Heterologous expression
Expression of protein
molecules by the injection of
complementary RNA into the
cytoplasm (or complementary
DNA into the nucleus) of host
cells that do not normally
express the proteins, such as
Xenopus oocytes or
mammalian cell lines.

Spike

Another term for an action
potential (especially the
portion with the most rapidly
changing voltage).
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The action potential in
mammalian central neurons
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In the years since the Hodgkin-Huxley analysis of the
squid axon action potential', it has become clear that
most neurons contain far more than the two voltage-
dependent conductances found in the squid axon??.
Action potentials serve a very different function in neu-
ronal cell bodies, where they encode information in their
frequency and pattern, than in axons, where they serve
primarily to rapidly propagate signals over distance. The
membrane of the squid axon is a poor encoder, as it fires
only over a narrow range of frequencies when stimulated
by the injection of widely-varying current levels®. By
contrast, most neuronal cell bodies (in both vertebrate
and invertebrate animals) can fire over a far wider range
of frequencies and can respond to small changes in input
currents with significant changes in firing frequency®°.
Clearly, this richer firing behaviour depends on the
expression of more types of voltage-dependent ion chan-
nels. Interestingly, although the squid axon is strikingly
deficient as an encoder, some other invertebrate axons
can fire over a wide frequency range'! and have a richer
repertoire of ion channel types'?, as do at least some
mammalian axons®.

The presence of multiple channel types in most
neurons has been appreciated since at least the 1970s.
However, few were prepared for the staggering number
of distinct kinds of ion channels revealed over the last
two decades by the convergent techniques of patch-
clamp recording, heterologous expression of cloned chan-
nels and genomic analysis — including, for example,
more than 100 principal subunits of potassium chan-
nels'*. Even more surprising, perhaps, was the gradual
realization of just how many distinct voltage-depend-
ent conductances are expressed by individual neurons
in the mammalian brain — commonly including 2
or 3 components of sodium current, 4 or 5 different

Abstract | The action potential of the squid giant axon is formed by just two voltage-
dependent conductances in the cell membrane, yet mammalian central neurons typically
express more than a dozen different types of voltage-dependent ion channels. This rich
repertoire of channels allows neurons to encode information by generating action
potentials with a wide range of shapes, frequencies and patterns. Recent work offers an
increasingly detailed understanding of how the expression of particular channel types
underlies the remarkably diverse firing behaviour of various types of neurons.

components of voltage-dependent calcium currents, at
least 4 or 5 different components of voltage-activated
potassium current, at least 2 to 3 types of calcium-acti-
vated potassium currents, the hyperpolarization-acti-
vated current I, and others. Because of this complexity,
our understanding of how different conductances inter-
act to form the action potentials of even the best-studied
central neurons is still incomplete, even though Hodgkin
and Huxley devised the basic experimental approach still
being used — voltage-clamp analysis of individual time-
and voltage-dependent conductances and reconstruction
of the whole by numerical modelling — more than half
a century ago’. In this review I discuss differences in
the shape, rate and pattern of firing of action potentials
between various types of neurons, focusing on mam-
malian central neurons, and review recent advances in
understanding the role of specific types of ion channels
in generating these differences.

All spikes are not alike

The shape of action potentials (BOX 1) differs consid-
erably among various types of neurons in the mam-
malian brain (FIC. 1). For example, in the cortex and
hippocampus, GABA (y-aminobutyric acid)-releasing
interneurons generally have narrower spikes than gluta-
matergic pyramidal neurons. This is seen most clearly
in intracellular recordings, in which spike shape can be
determined precisely®*'>'® (FIC. 1), but the difference in
spike width is also evident from extracellular record-
ings in vivo". Cells with narrow spikes also commonly
(but not always®) display ‘fast-spiking’ behaviour: being
capable of firing at high frequencies with little decrease
in frequency during prolonged stimulation®®%118-20,
Recently, the fast-spiking phenotype has been related to
expression of the Kv3 family of voltage-gated potassium

NATURE REVIEWS | NEUROSCIENCE

© 2007 Nature Publishing Group

VOLUME 8 [JUNE 2007 | 451




REVIEWS

Projection neurons
Neurons with relatively long
axons that project out of a
local circuit (distinct from
interneurons).

Bursting

The firing of a rapid series of
several action potentials with
very short (less than ~5 ms)
interspike intervals.

Adaptation
Slowing or cessation of firing
during a maintained stimulus.

Initial segment

The slender initial region of an
axon where it originates from
an axon hillock of the cell body
(or sometimes from a major
dendrite), characterized by the
fasciculation of microtubules.

Box 1 | Anatomy of an action potential
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The figure shows an action potential recorded from a
pyramidal neuron in the CA1 region of a rat
hippocampus!", illustrating commonly measured
parameters. The action potential was elicited by the
injection of just-suprathreshold depolarizing current
(purple). Use of a brief (1 ms) injection has the advantage
that the spike and the afterpotentials are not directly
influenced by the current injection. The response to a
subthreshold current injection is also shown (red). Resting
potential (V__)is typically in the range of -85 mV to-60 mV
in pyramidal neurons. Voltage threshold (V,, ) is the most
negative voltage that must be achieved by the current
injection for all-or-none firing to occur (in this neuron it is
about-53 mV, a typical value). Threshold is less well
defined for spontaneously firing neurons, especially in
isolated cell bodies where transition from gradual
interspike depolarization to spike is typically less abrupt

than in slice recordings, and for such cases threshold is more easily estimated from phase-plane plots (FIC. 2). The upstroke
(also called the depolarizing phase or rising phase) of the action potential typically reaches a maximum velocity at a voltage
near 0 mV. Overshoot is defined as peak relative to 0 mV. Spike height is defined as the peak relative to either resting
potential or (more commonly) the most negative voltage reached during the afterhyperpolarization (AHP) immediately
after the spike. Spike width is most commonly measured as the width at half-maximal spike amplitude, as illustrated. This
measurement is sometimes referred to, confusingly, as ‘half-width’ or ‘half-duration’; ‘half-height width’ would be clearer.
As is typical for pyramidal neurons, the repolarizing phase (also called ‘falling phase’ or ‘downstroke’) has a much slower
velocity than the rising phase. Figure modified, with permission, from REF. 117 © (1987) Cambridge Univ. Press.

channels, the rapid and steeply voltage-dependent acti-
vation and deactivation kinetics of which are well-suited
for generating narrow action potentials and short refrac-
tory periods®*'-?’. The fast-spiking phenotype is not con-
fined to interneurons, since Purkinje neurons (which are
GABAergic projection neurons) also fire steadily at high
frequencies and have narrow action potentials that are
repolarized mainly by Kv3-mediated currents*-*'. Nor
are all fast-spiking neurons GABAergic, as neurons of
the subthalamic nucleus, which are glutamatergic, have
this phenotype”* and express large potassium currents
mediated by Kv3-family channels®. The calyx of Held,
a presynaptic glutamatergic terminal, also has narrow
spikes with repolarization by Kv3 channels and can fire
at high frequencies®.

The distinctive phenotype of fast-spiking neurons
with narrow action potentials is unusual in that it
presents a general correlation across many neuronal
types between firing behaviour and action potential
shape. In general, however, firing behaviour can take
many different forms of patterns and frequencies, with
little obvious correlation with spike shape®!>*7*. The
firing pattern of a neuron (which includes frequency
of firing as a function of stimulus strength, bursting versus
non-bursting activity and adapting versus non-adapting
behaviour) is probably a more important physiological
property than the shape of the spike. However, the two
cannot be cleanly separated, as differences in ionic con-
ductances producing differences in firing patterns will in
general also produce differences in spike shape, although
these may be more subtle. Spike shape per se is probably
most significant at presynaptic terminals, where small
differences in shape can produce changes in the timing of
presynaptic calcium entry, leading to dramatic changes
in postsynaptic currents. Interestingly, spike shape in

presynaptic terminals can be quite different to that in
the cell body of the same neuron® (FIC. 1f,g).

Somatic versus membrane action potentials

The Hodgkin-Huxley analysis of the squid axon action
potential' was greatly facilitated by creating an artificial
situation in which all of the axonal membrane experi-
ences the same voltage at the same time — the ‘membrane
action potential’ — which is achieved by inserting an axial
wire to make axial resistance negligible. In mammalian
neurons, action potentials are usually recorded from cell
bodies in brain slices, in which axons and dendritic trees
are largely intact. In this situation, the cell body is roughly
isopotential during the spike (that is, the membrane volt-
age is the same at different places and undergoes simul-
taneous change), but there may be current flow between
the cell body and the dendrites and axon of the cell that
alters the shape of the action potential to some extent.
In most central neurons, the spike appears to be initi-
ated in the initial segment of the axon**¥, at a location
that in pyramidal neurons is typically 30-50 um from
the cell body. This is far enough away that the shape
of the action potential recorded in the cell body can show
clear effects arising from non-uniformity of voltage***#’.
Dendrites probably also influence the form of somati-
cally recorded action potentials, partly by serving as a
capacitative load that slows and truncates fast spikes (by
absorbing currents that would otherwise go to changing
somatic voltage) but also by playing an active part in gen-
erating afterdepolarizations. Thus, although the action
potential recorded in the cell body of a neuron in a brain
slice preparation is much closer to a membrane action
potential than to a uniformly propagating axonal
action potential, non-uniformity of voltage can be
significant, especially when it is changing most rapidly.
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Figure 1| Diversity of action potentials in central neurons. a| Spontaneous action potentials in an acutely
dissociated mouse cerebellar Purkinje neuron (A. Swensen, unpublished observations). b | Action potentialin a
hippocampal CA1 pyramidal neuron in brain slice (M. Martina, unpublished observations). ¢ | Spontaneous action
potentials in a midbrain dopamine neuron (M. Puopolo, unpublished observations). Note the dramatic differences in width
between these three action potentials. d | Illustration of action potentials from fast-spiking and regular-spiking cortical
neurons. Note the faster repolarization rate in the narrow spike of the fast-spiking neuron. V is membrane voltage, and dV/
dtis the time derivative of membrane voltage. The signal in extracellular recordings is essentially proportional to dV/dt,
and spike widths can be measured from the distance between the peaks in the dV/dt signal. e | Different action potential
widths in the soma of dentate gyrus granule neurons and in the mossy fibre bouton, a presynaptic terminal made by a
granule neuron. Note the narrower action potentialin the presynaptic terminal compared to the soma. Panel d
reproduced, with permission, from REF. 15 © (1985) American Physiological Society. Panel e reproduced, with permission,

from REF. 39 © (2000) Elsevier Science.

To analyse the ionic currents flowing during action
potentials, a particularly useful preparation is provided
by acutely dissociated cell bodies, in which action
potentials are close to true membrane action potentials
and where high-resolution voltage-clamp experiments
— including action potential clamp experiments (BOX 2)
— can be performed on the same cell in which the action
potential is recorded (FIGS 2c,d; 3a—c). Typically, acutely
dissociated neurons include a stump of axon as well as
varying amounts of proximal dendrites, but the remain-
ing processes are usually short enough that the whole
membrane surface is likely to be nearly isopotential,
even during spikes. Many neurons, including Purkinje
neurons*, hippocampal pyramidal neurons***’, neurons
from deep cerebellar nuclei®’, subthalamic nucleus neu-
rons®, striatal medium spiny neurons?, globus pallidus
neurons™ and midbrain dopamine neurons™ (FIC. 2a,b)
have action potential shapes and firing properties when
dissociated that appear to be very similar to those of the
same neuronal type in brain slices. For example, dissoci-
ated cerebellar Purkinje neurons fire spontaneously, with
typical frequencies near 40 Hz, and also form all-or-none

bursts of action potentials when stimulated from hyper-
polarized voltages*®*, similar to the behaviour of intact
neurons in brain slices®*’.

A simple but remarkably informative way of examin-
ing the properties of action potentials is to plot the time
derivative of the voltage (dV/dt) versus the voltage: a
so-called phase-plane plot®® (FIG. 2a-b). Information
about the time course of the spike is lost, but some
aspects of the spike are clearer than in a simple display of
voltage versus time. For example, the spike threshold is
immediately evident as being the voltage at which dV/dt
increases suddenly. A particular utility of phase plane
plots comes from the relationship between dV/dt and
membrane current. For a membrane action potential
under conditions of no current injection, ionic cur-
rent through the membrane (the net current through
all channels) is equal and opposite to the capacitative
current (since ionic current can go nowhere except to
charge or discharge the membrane capacitance). This
is expressed in the equation I = -CdV/dt, where I _ is
the net ionic current, C is the cell capacitance and dV/dt
is the time derivative of voltage®. As cell capacitance

NATURE REVIEWS | NEUROSCIENCE

© 2007 Nature Publishing Group

VOLUME 8 [JUNE 2007 | 453




REVIEWS

Node of Ranvier
Interruption of the myelin
sheath in a myelinated nerve
fibre.

Outside-out patch

A variant of the patch-clamp
technique in which a patch of
plasma membrane covers the
tip of the electrode, with the
outside of the membrane
exposed to the bathing
solution.

Activation

Conformational change of

a channel molecule from a
closed (non-conducting) to an
open (conducting) state (for
voltage-dependent channels,
this is usually by depolarization
of the membrane).

is an easily measured parameter, the phase plane plot
for a membrane action potential gives a direct read-out
of net ionic current as a function of voltage during the
various phases of the action potential. For example,
the maximum sodium current flowing during the spike
can be estimated from the maximum CdV/dt reached
during the upstroke, when contributions from other
channels are likely to be small.

Interpretation of the phase-plane plot for an action
potential recorded in the cell body of an intact neuron
is more complicated than for a membrane action poten-
tial, as the presence of a dendritic tree and axon means
that not all ionic current goes to charge or discharge
the somatic membrane. In their classic examination of
action potentials in spinal motor neurons, Coombs and
colleagues® observed that the main spike was preceded
by a smaller, earlier component (more recently called ‘the
kink*”). This component was interpreted as reflecting
initiation of the spike in the initial segment of the axon.
Such a component is seen in somatic spikes recorded
from a wide variety of central neurons*"*° (FIG. 2a), and
direct simultaneous intracellular recordings in pyramidal

Box 2 | Action potential clamp and dynamic clamp

The contribution of particular currents to the action
potential — the ‘internal anatomy’ of a spike — can be
dissected using the action potential clamp technique

(FIGS 2,3,5), in which the cellis voltage-clamped using a
previously-recorded action potential waveform as the
command voltage?, ideally recorded minutes earlier in the
same neuron. The ion channels experience precisely the
same trajectory of voltage as during a naturally occurring
action potential, and thus each component of current flows
with exactly the same time course and size. Individual
components of current can be isolated using specific
blockers or changes in ionic composition — without
changing the voltage trajectory, as occurs when blocking
conductances in a current clamp. Accurate measurement
of the large, fast currents during the spike requires a fast,
spatially uniform voltage clamp, which is possible with
acutely isolated cell bodies or outside-out patches. Smaller
currents preceding and following the spike can be studied
in whole-cell brain slice recordings®*.

Whereas the action potential clamp technique directly
measures various currents during normal spiking, the
ingenious dynamic clamp technique'®**® instead examines
how spiking is changed by adding, removing or altering the
kinetics of particular currents. The effect of adding or
removing a conductance on firing in current clamp
recordings is simulated by calculating in real time the
current that would be produced by the artificial
conductance and injecting that current. For voltage- and
time-dependent conductances like those underlying the
action potential, equations accurately describing the
voltage- and time-dependence are needed, and these must
be numerically integrated in real time. Update rates up to
50 kHz are possible?*?®, and are adequate for simulating
conductances during the spike. Often, relatively non-
selective blockers are used to block multiple conductances
(for example, tetraethylammonium ion or 4-aminopyridine,
which generally block multiple types of potassium
channels), and the effect of adding back a particular
simulated conductance is tested.

neurons have confirmed that the spike occurs in the ini-
tial segment of the axon before the somatic spike***>’.
The possibility that the spike may occur first even farther
from the soma, in the first node of Ranvier, has also been
considered®®', but at least in cerebellar Purkinje neurons
and layer 5 cortical pyramidal neurons the weight of
evidence supports initiation in the initial segment*>*.
In Purkinje neurons, blocking sodium entry at the first
node of Ranvier has no effect on the somatic spike wave-
form (including the kink), whereas inhibiting sodium
entry at the initial segment reduces the kink*.

Sodium currents during action potentials

The main contribution of voltage-dependent sodium
channels to the action potential is explosive, regenerative
activation of inward current during the rising phase'.
Detailed measurements of sodium current in acutely
dissociated cell bodies or outside-out patches of central
neurons***-% show gating properties generally similar to
those in squid axons®*, with current activating rapidly
(hundreds of microseconds) and inactivating with a time
constant of less than a millisecond for depolarizations
beyond 0 mV. However, the kinetics of sodium currents
differ in detail between different types of neurons® and,
remarkably, even between different regions of the same
neuron, with sodium channels in hippocampal mossy
fibre boutons (formed by the axons of granule cells of the
dentate gyrus) inactivating twice as fast as the sodium
channels in the granule cell somata®. The molecular
basis of these differences is not yet known. The wider
action potentials in granule cell bodies (680 s at half-
height) compared to those in mossy fibre boutons (380
s at half-height)* (FIG. 1f,g) could result partly from
slower repolarization due to slower-inactivating sodium
current continuing to flow during the falling phase of
the spike. However, potassium currents may also differ
between the two cell regions.

It has recently been reported that sodium currents
in mammalian central neurons activate upon step
depolarizations with much less delay than is predicted
by the Hodgkin-Huxley model, in which activation of
sodium current has a sigmoid time course, described
by a variable following first-order kinetics raised to the
third power (‘m?® kinetics). By contrast, Baranauskas and
Martina® found that sodium currents in central neurons
activate with even less sigmoidicity than predicted by
m?” kinetics®®. The report’s description is consistent with
previous studies in other vertebrate sodium channels:
when sodium current activation in the frog or rat node
of Ranvier was fitted with m" kinetics, n varied from less
than 2 for small depolarizations (where the measure-
ments of Baranauskas and Martina were made) to 4 for
large depolarizations®”. These results should prompt
a close examination of the kinetics of cloned sodium
channels in heterologous expression systems, which
avoid complications from the overlap of multiple cur-
rents from the multiple sodium channel types probably
present in central neurons.

A much more radical proposal concerning sodium
channel kinetics in central neurons was recently made:
that there is cooperativity between neighbouring sodium
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Figure 2 | Phase-plane plots and action potential clamp. a | Pacemaking activity recorded from a dopaminergic
neuron in the substantia nigra pars compacta (SNc) of a mouse brain slice (M. Puopolo, unpublished observations).

Subthreshold voltages
Voltages negative to the
threshold voltage (BOX 1) for
action potential firing (which is
typically in the range of =55
mV to =40 mV in mammalian
central neurons).

Tetrodotoxin

(TTX). Alkaloid toxin derived
from Fugu puffer fish that is a
potent and highly selective
blocker of voltage-dependent
sodium channels.

Inactivation

Conformational change of a
channel molecule to a closed
state that differs from the
closed ‘resting’ state in that the
channel cannot be opened (for
example, by further
depolarization).

Bottom left, action potential at higher resolution, illustrating abrupt rise (kink). Bottom right, phase plane plot, illustrating
the distinct components reflecting initiation in the initial segment (IS) and subsequent somatic dendritic (SD) spike***2,

b | Pacemaking activity in an acutely dissociated dopaminergic neuron (M. Puopolo, unpublished observations). Note lack
of kink and IS component. ¢ | Action potential clamp (BOX 2) in a dissociated neuron from the tuberomammillary nucleus.
Spontaneous action potentials were recorded in current clamp mode (the upper purple trace shows a 5-second segment
of spontaneous firing) and then used as the command voltage (V_ ) after switching the amplifier to voltage-clamp mode.
With no compensation for cell capacitance (no cap. comp., lower panel, upper trace), recorded total current is nearly zero
(since ionic (I, ) and capacitative (I ) currents are equal and opposite during spontaneous action potentials recorded
with no current injection). lonic current was measured after analogue compensation for the cell capacitance (34 pF) (cap.
comp., lower panel, lower trace). d | Comparison of the net ionic current (red trace) measured in voltage clamp mode using
the action potential waveform (upper purple trace) as the command voltage with predicted ionic current calculated from

the voltage waveform as—-CdV/dt (blue trace), where C s cell capacitance. Note the shoulder in the action potential
associated with an inflection in outward current during repolarization. V, membrane voltage. Panels c,d modified, with

permission, from REF. 98 © (2002) Elsevier Science.

channels such that the opening of channels shifts the
activation curves of neighbouring channels in the hyper-
polarized direction”. This proposal aimed to account
for an abrupt initial rising phase of the action potential,
which is seemingly incompatible with predictions of
m?® kinetics, along with trial-to-trial fluctuations in the
apparent threshold voltages. The hypothesis of coopera-
tivity among neighbouring channels might best be tested
in nodes of Ranvier, where sodium channel density is
extremely high and good voltage clamp is possible. Most
likely, however, the observed abrupt initial rising phase of
the action potential (recorded from cell bodies in slices)
simply results from the kink reflecting initiation of the

spike in the initial segment**”2. Apparent variability in
threshold can be explained by instantaneous differences
between subthreshold potentials in the cell body and the
initial segment’?. Thus, while sodium channel kinetics
near threshold may be less sigmoid than Hodgkin-
Huxley predictions, the hypothesis of cooperative gating
among sodium channels seems unnecessary.

In some central neurons, specialized kinetics of
sodium currents give rise to a component of tetrodotoxin
(T'TX)-sensitive sodium current immediately after the
spike. This is the ‘resurgent’ sodium current, which acti-
vates transiently upon repolarization following inactivation
by strong depolarizing pulses*”. This current appears to
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arise from an unusual mechanism of inactivation: channels ~ sodium current transiently before deactivating®®7>7.
are plugged by a positively charged intracellular blocking ~ Recovery from inactivation occurring by this mechanism
particle (probably the cytoplasmic tail of the B4 sodium is faster than recovery from normal inactivation’, so that
channel subunit’™) after they open. On repolarization, as sodium channels pass depolarizing resurgent sodium
the block is relieved, and the channels carry an inward ~ current after a spike, they also recover from inactiva-

tion, producing a pool of channels that are available to

a Dopaminergic neuron b Purkinje neuron give transient sodium current upon depolarization. Both

40 40 effects promote faster firing of a second spike.

20 20 Resurgent current has been found in cerebellar
I I Purkinje neurons®, cerebellar granule neurons’,
Z 20 Z 20 neurons in the deep cerebellar nuclei®”*, cerebellar
> 40 > 0l unipolar brush cells”, motor neurons of the trigemi-

60 60 nal mesencephalic nucleus”, neurons from the medial
80 g0 S nucleus of the trapezoid body”® and subthalamic nucleus
0.0 — 0 neurons®, as well as in a subset of neurons in dorsal
root ganglia”. Consistent with its ‘anti-refractory’
02+ —27 properties, the presence of resurgent current appears
4 to be generally correlated with the ability of cells to
-04 fire rapidly and, at least in the case of Purkinje neu-
< T 7 rons, to generate bursts*®®. It is not yet clear whether
067 -8 a resurgent sodium current is present in all fast-firing
o8 0 cells; fast-spiking interneurons are a case of particular
interest not yet examined.
10| -2
Calcium currents during action potentials
¢ Suprachiasmatic nucleus neuron d Nigitriatal cholinergic neuron Mammalian neurons typically express multiple types
= 38 ] of voltage-dependent calcium channels, and these have
~>§ 2 :k | important roles in determining action potential shapes
—90- 207 and firing patterns (in addition to producing the action
1507 7 potential-evoked increases in intracellular calcium
04 used for intracellular signalling). Individual neurons

100 lathg,| T commonly express at least 4 or 5 distinct types of cal-

> 504 cium channels, including low-voltage-activated T-type

50 i channels (Cav3 family channels) and high-voltage-
g o] activated channels that include L-type (Cavl.2 and

0 e Cavl.3), P/Q-type (Cav2.1), N-type (Cav2.2) and R-type
| T (Cav2.3) channels. Calcium currents generally make

-50 —60~ little contribution to the rising phase of action poten-

— Control - tials because their activation kinetics are slower than

-100-! — beriotoxin (1000M) | ¢, 4ium channels. Calcium channels typically begin to
Figure 3 | Sodium, calcium, and calcium-activated potassium currents during action  be activated near the peak of the action potential and
potentials. Sodium current (I, red) and calcium current (I, blue) in a midbrain calcium currents are largest during the falling phase,
dopaminergic neuron (a) and a cerebellar Purkinje neuron (b), recorded using the action when channels have been opened and the driving force

potential clamp technique (B. Carter, unpublished observations). Purple traces show
recorded spontaneous action potentials used as command voltages. Block by tetrodotoxin
(1 uM) defined the sodium current. Calcium current was determined by replacing calcium . . . .
b ) L L o . have large inward calcium currents flowing during the
y cobalt (in the dopaminergic neuron) or by magnesium (in the Purkinje neuron), in the . . . .
presence of 5 mM tetraethylammonium chloride to block large conductance calcium- falling pha.se, blocking c.alc1um Ch‘f‘n?‘e}; often results. m
activated potassium (BK) current (I )-Note the different timescales. The calcium currents @ broadening of the action potential®~* (FIG. 3d), which

on calcium increases (FIC. 3a,b). Interestingly, although
the action potentials of virtually all neurons probably

are of a similar magnitude, whereas the sodium current in the Purkinje neuron is much is opposite to the effect expected from blocking entry
larger than the other currents (so large that voltage clamp is probably imperfect due to of positively charged ions. This reflects powerful and
series resistance errors). The time course and magnitude of calcium current (blue) and rapid coupling of calcium entry to the activation of
calcium-activated potassium current (red) in a spontaneous action potential of a large conductance calcium-activated potassium chan-
suprachiasmatic nucleus (SCN) neuron can be seen in panel c. Net current resulting from nels (BK channels), so that the net effect of blocking

calcium entry is outward except at the beginning of the spike. Calcium current in SCN
neurons is unusual in activating significantly during the rising phase of the spike (although
still greatly outweighed by sodium current, not shown). The role of BK-mediated calcium-
activated potassium current in repolarization of the action potentialin a cholinergic
neuron from the neostriatum is revealed by the effect of iberiotoxin, a specific blocker (d).

calcium entry is to inhibit a net outward current rather
than a net inward current — that is, the potassium flux
triggered by the calcium entry outweighs the calcium
entry itself (FIG. 3¢). The contribution of BK channels is

V, membrane voltage. Panel a modified, with permission, from REF. 54 © (2007) Society typically greatest in the later stages of the repolarization
for Neuroscience. Panel ¢ modified, with permission, from REF. 109 © (2004) Society for phase®*%, Biochemical data, experiments with intracel-
Neuroscience. Panel d modified, with permission, from REF. 97 © (2000) Society lular calcium buffers, and single channel recordings all
for Neuroscience. suggest that this tight coupling reflects colocalization of
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4-aminopyridine

Potassium channel blocker that
inhibits some potassium
channels (including Kv3 family
channels and a subset of Kv1
family subunits) with a high
relative potency and others
(such as Kv4 channels) more
weakly, or not all.

Tetraethylammonium ion
(TEA). When applied externally,
this blocks some types of
voltage-activated potassium
channels (notably BK and Kv3
family channels) and not
others.

calcium channels and BK calcium-activated potassium
channels®~%. BK channels can apparently be colocalized
in macromolecular complexes with multiple types of
calcium channels, including Cavl.2, Cav2.2 and Cav2.1
channels®.

Neurons that secrete modulatory transmitters such
as noradrenaline, serotonin, dopamine, acetylcho-
line and histamine frequently generate broad action
potentials, often with a ‘shoulder’ in the falling phase
(FICS 1c¢,2d) that appears to be due to the activation of
calcium channels”®. Cells with a shoulder do not nec-
essarily have larger calcium currents during the action
potential: cerebellar Purkinje neurons, with exception-
ally narrow action potentials and no shoulder, actually
have larger calcium currents during repolarization than
midbrain dopaminergic neurons, which have broad
action potentials with a prominent shoulder (FIC. 3a,b).
The difference is presumably in the size and speed of
opposing potassium currents, including BK calcium-
activated potassium currents, which are very large in
Purkinje neurons.

Activation of small conductance calcium-activated
potassium channels (SK channels) is also coupled to cal-
cium entry through multiple different types of calcium
channels, including Cav2.1, Cav2.2, Cav2.3 and Cav3
family channels, with different specificity of coupling in
different types of neurons®***-1% However, so far there
is no clear biochemical evidence for colocalization of
SK channels with calcium channels in macromolecular
complexes, and activation of SK channels (unlike acti-
vation of BK channels) can often be disrupted by the
slow calcium buffer EGTA®"%, suggesting that they are
activated by calcium diffusing over longer distances.
Typically, SK current is activated more slowly than BK
current and contributes little to the fast repolarization
phase of the action potential, but rather helps shape the
afterhyperpolarization that follows. The duration of SK
conductance following a spike probably reflects the decay
of intracellular free calcium, with a typical time course of
hundreds of microseconds. By contrast, BK channels
deactivate far more quickly, since depolarization as well
as high local intracellular calcium is required for activa-
tion to be maintained. In several types of pacemaking
neurons, block of SK channels has the striking effect of
producing substantially less regular firing!®-#710%106:107,
Although the activation of SK channels is not as rap-
idly coupled to calcium entry as BK channel activation,
coupling is still highly efficacious in that block of calcium
entry can produce a net depolarization of the mem-
brane potential between spikes in spontaneously active
neurons'®!%, probably reflecting effects on SK rather
than BK channels.

Because activation and deactivation kinetics of
calcium channels are strongly voltage-dependent,
action potential-evoked calcium entry can have a
steep dependence on action potential width and shape.
This sensitivity is especially significant in presynaptic
terminals, where modest changes in action potential
shape can translate into significant changes in calcium
entry and even more dramatic changes in transmitter
release36,39,110—114.
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Potassium currents during action potentials

Most central neurons express such a large variety of
voltage-dependent potassium currents that separating
and characterizing all the components of total potas-
sium current elicited in voltage-clamp experiments by
step depolarizations is daunting (and even mastering
the terminology used to name them can be challeng-
ing). However, typically only a fraction of the various
voltage-dependent potassium currents present in a
neuron is significantly activated during normal action
potentials. In addition to the BK calcium-activated
potassium channels discussed above, two other classes
of potassium channels that commonly contribute to
spike repolarization in cell bodies are Kv4 family chan-
nels, which mediate A-type current (I,), and Kv3 family
channels.

In some fast-spiking neurons, such as cerebellar
Purkinje neurons, Kv3-mediated current seems to con-
stitute virtually all of the voltage-dependent potassium
current flowing during spike repolarization®*'. In most
of these cases, other types of potassium channels are
present in the membrane, but the activation of the Kv3-
mediated currents is so much faster that they activate
and repolarize the spike before other potassium channels
can activate significantly. The potassium current flow-
ing during the spike may be only a small fraction of the
current that can be evoked by a longer depolarizing step
(FIG. 4a), providing a powerful feedback element to keep
spikes narrow (since any small increase in width would
produce more activation of available current).

The functional significance of Kv3 channels in the
fast-spiking phenotype is highlighted by the effects
of blocking the channels (with low concentrations of
4-aminopyridine (FIC. 4a,d) or tetraethylammonium ion
(TEA) (FIC. 4¢)), which often results in the slowing of
high-frequency firing®****>!* (FIG. 4c,d). It is counter-
intuitive that removing a potassium conductance would
decrease the excitability of a neuron. The reasons for
this are not clear but they almost certainly involve
changes in the activation of other channels secondary
to the changes in spike waveform produced by block of
Kv3 current. For example, a smaller afterhyperpolari-
zation (FIC. 4c,d) might result in slower recovery from
inactivation of sodium channels, or broadening of
spikes might activate types of potassium channels not
activated by normal narrow spikes'®. If these channels
deactivate more slowly, they could retard firing of a sub-
sequent action potential. In fast-spiking hippocampal
oriens-alveus interneurons, Lien and Jonas®® found that
when dynamic clamp was used to add Kv3-like currents
back to neurons in which native currents were phar-
macologically blocked, the restored currents produced
faster spiking only if the deactivation rate was near
that of native channels in the neurons, neither faster
nor slower? (FIG. 4). The reasons for this remarkable
tuning are not clear, but must involve complex interac-
tions with other channels mediated by changes in spike
shape. In Purkinje neurons, it has been proposed that
the shape of the repolarization waveform produced by
Kv3 currents leads to enhanced activation of post-spike
resurgent sodium current''s.
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In glutamatergic neurons in the hippocampus and
cortex, at least three types of potassium currents have
major roles in action potential repolarization: two
types of purely voltage-dependent potassium cur-
rents, known as I, and I, and BK calcium-activated
currents®!17-126, The term ‘I, has been used broadly
to refer to potassium currents showing relatively rapid
inactivation. In cell bodies and dendrites, the current
called I, is formed primarily by Kv4 family channels'*
127, Kv1 family channels that include Kv1.4 subunits or
the B-subunit KvB1 can also mediate an inactivating
current that has been called I,'*, which appears to be
prominently expressed in at least some presynaptic ter-
minals*'?*. The term ‘I also has some ambiguity. The
term was originally introduced to denote a ‘delay’ cur-
rent in hippocampal pyramidal neurons that prolongs
the approach to threshold'. This current is activated
by subthreshold depolarizations, inactivates slowly,
and is blocked by low concentrations (10-100 uM)
of 4-aminopyridine. Dendrotoxin, which is selective

b Basket cell interneuron

D

Control

il |

4-aminopyridine (0.2 mM) | 50 pA

i~

100 ms

1mM TEA

| 1400 pA
100 ms

for a subset of Kv1 family subunits, blocks a current
with these properties'*>'*, and ‘I is now often used to
denote dendrotoxin-sensitive current. However, den-
drotoxin generally has little*® or no'*"'*? effect on spike
width, while low concentrations of 4-aminopyridine
have a greater effect!®>*!1711912213L133 The effects of low
concentrations of 4-aminopyridine on spike width in
pyramidal neurons have often been ascribed to block
of I, but in retrospect these effects may also represent
block of other currents, possibly mediated by Kv3 fam-
ily channels® or Kv1.5 channels, which are blocked
by low concentrations of 4-aminopyridine but not
dendrotoxin.

In a number of neurons, the action potential
becomes broader in response to increased frequency of
firing because of the cumulative inactivation of potas-
sium channels. A particularly well-studied example
occurs in the neuron R20 of the mollusc Aplysia, where
frequency-dependent broadening of the action poten-
tial produces facilitation of synaptic transmission'*.
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Figure 4 | Role of Kv3 potassium currents in fast-spiking neurons. a | Potassium currents in a nucleated patch froma
Purkinje neuron elicited by a step to +30 mV and by an action potential waveform. Spike-evoked current is only a small

fraction of total available current (which is almost all Kv3-me
more current; this keeps the spikes narrow. b | In a nucleated

diated?). Any small increase in spike width can activate
patch from a dentate gyrus basket cell interneuron, potassium

current activated by action potential waveforms (inset) is completely inhibited by 0.2 mM 4-aminopyridine (which, in these
cells, is probably selective for Kv3-mediated current). ¢ | Effects on the firing of fast-spiking neocortical interneurons of
1 mM tetraethylammonium (TEA), which, in these neurons, appears to be selective for Kv3 channels. TEA produces

broadening, a decreased rate of repolarization and a reducti

on in the afterhyperpolarization of spikes, along with slowing

the firing frequency evoked by a constant current pulse, suggesting a major role for Kv3-mediated current in the firing of
fast-spiking neocortical interneurons. d | Rescue of the fast-firing phenotype in oriens-alveus hippocampal interneurons by
the addition of Kv3-like conductance with a dynamic clamp (BOX 2). 0.3 mM 4-aminopyridine slowed firing, but high-

frequency firing was restored by the addition of artificial Kv3
4-aminopyridine (giving ~95% restoration of action potentia

conductance (rescue) by a dynamic clamp in the presence of
L(AP) half-duration). Inst. AP freq., instantaneous AP frequency.

Panel a modified, with permission, from REF. 31 © (2007) American Physiological Society. Panel b reproduced, with

permission, from REF. 23 © (1998) Society for Neuroscience.

Panel ¢ reproduced, with permission, from REF. 6 © (1999)

American Physiological Society. Panel d reproduced, with permission, from REF. 26 (2003) Society for Neuroscience.
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Figure 5| Frequency-dependent spike broadening from inactivation of potassium
current. a| Changes in currents accompanying frequency-dependent spike broadening
in neuron R20 of Aplysia. A train of action potentials (first row) was evoked by stimulation
at 7 Hz. Five major ionic currents were isolated by action potential clamp. Subtraction of
currents before and after successive application of 60 UM tetrodotoxin, 3 mM
tetraethylammonium (TEA), 40 mM TEA, 1 mM 4-aminopyridine, and 2 mM CdClz was
used todefinel I . (calcium-activated K* current), | , (delayed-rectifier K* current),
IAdepol (I, K* current), and |, respectively. Currents during the first spike, 27th spike (at
which point |, reached its peak), 43rd spike (at which point the maximum broadening
was reached) and last spike (65th) are shown. b | Frequency-dependent broadening of
action potentials in mossy fibre boutons in the hippocampus. Every fiftieth action
potential is shown, superimposed with the first. ¢ | Potentiation of transmitter release at
mossy fibre boutons by spike broadening. The waveforms recorded in panel b were
applied as command waveforms (V. top)in avoltage clamp to a different mossy fibre
bouton, while both presynaptic calcium currents (middle) and excitatory postsynaptic
currents (EPSCs, bottom) were recorded. Waveforms of action potentials

1,25,50 and 100 in the 50 Hz train were applied. The largest EPSC corresponds to the
broadest presynaptic spike. Panel a reproduced, with permission, from REF. 135 © (1996)
Society for Neuroscience. Panels b,c reproduced, with permission, from REF. 39 © (2000)
Elsevier Science.

An elegant analysis of the mechanism of frequency-
dependent broadening in this neuron'* (FIC. 5a) provides
an instructive example of how the techniques of action
potential clamp and dynamic clamp (BOX 2) can be com-
bined with conventional voltage clamp to experimentally
attack a problem that otherwise might be approached
purely through computer modelling. Action potential
clamp showed that the current that changed most dur-
ing frequency-dependent broadening was an I, current

Delayed-rectifier current
Depolarization-activated
potassium current similar to
that of the squid axon, with
relatively slow activation and
minimal (or very slow)
inactivation.
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that normally provides most of the repolarizing drive'**.

Puzzlingly, however, complete block of I, (either phar-
macologically or by dynamic clamp) produced much less
broadening of the spike than occurs during frequency-
dependent broadening. This is because modest increases
in spike width result in increased activation of two other
potassium currents, the activation of which during the
spike is normally minimal: a delayed-rectifier current and
a calcium-activated potassium current. Dynamic clamp
analysis showed that a crucial factor in the greater degree
of broadening seen during frequency-dependent changes
is gradual use-dependent inactivation of the delayed rec-
tifier current. This analysis illustrates several key aspects
of the interaction of multiple currents in forming the
action potential: first, the effect of pharmacologically
blocking a single current may cause the role of that
current to be underestimated, since the role of other cur-
rents can be drastically enhanced as a result of relatively
modest changes in spike shape. Second, the role of any
ionic current depends crucially on the context of all the
other voltage-activated (and calcium-activated) channels
in the membrane, and multiple currents may undergo
frequency-dependent changes.

Frequency-dependent broadening of the action
potential is also prominent in some mammalian
neurons'>*#%, In hippocampal CA1 pyramidal neurons®
and pyramidal-like projection neurons in the lateral
amygdala®, progressive inactivation of BK channels
helps to produce frequency-dependent spike broaden-
ing. Inactivation of Kv4-mediated I, also contributes to
spike broadening in cell bodies of pyramidal neurons'®.
A particularly dramatic example of frequency-dependent
spike broadening occurs at mossy fibre boutons in the
hippocampus; this is probably mediated by inactivation
of Kv1 family channels® (FIG. 5b) and is associated with
pronounced synaptic facilitation (FIC. 5¢).

Prelude to the spike: subthreshold currents

The ability of central neuron cell bodies to encode firing
over a wide frequency range depends on multiple small
currents flowing at subthreshold voltages, which speed
or retard the approach to threshold and thereby influ-
ence the spike rate and pattern of firing. Subthreshold
currents common in central neurons include I,
and I potassium currents, steady-state ‘persistent’
sodium currents, the current known as ‘I’ carried by
hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels, and the current mediated by T-type
(low-voltage-activated) calcium channels. Classic papers
by Connor and Stevens'**'*” described a potassium cur-
rent in molluscan neurons that they named ‘A-type’
current (1,), which both activates and inactivates at sub-
threshold voltages, and explained how it enables repetitive
firing at low frequencies: during the relative hyperpolari-
zation after a spike, some inactivation is removed, then
as the membrane depolarizes (still at subthreshold volt-
ages), I, increasingly activates (retarding the approach to
threshold) but eventually inactivates, allowing threshold
to be reached. I produces a subthreshold current with
a similar role, but inactivates more slowly**'*. In many
neurons, Kvl-mediated currents (in some cases called I
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e-fold

Measure of steepness of
voltage-dependent activation,
associated with a description
by the Boltzmann function;
e-fold increase is a 2.72-fold
increase.

Midpoint
Voltage at which activation is
half-maximal.

Rebound bursting

Firing of a burst of action
potentials when a
hyperpolarizing influence (such
as inhibitory postsynaptic
potential) is terminated.

Electrotonic length constant
Measure of the distance over
which a voltage change
imposed at one pointin a
cable-like structure decays to
1/e (~37%).

Pacemaking neurons
Neurons that fire spontaneous
action potentials in a regular,
rhythmic manner.

by virtue of dendrotoxin-sensitivity, but not necessarily
showing the inactivation of I as originally described)
have a major influence in determining firing patterns
by flowing at subthreshold voltages before and between
spikes, although they are swamped by other currents
during the spike itself*3¢132138.139,

Virtually all central neurons appear to have a steady-
state inward sodium current, sensitive to TTX, that flows
at voltages between about -65 mV and —-40 mV 744637677
97.98.140-145 This ‘persistent’ sodium current activates with
avoltage-dependence (e-fold for 4-6 mV) that is as steep
as the voltage dependence of activation of the transient
sodium current, but with a midpoint (typically ~-55mV)
about 30 mV below that of transient sodium current.
Although maximum steady-state sodium current is only
a tiny fraction (typically 0.5-5%) of the maximum tran-
sient sodium current, the resulting current of 5-200 pA
is very significant functionally at subthreshold voltages.
It has been argued that steady-state current amounting
to ~0.5% of transient current is a necessary consequence
of the normal gating behaviour of conventional sodium
channels® (although an apparent counter-example of
transient sodium current with no detectable persistent
current has recently been described'**). In addition to
a persistent sodium current originating from the same
population of channels underlying the transient sodium
current®**6, some neurons also clearly have specialized
sodium channels that give subthreshold sodium currents
far larger than 0.5% of the transient sodium current'**$,
The molecular basis of these channels is not known. By
producing a regenerative depolarizing current in the
voltage range between the resting potential and spike
threshold, persistent sodium current has a major role in
determining the frequency and pattern of firing of many
neurons3,7,77,97,140,142,143,145,1497153.

T-type or low-voltage-activated calcium currents,
originating from Cav3 family gene products, are also
active at subthreshold voltages. One major function of
the T-type calcium current is to produce rebound bursting
following hyperpolarization (such as that from prolonged
inhibitory input), which removes resting inactivation of
the channels™*'*>. However, smaller steady currents can
flow through T-type channels at resting potentials even
without dynamic hyperpolarization and can influence
firing patterns'°.

Because some currents flowing during the spike
(including the transient sodium current and I, potas-
sium current) are sensitive to inactivation by changes in
subthreshold voltages, spike shape can be significantly
affected by the preceding voltage trajectory>'*7-1%°,
Remarkably, the electrotonic length constant of some cen-
tral axons is sufficiently long that changes in somatic
resting potential can affect the voltage in axons and
nerve terminals hundreds of micrometres away'*"¢!
and, in some cases, alter the shape of presynaptic action
potentials''.

A remarkably poorly understood aspect of neuro-
nal cellular neurophysiology is the collection of non-
voltage-dependent conductances that determine resting
potential, the foundation on which voltage-dependent
subthreshold and suprathreshold currents exert their

effects. The resting potassium conductance of neurons
(and all cells) appears to depend on two-pore domain
family (KCNK) potassium channels'®*'**. However, most
neurons have resting potentials that are considerably
more depolarized than the potassium equilibrium poten-
tial. In some neurons, there is evidence for a basal, non-
voltage-dependent permeability to sodium ions®'%*165,
but the molecular basis for this is unknown.

The CNS includes many neurons that fire spontane-
ously in the absence of synaptic input®. The subthresh-
old current most closely identified with this electrical
pacemaking is I, "', Although I, clearly has a major
role in driving pacemaking in some central neu-
rons'®*719170 in others it appears that a TTX-sensitive
persistent sodium current flowing at voltages positive
to —65 mV is the major element driving the membrane to
threshold”*>°1951% Mijdbrain dopamine neurons are
an interesting exception, where pacemaking seems to be
driven mainly by a subthreshold calcium current™'”".

After the spike is over

In the squid axon, the action potential is followed by
an afterhyperpolarization, produced by the voltage-
dependent potassium conductance activated during the
spike, which transiently hyperpolarizes the membrane
and then deactivates slowly over about 10 ms. For action
potentials in mammalian neurons, afterhyperpolariza-
tions are common but by no means universal. Distinct
fast, medium and slow afterhyperpolarizations can
often be recognized (FIG. 6a). Potassium channels con-
tributing to afterhyperpolarizations include BK chan-
nels, SK channels®!7>17> and Kv7 channels that mediate
the M-current®'7#!”*. Usually, any afterhypolarization
mediated by BK channels is brief®>"77¢177_ whereas
those mediated by SK channels can last for hundreds
of microseconds to seconds'”?, reflecting the slow decay of
intracellular calcium. Many pyramidal neurons have
a slow component of the afterhypolarization that lasts
for seconds, is not mediated by SK channels and has a
molecular basis which remains a mystery'7>!78-181,

In many neurons, including many pyramidal neurons
in the cortex and hippocampus, the opposite of an after-
hyperpolarization, an afterdepolarization, occurs: the
membrane potential is depolarized relative to the resting
potential®”*7¢182-184 Sometimes the afterdepolarization
appears simply as a slow phase of repolarization at the
end of the spike (FIC. 1b), but in other cases the voltage
trajectory following the action potential has a clear rising
phase (FIC. 6a). If the afterdepolarization is large enough
to reach threshold, the result is all-or-none burst firing
(FIG. 6b,0). Ionic currents contributing to afterdepolariza-
tions include persistent sodium currents*'*, resurgent
sodium currents*”*!%, T-type calcium currents'®, R-type
calcium currents'® and currents generated by calcium-
activated non-selective cation channels'’.

The dendritic tree may also make important contribu-
tions to the afterdepolarization'®*'*'. A purely electrotonic
(non-active) mechanism is possible, in which an action
potential in the cell body depolarizes the dendritic mem-
brane (which has a much larger surface area and capaci-
tance) and, after the somatic spike has repolarized, charge
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Figure 6 | Afterhyperpolarizations, afterdepolarizations, and all-or-none burst firing. a | Afterpotentials in a CA1
pyramidal neuron studied in brain slice. A slow afterhyperpolarization continues after the time shown, lasting more than a
second (not shown). b | All-or-none burst firing resulting from afterdepolarizations in a dissociated cerebellar Purkinje
neuron. The cell was held at -85 mV by a steady holding current of —40 pA (to stop spontaneous firing) and stimulated by
brief (1 ms) current injections of 1.2 nA (which produced a subthreshold response) or 1.4 nA (which produced all-or-none
burst firing). All-or-none burst firing results from afterdepolarizations that reach spike threshold. Arrow,
afterdepolarization following the final spike in the burst. ¢ | The contribution of dendritic sodium and calcium currents to
burst firing in cortical layer 5 pyramidal neurons. Traces recorded at the soma show the effect in different cells of
tetrodotoxin (TTX) (100 nM) or nickel (1 mM) applied locally to the apical dendrite 230-260 um from the soma. Note that
TTX did not change the amplitude, threshold or waveform of the first somatic action potential, verifying the confinement
of TTX to the dendrite. The holding potential was—65 mV for both experiments. V, membrane voltage. Panel a reproduced,
with permission, from REF. 117 © (1987) Cambridge Univ. Press. Panel b reproduced, with permission, from REF. 48 © (1997)

Society for Neuroscience. Panel c reproduced, with permission, from REF. 191 © (1999) Cambridge Univ. Press.

from the depolarized dendritic membrane passes back to
the soma and produces an afterdepolarization. This effect
can be amplified by active dendritic conductances medi-
ated by sodium and calcium channels' "' (FIC. 6¢), which
are commonly present in dendrites and produce large
active depolarizing responses that are slower and occur
later relative to the somatic action potential. However,
even in the absence of contributions from dendritic
depolarization, afterdepolarizations can be produced
solely by ionic conductances in the cell body'* and are
prominent in acutely dissociated cell bodies from both
pyramidal neurons® and Purkinje neurons**'®.

Perspectives

Merely cataloguing all the components of ionic currents
for any neuron is extremely challenging, as is charac-
terizing the gating kinetics of any single component

(as illustrated by the evolution of increasingly complex
kinetic models for sodium channels, BOX 3). For currents
such as I, I, and TTX-sensitive sodium currents, the
same channels can underlie both small subthreshold cur-
rents between spikes and large currents during the spike,
producing highly complex gating behaviour as channels
activate and inactivate on slow and fast timescales and
influence both the approach to the spike and the spike
itself. Accurately describing channel gating on both fast
and slow timescales is difficult. However, the far greater
challenge is to understand how all the voltage-dependent
currents interact — with each conductance element both
controlled by voltage and causing voltage to change — to
control the generation of action potentials. Because of
the two-way interactions between any pair of conduct-
ances, mediated by changes in membrane voltage on
a sub-millisecond timescale, the role of any particular
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Box 3 | Limitations of the Hodgkin—-Huxley model for channel kinetics

The Hodgkin—Huxley explanation of the action potential — regenerative depolarization
due to a steeply voltage-dependent sodium-selective conductance followed by
repolarization due to inactivation of this conductance along with activation of a slower
potassium conductance! — has been confirmed beyond doubt. In devising a
mathematical model to predict the shape and propagation of the axon potential from
their voltage-clamp data, Hodgkin and Huxley invented ingeniously simple mathematical
expressions to account for the complex time- and voltage-dependent changes in sodium
and potassium conductances. The simplicity of these expressions facilitated the tedious
process of numerical integration. However, the Hodgkin-Huxley model of sodium
current gating kinetics has subsequently been found to be at odds with the actual
behaviour of sodium channels. In this model, the inactivation of channels is governed by
a separate voltage-dependent process than that governing the activation of channels. In
fact, various experiments have shown that inactivation derives its voltage-dependence
from the same voltage-dependent steps as activation?®®67201-2%5_ |n modern models for
sodium channel gating, inactivation is viewed as an inherently non-voltage-dependent
process that is promoted by activation because activated channels can more readily
undergo inactivation than non-activated channels®*32%2%4 The revised view of channel
gating is most significant for predictions of the relative speed and completeness of
activation and inactivation at subthreshold voltages — key for accurate predictions of
repetitive firing — because the time-dependence and voltage-dependence of activation
and inactivation are inherently intertwined. The same principles probably apply to other
inactivating channels, such as T-type calcium channels and A-type potassium channels,
and similar Markov models based on an allosteric relationship between activation and
inactivation have been formulated to capture the kinetics of these channels?°>2°%,
However, kinetic models based on these advances in understanding channel gating are
only beginning to be used in models of action potentials and firing patterns*®7614,

ionic conductance in influencing the action potential
shape and firing pattern of a neuron depends crucially
on what other ionic conductances are also present, and
the effects of adding or deleting a given conductance can
be counter-intuitive®'*>'*>. Although each neuronal type
is different, there are undoubtedly general principles
involving interactions among particular conductances
waiting to be discovered.

Despite its complexity, the system of ionic currents
in a neuron has remarkable advantages as a problem in

‘systems biology; including highly quantifiable elements,
highly quantifiable outputs (not just action potential
shape but also firing rates and patterns) and a dynamic
feedback mechanism based on a primary central quan-
tity (membrane voltage) that can be measured extremely
accurately. Because of these features, the system is ideally
suited for mathematical modelling, probably more so than
any other biological system, and relatively detailed mod-
els (including at least approximate kinetic descriptions
of up to 11 different voltage-dependent conductances)
have been formulated for the best-studied mammalian
neurons’*808310.143.145,146192.193 * Already, such modelling
has given insight into an important general question in
systems biology — how tolerant is the overall behaviour
of the system to alterations in the magnitude or proper-
ties of system elements? In the case of burst firing of a
particular neuron in the crab stomatogastric ganglion,
electrophysiological experimentation and modelling have
been combined to yield a remarkable finding: individual
neurons with very similar firing properties can have den-
sities of individual currents that vary several-fold'**-'*,
even though modest changes of a single conductance are
capable of altering the firing of any given cell. Similar
findings have been reported for the firing of cerebellar
Purkinje neurons'”'”. Related questions in a broad array
of neurons with widely different functions in information
processing can be attacked with an increasing array of
powerful experimental tools. Knockout mouse models,
RNA interference and new pharmacological agents
allow the increasingly accurate definition of individual
conductances, while the action potential clamp tech-
nique provides a direct, purely experimental integration
between current clamp behaviour and voltage-clamp
measurements. Such experimental advances will facilitate
increasing detail and realism of computer models, with
the dynamic clamp technique providing an especially
powerful link between model and experiment.
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