pH) is unable of relieving pain.
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FDA-approved drugs acting on ion channels accounted for 18% of the drug portfolio in 2017, with 19% of
drug target molecules being ion channels. This offers enormous potential for ion channel research, and
the patch-clamp technique is of paramount importance. Drug molecules can influence the action of ion
channels through a number of mechanisms. The main mechanisms of ion channel inhibition are:
A, Pore blocker, inhibition by plugging the pore on the extracellular side, inhibition of current conduction.
This is the mechanism by which the aforementioned tetraethylammonium or the scorpion toxin
derivatives block K+ channels and how the previously mentioned TTX blocks the voltage-gated Na+ channel
of neurons.
B, Pore blocker, inhibition from the intracellular side, blocking of the pore, inhibition of current
conduction. This is the molecular mechanism of action of the local anesthetic lidocaine. It is important to
note here that the drug molecule must be membrane permeable to exert its effect.
C, Gating modifier: The ion permeation and/or the open probability of the channel, represented by the
thickness of the red double-headed arrow, is modulated by binding of a drug (red diamond) to the
channel. The upper right panel shows increased, whereas the lower right panel shows inhibited ion
conduction upon binding of the drug molecule.
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D, competitive antagonists. Some inhibitors (red diamond) of ligand gated ion channels bind to the site
of the natural ligand (blue square), displace the natural ligand from its binding site (or inhibits its binding),
but do not activate the channel. Such a molecule e.g. the aforementioned arrow poison frog toxin, curare,
acting on the nAchR.

30

