FIGURE LEGENDS
FIGURE 5.1 Intracellular recording of the membrane potential and action potential generation in the squid giant axon. (A) A glass micropipette, about 100 μm in diameter, was filled with seawater and lowered into the giant axon of the squid after it had been dissected free. The axon is about 1 mm in diameter and is transilluminated from behind. (B) One action potential recorded between the inside and the outside of the axon. Peaks of a sine wave at the bottom provided a scale for timing, with 2 ms between peaks. From Hodgkin and Huxley (1939).
FIGURE 5.2 Differential distribution of ions inside and outside plasma membrane of neurons and neuronal processes, showing ionic channels for Na+, K+, Cl−, and Ca2+, as well as an electrogenic Na+–K+ ionic pump (also known as Na+, K+-ATPase). Concentrations (in millimoles except that for intracellular Ca2+) of the ions are given in parentheses; their equilibrium potentials (E) for a typical mammalian neuron are indicated.

FIGURE 5.3 The equilibrium potential is influenced by the concentration gradient and the voltage difference across the membrane. Neurons actively concentrate K+ inside the cell. These K+ ions tend to flow down their concentration gradient from inside to outside the cell. However, the negative membrane potential inside the cell provides an attraction for K+ ions to enter or remain within the cell. These two factors balance one another at the equilibrium potential, which in a typical mammalian neuron is −102 mV for K+.

FIGURE 5.4 Increases in K+ conductance can result in hyper-polarization, depolarization, or no change in membrane potential. (A) Opening K+ channels increases the conductance of the membrane to K+, denoted gK. If the membrane potential is positive to the equilibrium potential (also known as the reversal potential) for K+, then increasing gK will cause some K+ ions to leave the cell, and the cell will become hyperpolarized. If the membrane potential is negative to EK when gK is increased, then K+ ions will enter the cell, therefore making the inside more positive (more depolarized). If the membrane potential is exactly EK when gK is increased, then there will be no net movement of K+ ions. (B) Opening K+ channels when the membrane potential is at EK does not change the membrane potential; however, it reduces the ability of other ionic currents to move the membrane potential away from EK. For example, a comparison of the ability of the injection of two pulses of current, one depolarizing and one hyperpolarizing, to change the membrane potential before and after opening K+ channels reveals that increases in gK decrease the responses of the cell noticeably.

FIGURE 5.5 Passive response properties of neuronal element. (A) Idealized cylindrical neuronal process. The injection of current into a particular point in the process will result in the flow of ions across three paths: down the process through the axial resistance (Raxial) and across the membrane through the membrane resistance (Rmembrane) and capacitance (Cmembrane). The leak of current out of the process as it flows down the process and across the membrane will result in an exponential decrease in voltage. The point at which the voltage has reduced to 1/e (37%) of its original value is known as the length constant (λ). (B) Response of the membrane to the injection of a constant current pulse. Initially the injected current flows readily through the membrane capacitance (bottom trace). As this capacitative current (Icapacitance) decreases (bottom trace), there is a rise in charge inside the membrane and thus the voltage rises (Vmembrane; top trace). This increase in voltage inside the cell results in an increase in current flow across the membrane resistance (Iresistance). Turning off the current pulse will result in the opposite flow of current through the capacitance, and the membrane potential will return to it’s previous level with an exponential time course. The time it takes to move to 1/e (37%) of the steady state change in membrane potential is known as the membrane time constant (τ).

FIGURE 5.6 The voltage-clamp technique keeps the voltage across the membrane constant so that the amplitude and time course of ionic currents can be measured. In the two-electrode voltage-clamp technique, one electrode measures the voltage across the membrane while the other injects current into the cell to keep the voltage constant. The experimenter sets a voltage to which the axon or neuron is to be stepped (the command potential). Current is then injected into the cell in proportion to the difference between the present membrane potential and the command potential. This feedback cycle occurs continuously, thereby clamping the membrane potential to the command potential. By measuring the amount of current injected, the experimenter can determine the amplitude and time course of the ionic currents flowing across the membrane.

FIGURE 5.7 Voltage-clamp analysis reveals ionic currents underlying action potential generation. (A) Increasing the potential from −60 to 0 mV across the membrane of the squid giant axon activates an inward current followed by an outward current. If the Na+ in seawater is replaced by choline (which does not pass through Na+ channels), then increasing the membrane potential from −60 to 0mV results in only the outward current, which corresponds to IK. Subtracting IK from the recording in normal seawater illustrates the amplitude–time course of the inward Na+ current, INa. Note that IK activates more slowly than INa and that INa inactivates with time. From Hodgkin and Huxley (1952). (B) These two ionic currents can also be isolated from one another through the use of pharmacological blockers. (1) Increasing the membrane potential from −45 to 75mV in 15-mV steps reveals the amplitude–time course of inward Na+ and outward K+ currents. (2) After the block of INa with the poison tetrodotoxin (TTX), increasing the membrane potential to positive levels activates IK only. (3) After the block of IK with tetraethylammonium (TEA), increasing the membrane potential to positive levels activates INa only. From Hille (1977).
FIGURE 5.8 Generation of the action potential is associated with an increase in membrane Na+ conductance and Na+ current followed by an increase in K+ conductance and K+ current. Before action potential generation, Na+ channels are neither activated nor inactivated (illustrated at the bottom of the figure). Activation of Na+ channels allows Na+ ions to enter the cell, depolarizing the membrane potential. This depolarization also activates K+ channels. After activation and depolarization, the inactivation particle on the Na+ channels closes and the membrane potential repolarizes. The persistence of the activation of K+ channels (and other membrane properties) generates an after-hyperpolarization. During this period, the inactivation particle of the Na+ channel is removed and the K+ channels close.

FIGURE 5.9 Propagation of the action potential in unmyelinated and myelinated axons. (A) Action potentials propagate in unmyelinated axons through the depolarization of adjacent regions of membrane. In the illustrated axon, region 2 is undergoing depolarization during the generation of the action potential, whereas region 3 has already generated the action potential and is now hyperpolarized. The action potential will propagate further by depolarizing region 1. (B) Vertebrate myelinated axons have a specialized Schwann cell that wraps around them in many spiral turns. The axon is exposed to the external medium at the nodes of Ranvier (Node). (C) Action potentials in myelinated fibers are regenerated at the nodes of Ranvier, where there is a high density of Na+ channels. Action potentials are induced at each node through the depolarizing influence of the generation of an action potential at adjacent nodes, thereby increasing conduction velocity.

FIGURE 5.10 Structure of the sodium channel. (A) Cross section of a hypothetical sodium channel consisting of a single transmembrane α subunit in association with a β1 subunit and a β2 subunit. The α subunit has receptor sites for α-scorpion toxins (ScTX) and tetrodotoxin (TTX). (B) Primary structures of α and β1 subunits of sodium channel illustrated as transmembrane-folding diagrams. Cylinders represent probable transmembrane α-helices.

FIGURE 5.11 Neurons in the mammalian brain exhibit widely varying electrophysiological properties. (A) Intracellular injection of a depolarizing current pulse in a cortical pyramidal cell results in a train of action potentials that slow down in frequency. This pattern of activity is known as “regular firing.” (B) Some cortical cells generated bursts of three or more action potentials, even when depolarized only for a short period of time. (C) Cerebellar Purkinje cells generate high-frequency trains of action potentials in their cell bodies that are disrupted by the generation of Ca2+ spikes in their dendrites. These cells can also generate “plateau potentials” from the persistent activation of Na+ conductances (arrowheads). Thalamic relay cells may generate action potentials either as bursts (D) or as tonic trains of action potentials (E) due to the presence of a large low-threshold Ca2+ current. (F) Medial habenular cells generate action potentials at a steady and slow rate in a “pacemaker” fashion.

FIGURE 5.12 Voltage dependence and kinetics of different ionic currents in the mammalian brain. Depolarization of the membrane potential from −100 to −10 mV results in the activation of currents entering or leaving neurons.

FIGURE 5.13 Simulation of the effects of the addition of various ionic currents to the pattern of activity generated by neurons in the mammalian CNS. (A) The repetitive impulse response of the classical Hodgkin–Huxley model (voltage recordings above, current traces below). With only INa and IK, the neuron generates a train of five action potentials in response to depolarization. Addition of IC (B) enhances action potential repolarization. Addition of IA (C) delays the onset of action potential generation. Addition of IM (D) decreases the ability of the cell to generate a train of action potentials. Addition of IAHP (E) slows the firing rate and generates a slow after-hyperpolarization. Finally, addition of the transient Ca2+ current IT results in two states of action potential firing: (F) burst firing at −85 mV and (G) tonic firing at −60 mV. From Huguenard and McCormick (1994).
FIGURE 5.14 Two different patterns of activity generated in the same neuron, depending on membrane potential. (A) The thalamic neuron spontaneously generates rhythmic bursts of action potentials due to the interaction of the Ca2+ current IT and the inward “pacemaker” current Ih. Depolarization of the neuron changes the firing mode from rhythmic burst firing to tonic action potential generation in which spikes are generated one at a time. Removal of this depolarization reinstates rhythmic burst firing. This transition from rhythmic burst firing to tonic activity is similar to that which occurs in the transition from sleep to waking. (B) Expansion of detail of rhythmic burst firing. (C) Expansion of detail of tonic firing. From McCormick and Pape (1990).
