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Legend for the cover image: Culture of hippocampal neurons (14 DIV). The green cells were marked for
phosphoCREB (alexa 488), the blue cells for MAP2 (cyanin 5) and the red (and blue) cell was filled with
rhodamine during whole cell patch clamp recording. (Courtesy of Christophe Porchet INMED France.)
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Foreword

This excellent and highly acclaimed textbook by
Hammond and co-authors, now in its third edition,
remains faithful to its central philosophy that teaching
science cannot simply rely on the presentation of facts,
but must also include the intellectual journey that gives
birth to key discoveries and results in the solution of
long-standing puzzles. Science is in constant motion,
and neuroscience, in particular, cannot be understood
without appreciating how ground-breaking experi-
ments were designed to test novel hypotheses using a
combination of intuition, knowledge and experience.
Readers will greatly appreciate this book for several
reasons. Chief among them is that the text introduces
them to the core scientific process, beyond simply pre-
senting solutions to problems. A unique aspect of this
textbook is that most figures are reproduced from the
original papers that first demonstrated a given finding.
This is an excellent didactic approach, because these
original figures not only convey information concern-
ing particular experimental arrangements and results,
but they also introduce students to the history of neu-
roscience first hand. At the bottom of each figure leg-
end, for example, readers will find the full reference

ix

including the authors, title, and journal for the paper
that reported the particular discovery. There is no better
way to teach students integrity and self-confidence
than to introduce them to the original papers.

Because the current edition contains many updated
chapters and appendices, students will learn about
experiments performed by pioneering authors whom
they can actually meet in person at scientific conferences.
This is where the true power of the book lies, as this
approach enables students to familiarize themselves
with the ever-changing, flesh-and-blood frontlines of
cutting-edge research, while they are still in the process
of studying the key concepts of molecular and cellular
neuroscience. The topics range from elementary proper-
ties of excitable cells to detailed discussions of ion chan-
nels, receptors, and synaptic transmission, all the way to
dendritic integration and various forms of neuronal
plasticity. This book is a concise, yet in-depth, highly
informative text that will continue to inspire present and
future practitioners of neuroscience.

Ivan Soltesz, PhD
University of California, Irvine
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CHAPTER

1

Neurons

By using the silver impregnation method developed
by Golgi (1873), Ramon y Cajal studied neurons, and
their connections, in the nervous system of numerous
species. Based on his own work (1888) and that of others
(e.g. Forel, His, Kolliker and Lenhossék) he proposed
the concept that neurons are isolated units connected
to each other by contacts formed by their processes:
‘The terminal arborizations of neurons are free and are
not joined to other terminal arborizations. They make
contacts with the cell bodies and protoplasmic processes
of other cellular elements.’

As proposed by Cajal, neurons are independent
cells making specific contacts called synapses, with
hundreds or thousands of other neurons sometimes
greatly distant from their cell bodies. The neurons con-
nected together form circuits, and so the nervous sys-
tem is composed of neuronal networks which transmit
and process information. In the nervous system there
is another class of cells, the glial cells, which surround
the various parts of neurons and cooperate with them.
Glial cells are discussed in Chapter 2.

Neurons are excitable cells. Depending on the infor-
mation they receive, neurons generate electrical sig-
nals and propagate them along their processes. This
capacity is due to the presence of particular proteins
in their plasma membrane which allow the selective
passage of ions: the ion channels.

Neurons are also secretory cells. Their secretory
product is called a neurotransmitter. The release of a
neurotransmitter occurs only in restricted regions, the
synapses. The neurotransmitter is released in the extra-
cellular space. The synaptic secretion is highly focal-
ized and directed specifically on cell regions to which
the neuron is connected. The synaptic secretion is then
different (with only a few exceptions) from other secre-
tory cells, such as from hormonal and exocrine cells

which respectively release their secretory products
into the general circulation (endocrine secretion) or the
external environment (exocrine secretion). Synapses
are discussed in Chapter 6.

Neurons are quiescent cells. When lesioned, most
neurons cannot be replaced, since they are postmitotic
cells. Thus, they renew their constituents during their
entire life, involving the precise targeting of mRNAs
and proteins to particular cytoplasmic domains or
membrane areas.

1.1 NEURONS HAVE A CELL BODY FROM
WHICH EMERGE TWO TYPES OF
PROCESSES: THE DENDRITES
AND THE AXON

Although neurons present varied morphologies,
they all share features that identify them as neurons.
The cell body or soma gives rise to processes which
give the neuron the regionalization of its functions, its
polarity and its capacity to connect to other neurons, to
sensory cells or to effector cells.

1.1.1 The somatodendritic tree is the
neuron’s receptive pole

The soma of the neuron contains the nucleus and its
surrounding cytoplasm (or perikaryon). Its shape is vari-
able: pyramidal soma for pyramidal cells in the cerebral
cortex and hippocampus; ovoid soma for Purkinje cells
in the cerebellar cortex; granular soma for small multi-
polar cells in the cerebral cortex, cerebellar cortex and
hippocampus; fusiform soma for neurons in the pallidal
complex; and stellar or multipolar soma for motoneurons
in the spinal cord (Figure 1.1).
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FIGURE 1.1 The neurons of the central nervous system present different dendritic arborizations.

(a) Photomicrographs of neurons in the central nervous system as observed under the light microscope.
A — Purkinje cell of the cerebellar cortex; B — pyramidal cell of the hippocampus; C — soma of a motoneuron of
the spinal cord. Golgi (A and B) and Nissl (C) staining. The Golgi technique is a silver staining which allows
observation of dendrites, somas and axon emergence. The Nissl staining is a basophile staining which displays
neuronal regions (soma and primary dendrites) containing Nissl bodies (parts of the rough endoplasmic retic-
ulum). (b) Camera lucida drawings of neurons in the central nervous system of primates, revealed by the Golgi
silver impregnation technique and reconstructed from serial sections: ST, medium spiny neuron of the stria-
tum; GP, neuron of the globus pallidus; TH, thalamocortical neuron; STN, neuron of the subthalamic nucleus;
OL, neurons of the inferior olivary complex; PU, Purkinje cell of the cerebellar cortex; SNC, dopaminergic neu-
ron of the substantia nigra pars compacta. All these neurons are illustrated at the same magnification.
Photomicrographs by Olivier Robain (aA and aB) and Paul Derer (aC). Drawings by Jérome Yelnik, except OL
and PU by Ramon Y Cajal (1911).
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FIGURE 1.2 Tridimensional illustration of a dendritic arborization.

Computer drawing of a neuron of the subthalamic nucleus injected intracellularly with horseradish peroxi-
dase (HRP) and reconstructed in three dimensions from serial sections. At 0°, the dendritic arborization of this
neuron is represented in its principal plane; i.e. in the plane where it has its largest surface. In this plane, the
dendritic field is almost circular (859 pum long and 804 um wide). 30°, 60° and 90° rotations from the principal
plane around the horizontal (horizontal column) and vertical (vertical column) axis show that the dendritic
field has a flattened ovoidal form (230 pm thick). From Hammond C and Yelnik ] (1983) Intracellular labelling
of rat subthalamic nucleus with horseradish peroxidase: computer analysis of dendrites and characterization
of axon arborization. Neuroscience 8, 781-790, with permission.

One function of the soma is to ensure the synthesis
of many of the components required for the structure
and function of a neuron. Indeed, the soma contains all
the organelles responsible for the synthesis of macro-
molecules. Most neurons in the central nervous system
cannot further divide or regenerate after birth, and the
cell body must maintain the structural integrity of the
neuron throughout the individual’s entire life. Moreover,
the soma receives numerous synaptic contacts from
other neurons and constitutes, with the dendrites, the
main receptive area of neurons (see Figure 1.5 and
Section 6.2).The neurons have one or several processes
emerging from the cell body and arborizing more or
less profusely. The two types of neuronal processes are
the dendrites and the axon (Figures 1.1 and 1.3). This
division is based on morphological, ultrastructural,
biochemical and functional criteria.

The dendrites, when they emerge from the soma, are
simple perikaryal extensions, the primary dendrites.
On average, between one and nine primary dendrites

emerge from the soma and then divide successively to
give a dendritic tree with specific characteristics (number
of branches, volume, etc.) for each neuronal population
(Figures 1.1 and 1.2). The dendrites are morphologically
distinguishable from axons by their irregular outline,
by their diameter which decreases along their branch-
ings, by the acute angles between the branches, and by
their ultrastructural characteristics (Figures 1.1, 1.3
and 1.7). The irregular outline of dendrites is related to
the presence of numerous appendices of various shapes
and dimensions at their surface. The most frequently
observed are the dendritic spines which are lateral
expansions with ovoid heads binding to the dendritic
branches by a peduncle that is variable in length
(Figure 1.3). Some neurons are termed ‘spiny” because
there are between 40,000 and 100,000 spines on the sur-
face of their dendrites (e.g. pyramidal neurons of the
cerebral cortex and hippocampus, the medium-sized
neurons of the striatum, and the Purkinje cells of the
cerebellar cortex). However, other neurons with only
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FIGURE 1.3 Dendrite and axon of a rat subthalamic nucleus
neuron.

(a) A distal dendrite: dendritic spines of various shapes are present on
its surface. (b) The axon: it has a smooth surface and gives off an
axonal collateral. The processes of this neuron are stained by an intra-
cellular injection of horseradish peroxidase. To follow the dendrites
and axon along their trajectories, each figure is a photomontage of
numerous photomicrographs of serial sections. From Hammond C
and Yelnik J (see Figure 1.2), with permission.

a few spines on their dendritic surface are termed
‘smooth’ (e.g. neurons of the pallidal complex) (Figure
1.1). The transition from the cell body to proximal den-
drites is gradual, and the cytoplasmic architectures of
proximal dendrites and the cell body are similar. In par-
ticular, the endoplasmic reticulum and ribosomes are
almost as abundant in the proximal dendrites as in the
cell body. Moreover, even distal dendrites contain ribo-
somes and endoplasmic reticula.

Dendrites and soma receive numerous synaptic
contacts from other neurons and constitute the main
receptive area of neurons (see Figure 1.5 and Section
6.2). In response to afferent information, they generate
electrical signals such as postsynaptic potentials (EPSPs

or IPSPs; see Figure 1.5 left 1, 2) or calcium action
potentials, and integrate the afferent information.
Chapters 8-10 look at the mechanisms underlying the
excitatory (EPSP) and inhibitory (IPSP) postsynaptic
potentials generated in the postsynaptic membrane in
response to transmitter release. Chapters 13-16 discuss
how these postsynaptic responses are integrated along
the somato-dendritic tree. Although dendrites are gen-
erally a receptive zone, there are certain exceptions:
some dendrites are connected with other dendrites and
act as a transmitter area by releasing neurotransmitters
(see Figure 6.2d).

1.1.2 The axon and its collaterals are the
neuron’s transmitter pole

The axon is morphologically distinct from dendrites
in having a smooth appearance and a uniform diameter
along its entire extent, and by its ultrastructural charac-
teristics (Figures 1.3, 1.6 and 1.7). Axons are narrow
from their origin, and do not usually contain ribosomes
or endoplasmic reticula. The transition from the cell
body to axon is distinct; the region of the cell body from
which an axon originates is called the axon hillock and
it tapers off to the axonal initial segment, where action
potentials begin. Although most parts of the cell body
are rich in endoplasmic reticula, the axon hillock is not.
At the axon initial segment, the plasma membrane has
thick underlying structures, and there is a specialized
bundle of microtubules. In some neurons the axon
emerges at the level of a primary dendrite.

The axon is not a single process; it is divided into
one or several collaterals which form right-angles with
the main axon. Some collaterals return toward the
cell body area; these are recurrent axon collaterals.
The axon and its collaterals may be surrounded by
a sheath, the myelin sheath. Myelin is formed by glial
cells (see Sections 2.2 and 2.3). The length of an axon
varies. Certain neurons in the central nervous system
have axons that project to one or several structures of
the central nervous system that are more or less distant
from their cell bodies (Figure 1.4), whereas other neurons
have short axons (a few microns in length) that are
confined to the structure where their cell bodies are
located; these are interneurons or local circuit neurons
(see Figure 1.13).

Thus projection (Golgi type I) neurons and local-
circuit (Golgi type II) neurons can be differentiated. In
Golgi type I neurons, the length of the axon is variable:
certain projection neurons are directed to one structure
only (e.g. corticothalamic neurons; see Figure 1.14)
whereas other projection neurons have numerous axon
collaterals which project to several cerebral structures
(Figure 1.4).
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FIGURE 1.4 Neuron of the cat reticular formation (brainstem)
showing a complex axonal arborization.

This reticulospinal neuron has been stained by intracellular injection
of peroxidase and drawn in a parasagittal plane obtained from serial
sections. The axon (ax, black) gives off numerous collaterals along its
rostrocaudal trajectory, making contacts with different neuronal
populations (delimited by broken lines). Scale: 7mm = 1pm. From
Grantyn A (1987) Reticulo-spinal neurons participating in the control
of synergic eye and head movement during orienting in the cat. Exp.
Brain Res. 66, 355-377, with permission.

The axon and axonal collaterals in certain neurons
end in a terminal arborization, i.e. numerous thin
branches whose extremities, the synaptic boutons, make
synaptic contacts with target cells (see Figure 6.3). In
other neurons the axon and its collaterals have enlarge-
ments or varicosities which contact target cells along
their way: these are ‘boutons en passant’ (see Figures
6.14 and 6.15b). It can be noted that both types of bou-
tons are called axon terminals, although ‘boutons en
passant’” are not the real endings of the axon.

The main characteristic of axons is their capacity to
trigger sodium action potentials and to propagate them
over considerable distances without any decrease in
their amplitude (Figure 1.5 left 3). Action potentials are
generated at the initial segment level in response to
synaptic information transmitted by the somatoden-
dritic tree. Then they propagate along the axon and its
collaterals toward the axon terminals (synaptic bou-
tons or boutons en passant). When action potentials
reach the axon terminals these trigger calcium action
potentials (Figure 1.5 left 4) which may cause the
release of the neurotransmitter(s) contained in axon
terminals in a specific compartment, the synaptic ves-
icles. This secretion is localized only at the synaptic
contacts. Overall, the axon is considered as the trans-
mitter pole of the neuron.

Chapter 4 discusses the mechanisms underlying the
abrupt, large and transient depolarizations called
(sodium) action potentials, and how they are triggered
and propogated. Chapters 4, 5 and 7 look at how

sodium action potentials trigger calcium action poten-
tials, the entry of calcium in synaptic terminals and the
secretion of transmitter molecules.

Certain regions — such as the initial segment, nodes
of Ranvier (zones between two myelinated segments;
see Figure 1.5) and axon terminals — can also be recep-
tive areas (a postsynaptic element) of synaptic contacts
from other neurons (see Section 6.2).

1.2 NEURONS ARE HIGHLY POLARIZED
CELLS WITH A DIFFERENTIAL
DISTRIBUTION OF
ORGANELLES AND
PROTEINS

The somatodendritic tree is the neuron’s receptive
pole, whereas the axon and its collaterals are the neu-
ron’s transmitter pole. Neurons are highly polarized
cells. Cellular morphology and accurate organelles
and protein distribution lay the basis to this polariza-
tion. The organelles and cytoplasmic elements present
in neurons are the same organelles found in other cell
types. However, some elements such as cytoskeletal
elements are more abundant in neurons. The non-
homogeneous distribution of organelles in their soma
and processes is one of the most distinguishing charac-
teristics of neurons.

1.2.1 The soma is the main site of
macromolecule synthesis

The soma contains the same organelles and cytoplas-
mic elements that exist in other cells: cellular nucleus,
Golgi apparatus, mitochondria, polysomes, cytoskeletal
elements and lysosomes. The soma is the main site of
synthesis of macromolecules since it is the one compart-
ment containing all the required organelles.

Compared with other types of cells, the neuron dif-
fers at the nuclear level and more specifically at the
chromatin and nucleolus levels. The chromatin is light
and sparsely distributed: the nucleus is in interphase.
Indeed, in humans, most neurons cannot divide after
birth since they are postmitotic cells. The nucleolus is the
site of ribosomal synthesis and ribosomes are essential
for translating messenger RNA (mRNA) into proteins.
The large size of the nucleolus indicates a high level of
protein synthesis in neurons.

1.2.2 The dendrites contain free ribosomes
and synthesize some of their proteins

In dendrites can be found smooth endoplasmic
reticulum, elongated mitochondria, free ribosomes or
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FIGURE 1.5 Comprehensive schematic drawing of neuron polarity.

The somatodendritic compartment of a neuron receives a large amount of information from other neurons
that establish synapses with it. At each synapse level, the neuron generates postsynaptic potentials in
response to the released neurotransmitter (1, EPSP; 2, IPSP). These postsynaptic potentials propagate and
summate in the somatodendritic compartment, then they propagate to the initial segment of the axon where
they generate (or not) action potential(s) (3a). The action potentials propagate along the axon (3b, 3c) and its
collaterals up to the axon terminals where they evoke (or not) the entry of calcium (4) and neurotransmitter

release. Note the different voltage and time calibrations.

polysomes, and cytoskeletal elements including micro-
tubules which are oriented parallel to the long axis of the
dendrites (but they lack neurofilaments) (Figure 1.6).
By using the hook procedure, microtubules have been
shown to have two orientations in proximal dendrites:
half of them are oriented with the plus-ends distal to the
cell body, and the other half has the plus-ends proximal
to the cell body. This is very different from the orientation
in distal dendrites and axons (Figure 1.7), which is uni-
form. Moreover, one microtubule-associated protein
(MAP), the high-molecular-weight MAP2 protein and

more precisely the MAP2A and MAP2B, are more com-
mon to dendrites than to axons. For this reason MAP2A
or MAP2B antibodies coupled to fluorescent molecules
are useful for labelling dendrites, particularly for den-
drite identification in cell cultures.

mRNA trafficking and local protein synthesis in
dendrites

The dendritic compartment contains many ribosomes
whereas an axon has considerably fewer ribosomes.
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FIGURE 1.6 Photomicrograph of a tissue section of the central
nervous system at the hippocampal level.

This shows the ultrastructure of a dendrite, numerous axons and
their synaptic contacts (observation under the electron microscope).
The apical dendrite of a pyramidal neuron contains mitochondria,
microtubules, ribosomes and smooth endoplasmic reticulum. It is
surrounded by fascicles of unmyelinated axons with mitochondria
and microtubules but no ribosomes. The axon’s trajectory is perpen-
dicular to the section plane. Three synaptic boutons (Ax Term) with
synaptic vesicles make synaptic contacts (arrows) with the dendrite.
Photomicrograph by Olivier Robain.

One particular feature of dendrites, compared with
axons, is the presence of synapse-associated polyribo-
some complexes (SPRCs); these are clusters of polyri-
bosomes and associated membranous cisterns that are
selectively localized beneath synapses (more precisely,
beneath postsynaptic sites), at the base of dendritic
spines when spines are present.

What is the origin of this selective distribution of
ribosomes in neurons? This question is particularly
important since this compartmentalization leads to dif-
ferent properties of dendrites and axons: dendrites can
locally synthesize some of their proteins, whereas axons
would synthesize very few of them, if any.

Whereas most proteins destined for dendrites and
dendritic spines are conveyed from the cell body, a sub-
set of mRNAs are transported into dendrites to support
local protein synthesis. Such a local dendritic protein
synthesis requires that a particular subset of mRNAs
synthesized in the nucleus is transported into the den-
drites up to the polysomes where they are translated.

In cultured hippocampal neurons, RNA labelled
with tritiated uridin is shown to be transported at a rate
of 250-500 pm per day. This transport is blocked by
metabolic poisons and the RNA in transit appears to
be bound to the cytoskeleton, since much of it remains
following detergent extraction of the cells. Studies using
video microscopy techniques and cell-permeant dyes
which fluoresce on binding to nucleic acids have permit-
ted observation of the movement of RNA-containing
granules along microtubules in dendrites. These studies
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FIGURE 1.7 Microtubule polarity in neuronal processes.

(a) The polarity of microtubules is defined by the hook procedure.
Neurons in culture are permeabilized in the presence of taxol to stabilize
microtubules. Monomers of tubulin, purified from brain extracts, are
added in the extracellular medium. Several minutes after, transversal
cuts are performed at the level of dendrites or at the level of an axon.
Slices are treated for electron microscopy. Hook-like structures are
observed. They result from exogenous tubulin polymerization at the
surface of endogenous microtubules. Hooks are always oriented
toward the plus-end of microtubules. (b) When hooks, at the elec-
tron microscopic level, have mixed orientations (clockwise and anti-
clockwise), this means that endogenous microtubules are antiparallel
(left). Uniformly oriented hooks (right) indicate that endogenous
microtubules are parallel. (¢) Orientation of microtubules in dend-
rites and the axon. Drawing (a) by Lotfi Ferhat. Drawing (b) adapted
from Sharp DJ, Wengian Yu, Ferhat L et al. (1997) Identification of a
microtubule-associated motor protein essential for dendrite differ-
entiation. J. Cell. Biol. 138, 833-843. Drawing (c) adapted from
Baas PW, Deitch JS, Black MM, Banker GA (1988) Polarity orientation
of microtubules in hippocampal neurons: uniformity in the axon and
nonuniformity in the dendrite. Proc. Natl Acad. Sci. USA 85, 8335-8339,
with permission.

suggest that mRNAs are transported as part of a larger
structure. The visualized RNA particles colocalize with
poly(A) mRNA, the 60S ribosomal subunit, suggesting
that the granules may represent translational units or
complexes (Figure 1.8). Therefore, this energy-dependent
transport seems to be associated with the dendrite
cytoskeleton as also shown by the delocalization of
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FIGURE 1.8 Approximate sizes of representative dendritic mRNAs and translational elements at
synaptic sites on dendrites.
The drawing illustrates the approximate size range of spine synapses that would be found in rat forebrain
structures such as the hippocampus and cerebral cortex. The lines represent the approximate length of repre-
sentative dendritic mRNAs if they were straightened out. Shading indicates the length and position of the
coding region. Adapted from Schuman EM, Dynes JL, Steward O (2006) Synaptic regulation of dendritic
mRNAs. . Neurosci. 26, 7143-7146.

mRNA granules in response to colchicin (a drug which
blocks microtubule polymerization).

To visualize mRNA translocation in live neurons
studies used nucleic acid stains and green fluorescent
protein fused to RNA-binding proteins. It showed that
mRNAs are transported in the form of large granules
containing mRNAs, RNA-binding proteins, ribosomes,
and translational factors (RN A-containing granules) in
a rapid (average speed, 0.1pm/s), bidirectional, and
microtubule dependent manner.

The exact mechanisms underlying the targeting of
newly synthesized mRNAs to dendrites — which
includes transport (i.e. recognition of particular mRNAs
within a granule and movement along microtubules)
and docking (shift from a microtubule-based transport
to a cytoskeletal-based anchor) — are not yet clear.
However, RNA-containing granules that are transported
to dendrites bind to the C-terminal tail of the conven-
tional kinesin KIF5 as a large detergent resistant, RNase-
sensitive granule (see Figure 1.11 and Section 1.3).

The mRNAs present in dendrites encode proteins of
different functional types. Among the mRNAs detected
in dendrites by in situ hybridization (see Appendix 6.2)
are mRNAs that encode certain cytoskeletal proteins
(as the high-molecular-weight MAP2), a kinase (the «
subunit of calcium/calmodulin-dependent protein
kinase II), an integral membrane protein of the endo-
plasmic reticulum (the inositol trisphosphate receptor),
calcium-binding proteins, certain units of neurotransmitter

receptors (the NR1 subunit of the NMDA receptor) as
well as other proteins of unknown function. Moreover,
within dendrites, different mRNAs are localized in dif-
ferent domains and different mRNAs are localized in
the dendrites of different neuron types. In summary; it
has become clear that certain mRNAs are transported
in dendrites in large macromolecular complexes, the
granules (>1000S). These granules are transported by
a kinesin KIF5, which binds RNA-binding proteins by
a recognition motif in its tail domain.

The relatively large amount of RNA transported
into dendrites raises the question of why neurons need
this supply. Targeting of mRNAs to dendritic synthetic
machinery located at the base of dendritic spines could
occur, for example, in response to synaptic information
and trigger local protein synthesis that would be
responsible for the stability of the synaptic transmis-
sion or the modulation of it by changing, for example,
the subunits or the number of receptors to the neuro-
transmitter in the postsynaptic membrane (this can
occur during plasticity and may produce long-lasting
changes in synaptic strength) (see Chapter 18).

1.2.3 The axon, to a large extent, lacks the
machinery for protein synthesis

The axoplasm contains thin elongated mitochondria,
numerous cytoskeletal elements and transport vesicles.
It is devoid of ribosomes associated to the reticulum
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but may contain ribonucleoprotein complexes espe-
cially during development. Nevertheless, axons cannot
restore the vast majority of the macromolecules from
which they are made; neither can they ensure alone the
synthesis of the neurotransmitter(s) that they release
since they are unable to synthesize proteins (such as
enzymes). This problem is resolved by the existence of
a continuous supply of macromolecules from the cell
body to the axon through anterograde axonal transport
(see Section 1.3).

Another major difference between dendrites and
axons is the orientation of microtubules. By using the
hook procedure (see Figure 1.7) it has been shown that
the polarity of microtubules is uniform in the axon,
meaning that all their plus-ends point away from the
cell body, toward the axon terminals. The polarity of
the microtubules is relevant for transport properties
(see Section 1.3). Moreover, one MAP, the Tau protein,
is more common to axons than to dendrites. Tau anti-
bodies coupled to fluorescent molecules are useful for
labelling axons, particularly for axon identification in
cell cultures.

1.3 AXONAL TRANSPORT
ALLOWS BIDIRECTIONAL
COMMUNICATION BETWEEN
THE CELL BODY AND
THE AXON TERMINALS

Axonal transport is the movement of subcellular
structures (such as vesicles, mitochondria, etc.) and pro-
teins (like those of the cytoskeleton) from the cell body
to axonal sites (nodes of Ranvier, presynaptic release
sites, etc.) and from axon terminals to the cell body.

1.3.1 Demonstration of axonal transport

Weiss and Hiscoe (1948) first demonstrated the exist-
ence of material transport in growing axons (during
development) as in mature axons. Their work consisted
of placing a ligature on the chicken sciatic nerve, and
then examining the change in diameter of the axons
over several weeks. They showed that these neurons
became enlarged in their proximal part and presented
degenerative signs in their distal part (Figure 1.9). The
authors suggested that material from the cell body had
accumulated above the ligature and ensured the survival
of the distal part.

Later Lubinska et al. (1964) elaborated the concept of
anterograde and retrograde transport. These authors
placed two ligatures on a dog sciatic nerve, isolated
part of the nerve and divided it into short segments in

Cell body Axon
. |

Proximal part of axon

3 : Ligature '

4 : I
FIGURE 1.9 Experiment by Weiss and others demonstrating
anterograde axonal transport.

Schematic of a chicken motoneuron (1). When a ligature is placed on
the axon (2) an enlargement of the axon’s diameter above the ligature
is noted after several weeks (3). When this ligature is removed, the
enlargement progressively disappears (4). From Weiss P, Hiscoe HB

(1948) Experiments on the mechanism of nerve growth. J. Exp. Zool.
107, 315-396, with permission.

Terminals

Distal part of axon

order to analyze their acetylcholinesterase content.
This enzyme is responsible for acetylcholine degrad-
ation and was used here as a marker. They showed that
it accumulates at the level of both ligatures. This result
therefore suggested the existence of two types of trans-
port: an anterograde transport (from cell body to ter-
minals) and a retrograde transport (from terminals
to cell body). Moreover, it appeared that both types
of transport are distributed along the entire extent of
the axon.

We presently know of three types of axonal transport:
fast (anterograde and retrograde), slow (anterograde)
and mitochondrial.

1.3.2 Fast anterograde axonal transport is
responsible for the movement of
membranous organelles from cell body
towards axon terminals, and allows
renewal of axonal proteins

Fast anterograde axonal transport consists in the
movement of vesicles along the axonal microtubules at
a rate of 200400 mm per day (i.e. 2-5 pm/s). These trans-
port vesicles, which are 40-60nm in diameter, emerge
from the Golgi apparatus in the cell body (Figure 1.10a).
They transport, among other things, proteins required
to renew plasma membrane and internal axonal mem-
branes, neurotransmitter synthesis enzymes and neuro-
transmitter precursors when the neurotransmitter is a
peptide. This transport is independent of the type of
axon (central, peripheral, etc.).



10

1. NEURONS
(a)
Rough endoplasmic reticulum
Golgi apparatus Fast anterograde transport
Exocytosis

Vesicle

) Axon terminal
Microtubule

o0l o An—>o0 oo

Axon Plurivesicluar

Lysosome body Membrane

recycling

Cell body
Retrograde transport

. . [
Mitochondrion Retrieval

Endosome

Exocytosis

(b)

Axonal ———

Mitochondrion transport

nT Presynaptic
plasma
membrane

N~ o) :4:) .
= —(1) I
,//@l <_‘_‘T «@4

Multilamellar body Axon Axon terminal

Lysosome

Cell body

FIGURE 1.10 Fast axonal transport.

(a) Schematic of fast anterograde axonal transport (anterograde movement of vesicles) and retrograde axonal
transport (retrograde movement of plurivesicular bodies). These two transports use microtubules as substrate.
The detail shows recycling of small synaptic vesicles. Vesicles synthetized in the cell body and transported to
the axon terminals are loaded with cytoplasmic neurotransmitter and targeted to the presynaptic plasma mem-
brane. In response to Ca* entry, they fuse with the plasma membrane, release their content into the synaptic
cleft (exocytosis); then they are recycled via an endosomal compartment. (b) Schematic of mitochondrial trans-
port. Note that the neuron representation is extremely schematic since axons do not give off one axon terminal.
Drawing (a) adapted from Allen R (1987) Les trottoirs roulants de la cellule. Pour la Science, April, 52—-66; and
Stidhof TC, Jahn R (1991) Proteins of synaptic vesicles involved in exocytosis and membrane recycling. Neuron
6, 665-677, with permission. Drawing (b) adapted from Lasek R], Katz M (1987) Mechanisms at the axon tip
regulate metabolic processes critical to axonal elongation. Prog. Brain Res. 71, 49-60, with permission.

The most currently used preparation

The squid’s giant axon is most commonly used for
these observations since its axoplasm can easily be
extruded and a translucent cylinder of axoplasm
devoid of its membrane is thus obtained. This living
extruded axon keeps its transport properties for sev-
eral hours. The absence of plasma membrane allows a

precise control of the experimental conditions and
entry into the axoplasm of several components that
cannot usually pass through the membrane barrier
in vivo (e.g. antibodies). The improvement of video
techniques applied to light microscopy allowed the
first observations of the movement of a multitude of
small particles along the microtubules in a living
extruded axon.
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Identification of the moving organelles and
their substrates

Analysis of the particles that accumulate on each side
of the 1.0-1.5-mm long isolated frozen segments of the
squid axon has permitted the identification of moving
organelles in axons. Correlation between video and elec-
tron microscopy images of these axonal segments has
shown that the particles moving anterogradely on video
images are small vesicles. Indeed, when a purified frac-
tion of small labelled vesicles (with fluorescent dyes) is
placed in an extruded axon, these vesicles and also
native vesicles are transported essentially in the antero-
grade direction.

Evidence demonstrating the implication of micro-
tubules in fast anterograde transport came from experi-
ments with antimitotic agents (colchicin, vinblastin)
which prevent the elongation of microtubules and
block this transport. Finally, video techniques have also
demonstrated that the vesicles are associated to micro-
tubules by arms of 25-30 nm length (Figure 1.11a).

The role of ATP and kinesin

By analogy with actin-myosin movements in muscle
cells, scientists tried to isolate in neurons an ATPase
(the enzyme responsible for the hydrolysis of ATP)
associated with microtubules and able to generate the
movement of vesicles. To demonstrate molecular com-
ponents responsible for interactions between vesicles
and microtubules, the vesicle-microtubule complex
system has been reconstituted in vitro: isolated vesicles
from squid giant axons are added to a preparation of
purified microtubules and placed on a glass coverslip.
These vesicles occasionally move in the presence of
ATP. If an extract of solubilized axoplasm is then added
to this system the number of transported vesicles is
considerably increased.

In order to determine the factor present in the solu-
bilized fraction responsible for vesicle movement, a
non-hydrolyzable ATP analogue has been used: the
5-adenylyl imidophosphate (AMP-PNP). In the presence
of AMP-PNP, the vesicles associate with the micro-
tubules but then stop. In these conditions, vesicles are
bound to the microtubules and also, consequently,
to the transport factor. When an overdose of ATP is
added to this vesicle-microtubule complex isolated by
centrifugation, the AMP-PNP is removed and so ves-
icles are released and the transport factor is solubilized.
Kinesin has been thus isolated and purified. It is a sol-
uble microtubule-associated ATPase that couples ATP
hydrolysis to unidirectional movement of vesicles
along the microtubule. As we have already seen, in
axons, all microtubules are oriented, their plus-end

being distally located from the cell body. It has been
shown that kinesin moves vesicles in one direction
only: from the minus-end toward the plus-end. All these
results show that kinesin is responsible for anterograde
transport. In mammals, kinesin is a homodimer com-
posed of two identical heavy chains associated with
two light chains. These form a 80 nm rod-like molecule
consisting of two globular head domains (formed by
the heavy chains), a stalk domain and a tail domain
(formed by the light chains) (Figure 1.11a,b). Kinesin is
a microtubule-associated protein (MAP) belonging to
the family of mechanochemical ATPases. In proposed
mechanism models, the arms observed between ves-
icles and microtubules in vitro would be kinesin. The
head transiently binds to microtubules whereas the tail
would be, directly or indirectly, associated to membran-
ous organelles. The head binds to and dissociates from a
microtubule through a cycle of ATP hydrolysis.

The effects of mutations of the kinesin heavy-chain
gene (khc) on the physiology and ultrastructure of
Drosophila larval neurons have been studied. Motoneu-
ron activity and corresponding synaptic (junctional)
excitatory potentials of the muscle cells they innervate
were recorded in control and mutant larvae in response
to segmental nerve stimulation. The mutations dramat-
ically reduced the evoked motoneuron activity and
synaptic responses. The synaptic responses were reduced
even when the terminals were directly stimulated.
However, there was no apparent effect on the number
of axons in the nerve bundle or the number of synaptic
vesicles in the nerve terminal cytoplasm. These obser-
vations show that kinesin mutations impair the func-
tion of action potential propagation and neurotransmitter
release at nerve terminals. Thus kinesin appears to be
required for axonal transport of material other than
synaptic vesicles: for example, vesicles containing ion
channels such as Na® channels delivered to Ranvier
nodes and Ca?* channels delivered to presynaptic
membranes. These vesicles, called ‘cargoes’, are linked
to kinesin. The observation that mutation of kinesin
heavy chain had no effect on the number of synaptic
vesicles within nerve terminals would obviously not be
expected if conventional kinesin were the universal
anterograde axonal transport motor.

Plus-end wvesicle motors

Since the original discovery of kinesin, a large
family of proteins (kinesin superfamily proteins or
KIFs) with homology to kinesin’s motor domain has
been discovered. The kinesin superfamily is a large
gene family of microtubule-dependent motors with
45 members identified at present in mice and humans.
The 45 murine and human KIF genes have been classified
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FIGURE 1.11 The motors of fast anterograde and retrograde axonal transport.

(a) Kinesin motors carry cargo (membrane organelles in the axon) along a unipolar array of microtubule
towards the plus-ends. Dynein is carried along with this anterograde cargo in a repressed form, and reversals
in the direction of movement are infrequent. At a ‘turnaround’ zone at the tip of these structures, dynein would
be activated and kinesin repressed, and the processed cargo then can be transported back towards the cell body.
The opposite activation/inactivation of the motors is believed to occur at the base near the cell body. (b) Some
members of kinesin superfamily proteins (KIFs) observed by low angle rotary shadowing (left column).
Diagrams, constructed on the basis of electron microscopy or predicted from the analysis of their primary struc-
tures, are shown on the right (the larger orange ovals in each diagram indicate motor domains). KIF5 (orange)
forms a homodimer and kinesin light chains (blue) associate at the carboxyl C-terminus to form fanlike ends.
KIF1A is monomeric and globular. KIF3 forms heterodimers. (c) The domain structures of the same KIFs. The
motor domains are shown in orange, the ATP-binding consensus sequence by a thin purple line, the micro-
tubule-binding consensus sequence by a thick purple line, the dimerization domains by yellow stripes, the
forkhead-associated domains by red stripes and pleckstrin homology domains by orange stripes. The number
of amino acids in each molecule is shown on the right. All these KIFs have their motor domains in the amino
(N) terminus and are therefore N-kinesins. Part (a) adapted from Vale RD (2003) The molecular motor toolbox
for intracellular transport. Cell 112, 467-480, with permission. Part (b) adapted from Hirokawa N (1998)
Kinesin and dynein superfamily proteins and the mechanism of organelle transport. Science 279, 519-526, with
permission. Part (c) adapted from Hirokawa N and Takemura R (2005) Molecular motors and mechanisms of
directional transport in neurons. Nat. Rev. Neurosci. 6, 201-214, with permission.

into three types on the basis of the positions of their
motor domains: the amino (N)-terminal motor, middle
motor and carboxy (C)-terminal motor types (referred
to as N-kinesins, M-kinesins and C-kinesins, respect-
ively). All KIFs have a globular motor domain that
shows high degrees of homology and contains a
microtubule-binding sequence and an ATP-binding
sequence, but, outside the motor domain, each KIF has
a unique sequence (Figure 1.11b,c). The diversity of

these cargo-binding domains explains how KIFs can
transport numerous different cargoes. Kinesins have
either a monomeric (KIF1A, KIF1B), a homodimeric
(KIF5, KIF2) or a heterodimeric (KIF3B and KIF3C with
KIF3A) structure. The ‘classical kinesin’ corresponds
to KIF5. Many KIFs are expressed primarily in the
nervous system, but KIFs are also expressed in other
tissues and participate in various types of intracellular
transport.
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Most KIFs are plus-end motors that transport car-
goes from the minus-end of microtubules toward their
plus-end, i.e. from the cell body toward axon terminals.
The motor domain is necessary and sufficient for ATP-
driven movement along microtubules. The hypothesis
is that each KIF member is targeted to a specific cargo
population, allowing the trafficking of the different
neuronal compartments to be regulated independently.
While there is some functional redundancy among
members of the kinesin superfamily, there is also a
remarkable degree of cargo specialization. Many mem-
bers of the kinesin superfamily have been identified as
motors for specific cellular cargoes.

1.3.3 Retrograde axonal transport returns
old membrane constituents, trophic
factors, exogenous material to the

cell body

Retrograde axonal transport allows debris elimin-
ation and could represent a feedback mechanism for
controlling the metabolic activity of the soma. The
vesicles or cargoes transported retrogradely are larger
(100-300nm) than those transported anterogradely.
Structurally they are prelysosomal structures, multi-
vesicular or multilamellar bodies (Figure 1.10). In the
squid extruded axoplasm, vesicles move on to each fila-
ment in both directions and frequently cross each other
without apparent collisions or interactions.

Do filaments used for the fast transport of vesicles
form a complex made up of several distinct filaments
where certain filaments would be implicated in fast
anterograde and others in retrograde transport? By
using a monoclonal antibody raised against a-tubulin
(a specific component of microtubules) it has been
demonstrated that all the filaments implicated in
anterograde or retrograde axonal transport contain
a-tubulin. Moreover, by using a toxin-binding actin
(and so consequently binding microfilaments) it was
shown that filaments used for fast anterograde transport
or retrograde transport were devoid of actin in their
structure. Thus it appeared that filaments used for the
movement of vesicles in both directions are microtubules.

The minus-end motor(s)

Morphometric analysis of the arms between retro-
grade vesicles (pluricellular bodies) and microtubules
demonstrated that these are similar to arms between
anterograde vesicles and microtubules. Studies look-
ing to find a factor different from, but homologous
to, kinesin and responsible for retrograde transport
were undertaken. This factor present in axoplasm
homogenate might be lost during kinesin purification

procedures since no retrograde vesicles movement
was observed in vitro with kinesin. Cytoplasmic dynein
(also called MAPI1C) has been thus isolated. It is a
microtubule-associated protein with an ATPase activity
(see Figures 1.11a and 1.12).

Cytoplasmic dynein is a large and complex molecule,
composed of two heavy chains, and multiple intermedi-
ate, light intermediate, and light chains to yield a 2 mil-
lion Da protein complex. The two heavy chains, each
around 500kDa, fold to form globular heads on rela-
tively flexible stalks that dimerize at their ends. Most of
the other subunits of the complex are associated with
the base of the molecule. Each of the globular heads
forms a motor domain, while the base of the complex
functions primarily to bind to an associated protein
complex, dynactin, as well as participating in direct or
indirect associations with cargo (Figure 1.12).

In vitro, cytoplasmic dynein alone is sufficient to
drive microtubule gliding. However, within the cell
a second protein complex, dynactin, is required for
most of cytoplasmic dynein’s motile functions (Figure
1.12). Dynactin is also a large protein complex (1 MDa)
with a distinct structure, composed of 11 distinct
subunits.

What mechanism regulates the direction of vesicle
movement?

It can be hypothesized that kinesin and dynein are
bound to only one type of vesicle, specific receptors
present at their surface recognizing only one of the two
motors. Or both motors might be located on the different
vesicles, and by a regulation mechanism only one type is
active and so transport takes place in only one direc-
tion. Anterogradely transported vesicle populations
isolated from squid axoplasm have been shown to
carry both motors, a kinesin and dynein. Therefore,
during anterograde movement dynein would be
repressed whereas kinesin would be repressed during
retrograde movement (Figure 1.11a).

Functions of retrograde transport

The removal of misfolded or aggregated protein is
a key problem in neurons. Cytoplasmic dynein’s role
as a retrograde motor makes it an ideal candidate for
‘taking out the trash’ in the cell, returning misfolded
or degraded proteins from the cell periphery to the cell
centre for recycling and/or degradation. Evidence for
such a role has come from the analysis of aggresome
formation, in which the formation of perinuclear aggre-
gates of misfolded protein was found to be dynein-
dependent. Further, dynein has been implicated as
the motor driving vesicles from late endosomes to
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FIGURE 1.12 Cytoplasmic dynein and dynactin drive retrograde axonal transport in motor neurons.

Dynein and its activator dynactin are critical for the transport of neurotrophins and material targeted for
degradation from the distal regions of the neurons, including the synapse, to the cell body. This transport
occurs along microtubules (MT), which are oriented with their minus ends (-) towards the cell body and their
plus ends (+) toward the synapse. Cytoplasmic dynein and dynactin are large, multimeric protein complexes
that function together to produce minus-end-directed motility. Adapted from Levy R and Holzbaur LF (2006)
Cytoplasmic dynein/dynactin function and dysfunction in motor neurons. Int. |. Devl. Neurosci. 24, 103-111,

with permission.

lysosomes, as well as driving the minus end-directed
motility of lysosomes along microtubules. Retrograde
axonal transport allows the return of membrane mole-
cules to cell bodies, where they are degraded by acidic
hydrolases found in lysosomes.

Retrograde axonal transport is not only a means of
transporting cellular debris for their elimination, but
also a way of communicating information from the
axon terminals to the soma. The retrogradely transported
molecules would inform the cell body about activities
taking place at the axon terminal level, or they may
even have a neurotrophic action on the neuron. One
key role for cytoplasmic dynein and dynactin in neurons
is in retrograde signalling, specifically the transport
of neurotrophic factors from synapse to cell body.
Neurotrophins are a family of small molecules, such as
the nerve growth factor (NGF), the brain-derived neu-
rotrophic factor (BDNF), and the neurotrophic factor
NTS3, that are secreted by target tissues, and then bind
to receptor tyrosine kinases (Trk receptors) on the
surface of the neuron. The neurotrophin/Trk receptor

complex is then internalized (taken up by endocytosis)
transported to the cell body where it initiates signaling
cascades that regulate cell growth and survival.

Moreover, it allows the transport of tetanus toxin or
cholera toxin macromolecules that are taken up by
axon terminals and have a toxic effect on the cell body.
These toxins, as well as horseradish peroxidase (HRP),
an enzyme taken up by the axon terminals, are used in
research studies for the retrograde labelling of neuronal
pathways.

In conclusion, cargoes are transported in either the
antero- or retrograde direction, depending on whether
plus- or minus-end motors are active on their surface.
Cargoes destined for the nerve terminal, such as synap-
tic vesicles or their precursors, are transported by plus-
end motors; while cargoes targeted for the cell body,
such as vesicles containing neurotrophin-receptor com-
plexes, are transported by minus-end motors. In axons,
oriented microtubules establish a ‘road map’ inside
the neuron to motors that are linked to particular intra-
cellular cargoes.
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1.3.4 Slow anterograde axonal transport moves
cytoskeletal proteins and cytosoluble
proteins

The cytoskeleton (microtubules, neurofilaments
and microfilaments) and cytosolic proteins (intermedi-
ate metabolic enzymes including glycolysis enzymes)
are transported anterogradely along axons at a slow
rate of about 0.002-0.1 pm/s (0.17-8.6 mm/day). In the
elongating axon (i.e. during development or regener-
ation) the function of the slow transport is to supply
axoplasm required for axonal growth. In mature
neurons its function is to renew continuously the total
proteins present in the axon and axon terminals and to
act as a substrate for the anterograde and retrograde
axonal transport. To appreciate fully the structural
achievement of this transport, one must put the size of
cell bodies and axons into relation. The neuronal cell
bodies (10-50pum diameter) are connected by axons
that can be over 1 m length (the axonal diameter is 1 to
25pum). This is a factor of 100,000 difference. As there is
relatively little protein synthesis in the axon, the pro-
teins that comprise the microtubules, neurofilaments
and microfilaments must be actively transported from
the cell body into and down the length of the axon.

To understand the mechanisms involved in slow
axonal transport, several questions can be raised: (i) in
which state are cytoskeletal proteins transported in the
axons: as soluble proteins or as polymers? (ii) in which
axonal region(s) is the cytoskeleton (i.e. the complex
network of filaments) assembled? The following are, in
chronological order, the diverse hypotheses that have
been proposed:

The different cytoskeletal elements are assembled
and connected by bridges in the cell body

They then progress as a whole (a matrix) in the axon.
However, studies have demonstrated that crossbridges
between the different cytoskeletal elements are weak
and unstable. Moreover, numerous cytoskeletal discon-
tinuities exist along the axon as seen in the nodes of
Ranvier. Thus, the hypothesis of the continuous trans-
port of a stable matrix of assembled cytoskeletal elem-
ents explaining the ultrastructure of the axon is now
known to be false.

The cytoskeletal proteins are transported in a soluble
form or as isolated fibrils and assembled during their
progression

Lasek and his colleagues proposed that the micro-
tubules and other cytoskeletal elements in slow trans-
port are moved as polymer by sliding. When they
are assembled some become stationary and would be

renewed onsite. This hypothesis came from pulse-
labelling studies and particularly those coupled with
photobleaching experiments. Purified subunits of
cytoskeletal proteins (tubulin or actin) coupled to a
fluorescent dye molecule are introduced into living
neurons in culture by injection into their soma. The
observation with fluorescent microscopy shows that
these labelled subunits are gradually incorporated into
the polymer pool of the corresponding cytoskeletal
proteins (microtubules and microfilaments) through-
out the axon. A highly focused light source is then used
to extinguish or bleach the fluorescence of the mol-
ecules contained within a discrete axonal segment
(about 3pm long). The fate of the bleached zone is fol-
lowed over a period of hours. The bleached zone does
not move along the axon or widen and recovers a low
level of fluorescence within seconds. This latter effect
is ascribed to the diffusion of free fluorescent subunits
from the neighbouring fluorescent regions into the
bleached region. These observations suggested that
microtubules and microfilaments are essentially sta-
tionary and are exchanging subunits.

The transport of microtubules and neurofilaments is
bidirectional, intermittent, asynchronous, and
occurs at the fast rate of known motors

However, when Wang and Brown widened the
parameters of the live-cell imaging paradigm, such that
a much longer bleached zone (about 30 pm in length)
was created, and the zone was imaged every several
seconds rather than minutes, they found that the trans-
port of microtubules is bidirectional, intermittent, highly
asynchronous, and at the fast rates of known motors
(average rates of 1pm/s) such as cytoplasmic dynein
and the kinesin superfamily. These observations indi-
cate that microtubules are propelled along axons by
fast motors. The average moving microtubule length is
around 3 pm.

The rapid, infrequent, and highly asynchronous
nature of the movement may explain why the axonal
transport of tubulin has eluded detection in so many
other studies. In addition, these results offer an explan-
ation for the slow rate of tubulin transport documented
in the early kinetic studies: it reflects an average rate of
fast movements and non-movements. The overall rate
of microtubules movement is slow because the micro-
tubules spend only a small proportion of their time
moving.

Similarly, the initial studies of neurofilaments trans-
port using radiographic labelling suggested a velocity
of 0.25-3 mm/day which is slower than any speed pro-
duced by known molecular motors. Recent studies using
green-fluorescent-protein (GFP)-tagged neurofilament
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subunits and real-time confocal microscopy show more
accurately that the conventional fast axonal transport
also applies to neurofilaments. Peak velocities of 2pum/s
occur anterogradely and retrogradely and are inter-
rupted by prolonged resting phases resulting in the
overall slow transport originally described.

1.3.5 Axonal transport of mitochondria
allows the turnover of mitochondria in
axons and axon terminals

Mitochondria are prominent members of the cast of
axonally transported organelles. They are essential for
the function of all aerobic cells, including neurons. They
produce ATP, buffer cytosolic calcium and sequester
apoptotic factors. Like many other neuronal organelles,
mitochondpria are thought to arise mainly in the neuronal
cell body, but their transport is distinctive. In postmitotic
neurons, mitochondria are delivered to and remain in
areas of the axon where metabolic demand is high, such
as initial segments, nodes of Ranvier and synapses. How
do mitochondria achieve these distributions in the axon?

The mitochondria recently formed in the cell body
are transported anterogradely in axons up to axon ter-
minals at a rate of 10-40mm per day. A retrograde
movement of mitochondria showing degenerative
signs is also observed (see Figure 1.10b). Specific inhib-
ition of kinesin-1 stops most mitochondrial movement
in Drosophila melanogaster motor axons. Also time-lapse
imaging of GFP-tagged mitochondria in Drosophila
axons has shown that kinesin-1 mutations cause a
profound reduction in the retrograde transport of
mitochondria. In addition, the plus-end motor KIF1Ba
has been shown to be associated with mitochondria
with subcellular fractionation, and purified KIF1Ba
can transport mitochondria along microtubules in
vitro. Thus, kinesin-1 (KIF5A, KIF5B, and KIF5C) and
KIF1Ba (Figure 1.11b) transport mitochondria in the
anterograde direction.

1.4 NEURONS CONNECTED BY
SYNAPSES FORM
NETWORKS OR
CIRCUITS

1.4.1 The circuit of the withdrawal
medullary reflex

Sensory stimuli (including visual, auditive, tactile,
gustative, olfactive, proprioceptive, and nociceptive
stimuli) are detected by specific sensory receptors and
transmitted to the central nervous system (encephalon
and spinal cord) by networks of neurons. These stimuli
are analyzed at the encephalic level. They can also

evoke movements such as motor reflexes on their way
to higher central structures.

Thus, when a noxious stimulus (i.e. a stimulus pro-
voking tissue damage, for example pricking or burn-
ing) is applied to the skin of the right foot, it induces
a withdrawal reflex consisting of the removal of the
affected foot (contraction of flexor muscles of the right
inferior limb) to protect itself against this stimulus. The
noxious stimulus activates nociceptors which are the
peripheral endings of primary sensory neurons whose
cell bodies are located, in this case, where injury is
located at the body level — in dorsal root ganglia. Action
potentials are then generated (or not, if the intensity of
the noxious stimulus is too small) in primary sensory
neurons and propagate to the central nervous system
(spinal cord). Local circuit neurons of the dorsal horn
of the spinal cord (Figure 1.13a) relay the sensory
information. Sensory information is thus transmitted
to motoneurons (neurons innervating skeletal striated
muscles and located in the ventral horn) through
a complex network of local circuit neurons (Golgi type 11
neurons) which have either an excitatory or an inhibitory
effect. It results on the stimulus side (ipsilateral side) in
an activation of the flexor motoneurons (F) and an
inhibition of the extensor motoneurons (E): the right
inferior limb is being withdrawn (is in flexion). The
opposite limb is extended to maintain posture.

This pathway illustrates peculiarities present in
numerous other circuits.

® Divergence of information. Primary sensory informa-
tion is distributed to several types of neurons in the
medulla: local circuit neurons connected to motoneu-
rons that innervate posterior limb muscles and also
projection neurons that relay sensory informations to
higher centres where they are analyzed.

e Convergence of information. Motoneurons receive
sensory informations via local circuit neurons and
also descending motor information via descending
neurons whose cell bodies are located in central
motor regions (motor commands elaborated at the
encephalic level) (Figure 1.13a).

e Anterograde inhibition (feedforward inhibition).
A neuron inhibits another neuron by the activation
of an inhibitory interneuron (Figure 1.13b).

e Recurrent inhibition (feedback inhibition). A neuron
inhibits itself by a recurrent collateral of its own
axon which synapses on an inhibitory interneuron.
The inhibitory interneuron establishes synapses on
the motoneuron (Figure 1.13c). This recurrent inhi-
bition allows for rapid cessation of the motoneuron’s
activity.

The last two circuits described are also called micro-
circuits, since they are included in a larger circuit or
macrocircuit. In this selected example, all the neurons
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FIGURE 1.13 Withdrawal medullary reflex pathway.

(a) Schematic of a horizontal section through the spinal cord and of connections between a primary nociceptive
sensory neuron, medullary local circuit neurons and ipsi- and contralateral motoneurons innervating inferior
limb muscles. See text for details. (b) Anterograde inhibitory circuit. (c) Recurrent inhibitory circuit. Arrows

show the direction of action potential propagation.

forming the microcircuit enable precise regulation of
motoneuron activity.

1.4.2 The spinothalamic tract or anterolateral
pathway is a somatosensory pathway

Noxious stimuli (temperature and sometimes touch)
are detected at the skin level by free nerve endings, are

transduced (or not) in action potentials and are con-
veyed to the somatosensory cortex via relay neurons.
Information from the body reaches the dorsal horn
neurons of the spinal cord, and information from the face
reaches the trigeminal nuclei in the brainstem, via pri-
mary sensory neurons whose cell bodies are located in
dorsal root ganglia or cranial ganglia, respectively. They
relay on projection neurons located in dorsal horns or in
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FIGURE 1.14 The spinothalamic tract or anterolateral ascending sensory pathway.
This pathway integrates and conveys sensory information such as nociception, temperature and some touch.
Bottom to top: horizontal sections through the spinal cord, the pons and frontal section through the diencephalon.

See text for explanations.

trigeminal nuclei which send axons to the thalamus.
These axons cross the midline, form a tract in the antero-
lateral part of the white matter, and terminate in non-
specific thalamic nuclei. Thalamic neurons then send
the sensory information to cortical areas specializing in
noxious perception (somatosensory cortex). At each
level of synapses (dorsal horn or trigeminal nucleus,
thalamus, cortex) the somatosensory information is
not simply relayed, it is also processed through local

microcircuits receiving afferent sensory information
and descending information from higher centres which
modulate incoming sensory information.

When superposing horizontal sections through the
spinal cord (Figures 1.13a and 1.14), it becomes clear
that a noxious stimulus applied to the skin of the right
inferior limb is transmitted to motoneurons where it
can evoke a withdrawal reflex and also reaches the
somatosensory cortex where it is analyzed. The reflex
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is evoked before the consciousness of the stimulus
because of the longer distance to brain areas than to the
ventral horn of the spinal cord.

1.5 SUMMARY: THE NEURON IS AN
EXCITABLE AND SECRETORY
CELL PRESENTING AN
EXTREME FUNCTIONAL
REGIONALIZATION

This chapter has described how the various func-
tions of neurons, such as their metabolism, excitability
and secretion, are localized to specific regions of the
neuron. The main neuronal compartments are the den-
drites (more precisely postsynaptic sites), soma, axon
and axon terminals (more precisely presynaptic sites).
These regions are sometimes located at great distances
from each other, and so neurons have to resolve the
problems of communication between these regions
and harmonization of their activities.

Regionalization of metabolic functions

The essential synthesis activity of a neuron is local-
ized in its cell body, since dendrites can synthesize
only some of their proteins, and axons are able to syn-
thesize only a few. In this cell, where the axon’s vol-
ume represents up to a thousand times the volume of
the cell body, the structural and functional integrity of
the axon and its terminals requires an important and
continuous supply of macromolecules. This supply is
ensured by anterograde axonal transport. In dendrites,
RNA transport from the cell body to the polysomes has
been demonstrated and would allow the synthesis of
some of their proteins.

The degradation of cellular metabolism debris and
non-neuronal elements taken up from the external
environment by endocytosis (e.g. uptake of viruses)
takes place in the lysosomes of the cell body. They are
transported from axon terminals to the cell body via
the retrograde axonal transport. Finally, to coordinate
synthesis activity in the cell body with the needs of
the axon terminals, the existence of a feedback mech-
anism (from terminals to cell body) seems essential. This
could take place through retrograde axonal transport.

Anterograde transport moves newly synthesized
material outward from the cell body along the axon.
Retrograde transport drives the movement of organelles,
vesicles, and signalling complexes from the cell periph-
ery and distal axon back to the cell centre. Key motors
for this transport include members of the kinesin
superfamily and cytoplasmic dynein.

Regionalization of functions implicated in reception
and transmission of electrical signals

The neuronal regions receiving synapses are mainly
the dendritic (primary segments, branches and spines of
dendrites) and somatic regions, but also some axonal
regions. These receptive regions, called postsynaptic
elements, have a restricted surface. They contain, within
their plasma membrane, proteins specialized in the
recognition of neurotransmitters: the neurotransmitter
receptors (receptor channels and receptors coupled
to G proteins). These proteins synthesized in the cell
body are then transported toward the dendritic,
somatic or axonal postsynaptic membranes to be incor-
porated. Similarly, the proteins specialized in the
generation and propagation of action potentials (voltage-
dependent channels) are synthesized in the soma and
have to be transported and incorporated in the axonal
membrane.

Regionalization of secretory function

This function is localized in regions making synaptic
contacts and more generally in presynaptic regions such
as axon terminals (and sometimes in dendritic and
somatic regions). At the level of presynaptic structures,
the neurotransmitter is stocked in synaptic vesicles and
released. The secretory function implicates the presence
of specific molecules and organelles in the presynaptic
region: neurotransmitter synthesis enzymes, synaptic
vesicles, microtubules and associated proteins, voltage-
dependent channels, etc.

In conclusion, owing to its extreme regionalization
and the extreme length and volume of its processes, the
neuron has the challenge to deliver the proteins synthe-
sized in the soma at the appropriate sites (targeting) at
appropriate times.
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CHAPTER

2

Neuron—glial cell cooperation

There are roughly twice as many glial cells as there
are neurons in the central nervous system. They occupy
the space between neurons and neuronal processes and
separate neurons from blood vessels. As a result, the
extracellular space between the plasma membranes of
different cells is narrow, of the order of 15-20nm.

Virchow (1846) was the first to propose the existence
of non-neuronal tissue in the central nervous system.
He named it ‘nevroglie’ (nerve glue), because it
appeared to stick the neurons together. Following this,
Deiters (1865) and Golgi (1885) identified glial cells as
making up the nevroglie and distinguished them from
neurons.

There are several categories of glial cells. Depend-
ing on their anatomical position they are classed as
follows:

Central glia are found in the central nervous system,
and comprise four cell types: astrocytes, oligoden-
drocytes, microglia (these three types are also known
as interstitial glia, because they are found in
interneuronal spaces) and ependymal cells which
form the epithelial surface covering the walls of the
cerebral ventricles and of the central canal of the
spinal cord.

Peripheral glia comprise a single type: Schwann cells.
These cells ensheath the axons and encapsulate the
cell bodies of neurons. In the latter case, they are
also called satellite cells.

Glial cells, excluding microglia, have an ectodermal ori-
gin. Those of the central nervous system derive from
the germinal neural epithelium (neural tube), while
peripheral glia (Schwann cells) are derived from the
neural crest. Microglia, in contrast, have a mesodermal
origin.

21

Glial cells have morphological as well as functional
and metabolic characteristics that distinguish them
from neurons:

They do not generate or conduct action potentials.
Thus, although they extend processes, these are only
of one type and are neither dendrites nor axons.
They do not establish chemical synapses between
themselves, with neurons, or any other cell type.
Unlike most neurons in humans, glial cells are capa-
ble of division for at least several years postnatally.

Nervous tissue is made compact by glial cells and for
this reason they are often ascribed the role of support-
ing tissue. However, as we will see in this chapter, they
have additional functions. We will explain in this chapter
the roles of astrocytes, oligodendrocytes and Schwann
cells, only.

2.1 ASTROCYTES FORM A VAST
CELLULAR NETWORK OR
SYNCYTIUM BETWEEN NEURONS,
BLOOD VESSELS AND THE
SURFACE OF THE BRAIN

2.1.1 Astrocytes are star-shaped cells
characterized by the presence of glial
filaments in their cytoplasm

Astrocytes are small star-shaped cells with numerous
fine, tortuous, ramified processes covered with vari-
cosities (Figure 2.1). The cell body is typically 9-10 pm
in diameter and the processes extend radially over
40-50pum. These often have enlarged terminals in
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FIGURE 2.1 Fibrillary astrocyte.
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Micrograph of a fibrillary astrocyte stained with a Golgi stain observed through an optical microscope. The
processes of this astrocyte make contact with a blood vessel: these are the terminal end feet. Photograph by

Olivier Robain.

contact with neurons or non-neuronal tissue (like the
walls of blood vessels).

Two kinds of astrocytes are recognized. Some astro-
cytes contain in their cytoplasm numerous glial fila-
ments: these are fibrillary astrocytes, principally located
in the white matter (Figure 2.1). They have numerous,
radial processes which are infrequently branched and
covered with ‘expansions en brindilles’. Other astro-
cytes contain few, if any, glial filaments: these are proto-
plasmic astrocytes, found normally in the grey matter.
They have more delicate processes, some of which are
velate (veil-like). Both types of astrocytes send out
processes that end on the walls of blood vessels or
beneath the pial surface of the brain and spinal cord.

The principal ultrastructural characteristics of astro-
cytes are the glial filaments and glycogen granules
present in the cytoplasm of their somata and processes.
The filaments are ‘intermediate filaments’ with an
average diameter of 8-10 pm. They are composed of
a protein specific to astrocytes, glial fibrillary acidic pro-
tein (GFAP), consisting of a single type of subunit with
a molecular weight of 50kD, different from that of

neurofilaments. This characteristic has been exploited
as a method of identifying astrocytes. By using an anti-
serum to glial fibrillary acidic protein (anti-GFAP)
linked to fluorescein, one can stain astrocytes, in situ or
in culture, without marking either neurons or other
types of glial cells.

Astrocytes, like all glial cells, do not form chemical
synapses. They do, however, mutually form junctional
complexes. Two types of junctions have been demon-
strated: communicating junctions (or gap junctions) and
desmosomes (puncta adhaerentia). Coupled to each
other by numerous junctional complexes, astrocytes
therefore constitute a vast cellular network, or syn-
cytium, extending from neurons to blood vessels and
the external surface of the brain.

2.1.2 Astrocytes maintain the blood—brain
barrier in the adult brain

The essential characteristic of astrocytic processes is
their termination on the walls of blood vessels in astro-
cytic end feet (Figure 2.2). Here the end feet are joined
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FIGURE 2.2 Diagram of the covering formed by astrocyte end
feet around a capillary in the central nervous system (CNS).

From Goldstein G and Betz L (1986) La barriere qui protege le
cerveau. Pour la Science, November, 84-94, with permission.

by gap junctions and desmosomes, forming a “palisade’
between neurons and vascular endothelial cells. The
space between the layer of astrocyte end feet and the
endothelial cells is about 40-100 nm and is occupied by
a basal lamina. Astrocytes also send processes to the
external surface of the central nervous system where
the astrocyte end feet, together with the basal lamina
that they produce, form the ‘glia limitans externa’,
which separates the pia mater from the nervous tissue.
Astrocytes therefore constitute a barrier between neu-
rons and the external medium (blood), preventing
access of substances foreign to the central nervous sys-
tem. They thus protect neurons. This barrier is not, how-
ever, totally impermeable and astrocytes are involved in
selective exchange processes.

Astrocyte end feet are not the blood-brain barrier.
This is formed, in most regions of the central nervous
system, by vascular endothelial cells joined together
by tight junctions. Even though the astrocyte end feet
do not form the blood-brain barrier, they have an
important role in its development and maintenance.
Thus, if the layer of astrocyte end feet in the adult is
destroyed, by a tumour or by allergic illnesses, for
example, the capillary endothelial cells immediately
take on the characteristics normally observed in capil-
laries outside the central nervous system: they are no
longer bound by tight junctions and become ‘fenes-
trated’. In such capillaries the blood-brain barrier no
longer exists.

2.1.3 Astrocytes regulate the ionic
composition of the extracellular fluid

We have seen that astrocyte end feet are involved in
the formation and maintenance of the blood-brain

barrier, and that astrocytes thus contribute to regulation
of the brain extracellular fluid. However, astrocytes
have other important roles in controlling the composi-
tion of the extracellular fluid. We shall consider as an
example the regulation of the extracellular potassium
concentration.

The extracellular potassium concentration needs to
be tightly regulated: if potassium increased it would
depolarize neurons. This would first increase neuronal
excitability and then inactivate action potential propa-
gation. Regulation of the extracellular potassium con-
centration must occur in the face of large fluxes of
potassium ions into the extracellular space during
neuronal activity, when potassium ions leave neurons
through voltage-activated potassium channels (see
Sections 4.3 and 5.3). Astrocytes are thought to regulate
extracellular potassium by the mechanism of ‘spatial
buffering’. This means that astrocytes take up potas-
sium ions in regions where the concentration rises and
eventually release through their end feet an equivalent
amount of potassium ions into the vicinity of blood
vessels or across the glia limitans externa. The details of
the process are complicated, but potassium ions are
thought to enter astrocytes via channels or the sodium
pump and to exit at the end feet through channels. This
potassium buffering role of astrocytes is likely to be of
particular importance at the nodes of Ranvier, where
marked accumulation of potassium ions in the
restricted extracellular space can occur, due to the con-
duction of action potentials.

2.1.4 Astrocytes take part in the
neurotransmitter cycle

After neurotransmitters are released during synaptic
transmission, they need to be removed from the extra-
cellular space to prevent the extracellular neurotransmit-
ter concentration from rising. Steady high concentrations
of transmitter would interfere with synaptic transmis-
sion, and long-lasting activation of receptors (particu-
larly glutamate receptors) can damage neurons. Most
transmitters are removed from the extracellular space
by reuptake into cells (but acetylcholine is hydrolyzed;
see Figure 6.12). Transmitters are taken up by special-
ized carrier molecules in the cell membrane. Although
both neurons and glia express such carrier proteins, it
seems that uptake into astrocytes is of particular
importance. This is especially clear for the case of glu-
tamate: astrocytes have an enormous capacity to take
up this transmitter, presumably reflecting the abun-
dance of this transmitter and the toxicity to neurons of
high glutamate concentrations.

Besides their role in transmitter clearance from the
synaptic cleft (by recapture), astrocytes play a role in the
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synthesis of transmitters and particularly glutamate and
GABA. For example, thanks to the presence of glutamine
synthetase in astrocytes (see Figure 10.13), glutamine is
formed from glutamate. Glutamine is then uptaken by
neurons and transformed back in glutamate.

2.2 OLIGODENDROCYTES FORM
THE MYELIN SHEATHS OF AXONS
IN THE CENTRAL NERVOUS SYSTEM
AND ALLOW THE CLUSTERING
OF NA* CHANNELS AT NODES
OF RANVIER

Two types of oligodendrocyte are recognized: inter-
fascicular or myelinizing oligodendrocytes, found in
the white matter where they make the sheaths of
myelinated axons; and satellite oligodendrocytes
which surround neuronal somata in the grey matter.
We will deal with the former type in detail. Their major
role is, by forming the myelin sheath, to electrically
isolate segments of axons, induce the formation of
clusters of Na* channels at nodes of Ranvier and there-
fore to allow the fast propagation of Na* action poten-
tials (see Section 4.4).

2.2.1 Processes of interfascicular
oligodendrocytes electrically isolate
segments of central axons by forming
the lipid-rich myelin sheath

The cell bodies of interfascicular oligodendrocytes
are situated between bundles of axons

Interfascicular, or myelinizing, oligodendrocytes have
small spherical or polyhedral cell bodies of diameter
6-8 pm and few processes. They are called interfascicu-
lar because their cell bodies are aligned between bun-
dles (fascicles) of axons. They are distinguished from
astrocytes by the sites of termination of their processes:
oligodendrocyte processes enwrap axons and make no
contact with blood vessels.

Observed by electron microscopy, the nucleus and
perikaryon of oligodendrocytes appear dark (Figure 2.3),
there are no glial filaments, and there are many micro-
tubules in the somatic and dendritic cytoplasm. Because
of this, oligodendrocyte processes may be confused
with fine dendrites, and it is by the absence of chemical
synapses that the glial processes are identified.

Oligodendrocytes can be identified by immunohisto-
chemistry. This is done using an antigalactoceramide
immune serum (anti-gal-C), galactoceramide being
a glycolipid found exclusively in the membrane of
processes of myelinizing oligodendrocytes.

FIGURE 2.3 Myelinating oligodendrocyte.

Electron micrograph of an oligodendrocyte. The cell body and one of
its processes enwrapping several axons can be seen. Section taken
through the spinal cord. Photograph by Olivier Robain.

The myelin sheath is a compact roll of the plasmalemma
of an oligodendrocyte process: this glial membrane is
rich in lipids

Myelinated axons are surrounded by a succession of
myelin segments, each about 1 mm long. The covered
regions of axons alternate with short exposed lengths
where the axonal membrane (axolemma) is not covered.
These unmyelinated regions (of the order of a micron)
are called nodes of Ranvier (Figures 2.4 and 2.5a).

A myelinated segment comprises the length of axon
covered by an oligodendrocyte. One oligodendrocyte
can form 20-70 myelin segments around different axons
(Figure 2.4). Thus the degeneration or dysfunction of
a single oligodendrocyte leads to the disappearance
of myelin segments on several different axons.

Formation and ultrastructure of a myelin segment

Myelinization represents a crucial stage in the onto-
genesis of the nervous system. In the human at birth,
myelinization is only just beginning, and in some
regions is not complete even by the end of the second
year of life. The first step in the process is migration of
oligodendrocytes into the bundles of axons, then the
myelinization of some, but not all, axons. Once contact
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FIGURE 2.4 Diagram of a myelinating oligodendrocyte and its
numerous processes.

Each form a segment of myelin around a different axon in the central
nervous system. Two myelin segments are represented, one partially
unrolled, the other completely unrolled. Drawing by Tom Prentiss.
In Morell P and Norton W (1980) La myéline et la sclérose en
plaques. Pour la Science 33, with permission.

has been made between the oligodendrocyte and axon,
the initial turn of myelin around the axon is rapidly
formed. Myelin is then slowly deposited over a period
which in humans can reach several months. Myelin-
ization is responsible for a large part of the increase in
weight of the central nervous system following the end
of neurogenesis.

In order to form the compact spiral of myelin mem-
brane, the oligodendrocyte process must roll itself
around the axon many times (up to 40 turns) (Figure
2.5). It is the terminal portion of the process, called the
inner loop, situated at the interior of the roll, which pro-
gressively spirals around the axon. This movement
necessitates the sliding of myelin sheets which are not
firmly attached. During this period, the oligodendro-
cyte synthesizes several times its own weight of myelin
membrane each day.

Within the spiral the cytoplasm disappears entirely
(except at the internal and external loops). The internal
leaflets of the plasma membranes can thus adhere to
each other. This adhesion is so intimate that the inter-
nal leaflets virtually fuse, forming the period, or major,
dense line of thickness of 3nm (Figure 2.5b). The extra-
cellular space between the different turns of membrane

also disappears, and the external leaflets also stick to
each other. This apposition is, however, less close and
a small space remains between the external leaflets.
The apposed external leaflets form the minor, or inter-
period, dense line (Figure 2.5b).

Thus, a cross-section of a myelinated axon observed
by electron microscopy shows alternating dark and
light lines forming a spiral around the axon. The major
dense line terminates where the internal leaflets sepa-
rate to enclose the cytoplasm within the external loop.
The interperiod dense line disappears at the surface of
the sheath at the end of the spiral (Figure 2.5b).

In the central nervous system there is no basal lam-
ina around myelin segments, so myelin segments of
adjacent axons may adhere to each other forming an
interperiod dense line.

Myelin

Myelin consists of a compact spiral (without intra-
cellular or extracellular space) of glial plasma mem-
brane of a very particular composition. Lipids make up
about 70% of the dry weight of myelin and proteins
only 30%. Compared with the membranes of other
cells, this represents an inversion of the lipid:protein
ratio (Figure 2.6).

This lipid-rich membrane is highly enriched in
glycosphingolipids and cholesterol. The major glyco-
sphingolipids in myelin are galactosylceramide and its
sulfated derivative sulfatide (20% of lipid dry weight).
There is also an unusually high proportion of ethano-
lamine phosphoglycerides in the plasmalogen form,
which accounts for one-third of the phospholipids.

In myelin, a number of structural classes of proteins
are present. Some proteins are extremely hydrophobic
membrane-embedded polypeptides, some integral
membrane proteins have a single transmembrane
domain and clearly define extra- and intracellular
domains, and some of the myelin proteins are cytoso-
lic; however, they are often intimately associated with
the myelin membrane.

Myelin basic protein (MBP) and the proteolipid pro-
teins (PLP/DM20) are the two major myelin proteins
in the CNS. Myelin basic proteins are found on the
cytoplasmic side and play a role in the adhesion of the
internal leaflets of the specialized oligodendroglial
plasma membrane. Proteolipid proteins are integral
membrane proteins. Though they are in high abun-
dance (they represent around 50% of the total myelin
protein in the central nervous system) their exact
biological role has not yet been elucidated.

We have seen that myelin has an inverted lipid:pro-
tein ratio, while the cell body membrane of the oligo-
dendrocyte has a ratio comparable to that of other cell



26 2. NEURON-GLIAL CELL COOPERATION

(cell body)
Glial process

CNS axon
Myelin sheath

FIGURE 2.5 Myelin sheath of central axons.
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(a) Three-dimensional diagram of the myelin sheath of an axon in the central nervous system (CNS). The sheath
is formed by a succession of compact rolls of glial processes from different oligodendrocytes. (b) Cross-section
through a myelin sheath. The dark lines, or major dense lines, and clear bands (in the middle of which are found
the interperiod lines) visible with electron microscopy are accounted for by the manner in which the myelin
membrane surrounds the axon, and by the composition of the membrane. The dark lines represent the adhesion
of the internal leaflets of the myelin membrane while the interperiod lines represent the adhesion of the external
leaflets. The lines are formed by membrane proteins while the clear bands are formed by the lipid bilayer.
Drawing (a) from Bunge MB, Bunge RP, Ris H (1961) Ultrastructural study of remyelination in an experimental
lesion in adult cat spinal cord. ]. Biophys. Biochem. Cytol. 10, 67-94, with permission of Rockerfeller University
Press. Drawing (b) by Tom Prentiss. In Morell P and Norton W (1980) La myéline et la sclérose en plaques. Pour

la Science 33, with permission.
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FIGURE 2.6 Comparison of the lipid content of plasma mem-
brane and myelin.

The protein:lipid ratio is inverted between the two membranes. The
proportions of the three groups of lipids are also different.

membranes. As the myelin of the oligodendrocyte
process is in continuity with the plasma membrane of
the cell body, it is necessary to postulate gradients in
the composition of lipids and proteins (in opposite
directions to each other) between the cell body and the
various processes. During the active phase of myelina-
tion, each oligodendrocyte must produce as much as
5-50,000 pm? of myelin membrane surface area per day.

Nodes of Ranvier

In the central nervous system the nodes of Ranvier,
regions between myelin segments, are relatively long
(several microns) compared with those in the periph-
eral nervous system. Here the axolemma is exposed
and an accumulation of dense material is seen on the
cytoplasmic side. The myelin sheath does not termi-
nate abruptly. Successive layers of myelin membrane
terminate at regularly spaced intervals along the axon,
the internal layers (close to the axon) terminating first.
This staggered termination of the different layers of
myelin constitutes the paranodal region (Figure 2.5a).

2.2.2 Myelination enables rapid conduction
of action potentials for two reasons

Isolation of internode axonal segments

The high lipid content and compact structure of the
myelin sheath help make it impermeable to hydrophilic
substances such as ions. It prevents transmembrane ion
fluxes and acts as a good electrical insulator between
the intracellular (i.e. intra-axonal) and extracellular
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media. Between the nodes of Ranvier the axon therefore
behaves as an insulated cable. This permits rapid,
saltatory conduction of action potentials along the axon
(see Section 5.4).

Formation of Ranvier nodes with a high density of
Na* channels

Na* channels are clustered in very high density within
the nodal gap whereas voltage-dependent K™ channels
are segregated in juxta-paranodal regions, beneath
overlying myelin (see Figure 2.5a). To test whether
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Schwann

cell nucleus

PNS axon

Periaxonal space

Myelin sheath

FIGURE 2.7 Myelin sheath of a peripheral axon.

Major dense line

Paranodal region

oligodendrocyte contact with axon influences Na*
channel distribution, nodes of Ranvier in the brain
of hypomyelinating mouse Shiverer are examined.
Shiverer mice have oligodendrocytes that ensheath
axons but do not form compact myelin and axoglial
junctions. In these mutant mice, there are far fewer
Na* channel clusters than in control littermates and
aberrant locations of Na* channels are observed. If
Na™ channel clustering depends only on the presence
of oligodendrocytes and is independent of myelin and
oligodendroglial contact, one would expect to find
normal Na* channel distribution along axons.

Internal loop

Nucleus

Schwann cell
body

Internal loop

External loop

Internal loop

External loop

(a) Three-dimensional diagram of the myelin sheath of an axon of the peripheral nervous system (PNS). The
sheath is formed by successive rolled Schwann cells. (b) Process of myelinization. The internal loop wraps
around the axon several times. During this process the axon grows and the myelin becomes compact. Contact
between the Schwann cell and axon occurs only at the paranodal and nodal regions. Elsewhere an extracellu-
lar, or periaxonal, space always remains. Drawing (a) adapted from Maillet M (1977) Le Tissu Nerveux, Paris:
Vigot, with permission. Drawing (b) by Tom Prentiss. In Morell P and Norton W (1980) La myéline et la
sclérose en plaques. Pour la Science 33, with permission.
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2.3 SCHWANN CELLS ARE THE
GLIAL CELLS OF THE PERIPHERAL
NERVOUS SYSTEM; THEY FORM THE
MYELIN SHEATH OF AXONS OR
ENCAPSULATE NEURONS

There are three types of Schwann cell:

¢ those forming the myelin sheath of peripheral
myelinated axons (myelinating Schwann cells);

* those encapsulating non-myelinated peripheral
axons (non-myelinating Schwann cells); those that
encapsulate the bodies of ganglion cells (non-
myelinating Schwann cells or satellite cells).

2.3.1 Myelinating Schwann cells make the
myelin sheath of peripheral axons

Along an axon, several Schwann cells form succes-
sive segments of the myelin sheath. In contrast to
oligodendrocytes, it is not a process that enwraps the
peripheral axon to form the segment of myelin, but the
whole Schwann cell (Figure 2.7). Each Schwann cell
therefore forms only one myelin segment.

The composition of peripheral myelin differs from
that of central myelin only in the proteins it contains.
The principal protein constituents of peripheral myelin
are: peripheral myelin protein 2 (P2), protein zero (P0)
and myelin basic proteins (MBPs). The first two proteins
are specific to peripheral myelin. MBP comprises a
major part of the cytosolic protein of myelin and is pres-
ent both in the CNS and PNS. Protein zero is a glyco-
protein that has adhesive properties and is located in the
interperiod line. It functions, in part, as a homotypic
adhesion molecule throughout the full thickness of the
myelin sheath. It is a good marker for myelinating
Schwann cells as it represents over 50% of total PNS
myelin protein.

2.3.2 Non-myelinating Schwann cells
encapsulate the axons and cell bodies
of peripheral neurons

Non-myelinated axons are not uncovered in the
peripheral nervous system as they are in the central
nervous system; they are encapsulated. A single

non-myelinating Schwann cell surrounds several axons
(about 5-20) for a distance of 200-500 pm in man.

In addition, spinal and cranial ganglia contain a
large number of Schwann cells that do not produce
myelin. These Schwann cells cover the somata of the
ganglionic cells, leaving an extracellular space of about
20nm between themselves and the surface of the
covered neuron.

The lipid and protein composition of the plasma
membrane of non-myelinating Schwann cells is the
same as that of other eukaryotic cells (30% lipid, 70%
protein).

Apart from their role in the saltatory conduction of
action potentials (myelinating Schwann cells), Schwann
cells also play a role in the regeneration of peripheral
nerve cells. It has long been known that cut peripheral
nerves can, within certain limits, regrow and reinner-
vate deafferented regions while central axons are not
capable of this. This property of regeneration is due in
large part to an enabling effect of Schwann cells on
axon regrowth.
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3

lonic gradients, membrane potential
and ionic currents

The neuronal plasma membrane delimits the whole
neuron, cell body, dendrites, dendritic spines, axon
and axon terminals. It is a barrier between the intracel-
lular and extracellular environments. The general
structure of the neuronal plasma membrane is similar
to that of other plasma membranes. It is made up of
proteins inserted in a lipid bilayer, forming as a whole
a ‘fluid mosaic’ (Figure 3.1). However, insofar as there
are functions that are exclusively neuronal, the neu-
ronal membrane differs from other plasma membranes
by the nature, density and spatial distribution of the
proteins of which it is composed.

The presence of a large diversity of transmembrane
proteins called ionic channels (or simply ‘channels’) char-
acterize the neuronal plasma membrane. They allow the
passive movement of ions across membranes and thus

electrical signalling in the nervous system. Among the ions
present in the nervous system fluids, Na*, K*, Ca?* and
Cl™ ions seem to be responsible for almost all of the action.

3.1 THERE IS AN UNEQUAL
DISTRIBUTION OF IONS ACROSS
NEURONAL PLASMA MEMBRANE.

THE NOTION OF CONCENTRATION
GRADIENT

3.1.1 The plasma membrane separates two
media of different ionic composition

Regardless of the animal’s environment (seawater,
freshwater or air), potassium (K*) ions are the
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FIGURE 3.1 Fluid mosaic.

Transmembrane proteins and lipids are kept together by non-covalent interactions (ionic and hydrophobic).

From dictionary.laborlawtalk.com /Plasma_membrane.
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FIGURE 3.2 There is an unequal distribution of ions across
neuronal plasma membranes. Membrane potential.

Idealized nerve cell (depicted as a sphere) with relative concentra-
tions of intra- and extracellular ions.

predominant cations in the intracellular fluid and
sodium (Na™) ions are the predominant cations in the
extracellular fluid. The main anions of the intracellular
fluid are organic molecules (P™): negatively charged
amino acids (glutamate and aspartate), proteins, nucleic
acids, phosphates, etc... which have a large molecular
weight. In the extracellular fluid the predominant
anions are chloride (Cl7) ions. A marked difference
between cytosolic and extracellular Ca?* concentrations
is also observed (Figure 3.2).

Spatial distribution of Ca*" ions inside the cell
deserves a more detailed description. Ca*" ions are
present in the cytosol as ‘free’ Ca?* ions at a very low
concentration (108 to 1077 M) and as bound Ca?" ions
(bound to Ca?"-binding proteins). They are also dis-
tributed in organelles able to sequester calcium, which
include endoplasmic reticulum, calciosome and mito-
chondria, where they constitute the intracellular Ca?*
stores. Free intracellular Ca®* ions present in the

cytosol act as second messengers and transduce elec-
trical activity in neurons into biochemical events such
as exocytosis. Ca?* ions bound to cytosolic proteins or
present in organelle stores are not active Ca*" ions;
only ‘free’ Ca®* ions have a role.

In spite of the unequal distribution of ions across the
plasma membrane, intracellular and extracellular
media are neutral ionic solutions: in each medium, the
concentration of positive ions is equal to that of nega-
tive ions. According to Figure 3.2,

[Na*le + [K']e + 2[Ca®*]e = 140 + 3 + (2 X 1.5)
= 146 mM and [Cl " ]e = 146 mM

[Na']; + [K']; + 2[Ca*]; = 7 + 140 + 0.0002
= 147 mM but [C]"]; = 7mM

In the intracellular compartment, other anions than
chloride ions are present and compensate for the positive
charges. These anions are HCO;™, PO,?~, aminoacids,
proteins, nucleic acids, etc..... Most of these anions are
organic anions that do not cross the membrane.

3.1.2 The unequal distribution of ions across
the neuronal plasma membrane is kept
constant by active transport of ions

A difference of concentration between two compart-
ments is called a ‘concentration gradient’. Measurements
of Na™, KT, Ca?" and Cl~ concentrations have shown
that concentration gradients for ions are constant in the
external and cytosolic compartments, at the macro-
scopic level, during the entire neuronal life.

At least two hypotheses can explain this constancy:

e Na™, KT, Ca?" and Cl~ ions cannot cross the
plasma membrane: plasma membrane is imperme-
able to these inorganic ions. In that case, concentra-
tion gradients need to be established only once in
the lifetime.

e Plasma membrane is permeable to Na*, K*, Ca?*
and ClI™ ions but there are mechanisms that contin-
uously re-establish the gradients and maintain con-
stant the unequal distribution of ions.

This has been tested experimentally by measuring
ionic fluxes. When proteins are absent from a synthetic
lipid bilayer, no movements of ions occur across this
purely lipidic membrane. Owing to its central
hydrophobic region, the lipid bilayer has a low perme-
ability to hydrophilic substances such as ions, water
and polar molecules; i.e. the lipid bilayer is a barrier
for the diffusion of ions and most polar molecules.

The first demonstrations of ionic fluxes across
plasma membrane by Hodgkin and Keynes (1955) were
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based on the use of radioisotopes of K* or Na* ions.
Experiments were conducted on the isolated squid giant
axon. When this axon is immersed in a bath containing
a control concentration of radioactive *Na® (**Na')
instead of cold Na® (**Na*), *Na® ions constantly
appear in the cytoplasm. This *Na* influx is not affected
by dinitrophenol (DNP), a blocker of ATP synthesis in
mitochondria. It does not require energy expenditure.
This is passive transport. This result is in favour of the
second hypothesis and leads to the following question:
what are the mechanisms that maintain concentration
gradients across neuronal membranes?

When the reverse experiment is conducted, the iso-
lated squid giant axon is passively loaded with
radioactive *Na* by performing the above experiment,
and is then transferred to a bath containing cold Na™.
Measuring the quantity of *Na™ that appears in the
bath per unit of time (4*Na/dt, expressed in counts
per minute) allows quantification of the efflux of *Na*
(Figure 3.3a). In the presence of dinitrophenol (DNP)
this *Na™ efflux quickly diminishes to nearly zero. The
process can be started up again by intracellular injec-
tion of ATP. Therefore the *Na™ efflux is active trans-
port. The movement of Na® from the cytosol to the
outside (efflux) can be switched off reversibly by the
use of metabolic inhibitors.

This experiment demonstrates that cells maintain
their ionic composition in the face of continuous pas-
sive exchange of all principal ions by active transport
of these ions in the reverse direction. In other words,
ionic composition of cytosol and extracellular com-
partments are maintained at the expense of a continu-
ous basal metabolism that provides energy (ATP)
utilized to actively transport ions and thus to compen-
sate for their passive movements (Appendix 3.1).

3.1.3 Na't, K%, Ca?* and CI™ ions passively
cross the plasma membrane through a
particular class of transmembrane
proteins — the channels

Transmembrane proteins span the entire width of the
lipid bilayer (see Figure 3.1). They have hydrophobic
regions containing a high fraction of non-polar amino
acids and hydrophilic regions containing a high
fraction of polar amino acids. Certain hydrophobic
regions organize themselves inside the bilayer as
transmembrane o-helices while more hydrophilic
regions are in contact with the aqueous intracellular
and extracellular environments. Interaction energies
are very high between hydrophobic regions of the pro-
tein and hydrophobic regions of the lipid bilayer, as
well as between hydrophilic regions of the protein and
the extracellular and intracellular environments. These
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FIGURE 3.3 Na" fluxes through the membrane of giant axons
of sepia.

(a) Effect of dinitrophenol (DNP) on the outflux of *Na™ as a function
of time. The axon is previously loaded with *Na*t. Att = 1, the axon
is transferred in a bath devoid of *Na*. The ordinate (logarithmic)
axis is the quantity of *Na™ ions that appear in the bath (that leave
the axon) as a function of time. At t = 100min, DNP (0.2mM) is
added to the bath for 90 min. The efflux, which previously decreased
linearly with time, is totally blocked after one hour of DNP. This
blockade is reversible. (b) Passive and active Na* fluxes are in oppo-
site directions. Plot (a) adapted from Hodgkin AL and Keynes RD
(1955) Active transport of cations in giant axons from sepia and loligo.
J. Physiol. (Lond.) 128, 28—60, with permission.

interactions strongly stabilize transmembrane proteins
within the bilayer, thus preventing their extracellular
and cytoplasmic regions from flipping back and forth.

Ionic channels have a three-dimensional structure
that delimits an aqueous pore through which certain
ions can pass. They provide the ions with a passage
through the membrane (Appendix 3.2). Each channel
may be regarded as an excitable molecule as it is
specifically responsive to a stimulus and can be in at
least two different states: closed and open. Channel
opening, the switch from the closed to the open state, is
tightly controlled (Table 3.1) by:

* a change in the membrane potential — these are
voltage-gated channels;

* the binding of an extracellular ligand, such as a neu-
rotransmitter — these are ligand-gated channels, also
called receptor channels or ionotropic receptors;
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TABLE 3.1 Examples of ionic channels
Channels Voltage-gated Ligand-gated Mechanically gated
Opened by Depolarization Extracellular ligand Intracellular ligand Mechanical stimuli
Hyperpolarization
Localization Plasma membrane Plasma membrane Plasma membrane Organelle membrane Plasma membrane
Examples Na* channels nAChR G protein-gated IP;-gated Ca* Stretch-activated
iGluR channels channel channels
Ca** channels 5-HT; Ca’*-gated channels Ca®*-gated
Ca* channel
K™ channels GABA, CNG channels
Cationic channels GlyR ATP-gated channels
Closed by Inactivation Desensitization Adaptation
Repolarization Ligand recaptureior degradation End of stimulus
Roles Na' and Ca®*- EPSP EPSP [Ca®"]; increase Receptor potential
dependent action PSP IPSP
potentials [Ca*]; increase Action potential
[Ca®*]; increase repolarization
+20“_ 3.2 THERE IS A DIFFERENCE OF
POTENTIAL BETWEEN THE TWO
i . FACES OF THE MEMBRANE, CALLED
Depolarization Repolarization
MEMBRANE POTENTIAL (V)
< Depolarization
% Viest If a fine-tipped glass pipette (usually called a micro-
] i N electrode), connected via a suitable amplifier to a
H eivat b enolarizat recording system such as an oscilloscope, is pushed
yperpolarization - Hepoarization through the membrane of a living nerve cell to reach its
cytoplasm, a potential difference is recorded between
the cytoplasm and the extracellular compartment

Time (ms)

FIGURE 3.4 Variations of the membrane potential of neurons
(V).

When the membrane potential is less negative than resting mem-
brane potential (V) the membrane is said to be depolarized. In
contrast, when the membrane potential is more negative then V.,
the membrane is said to be hyperpolarized. When the membrane
varies from a depolarized or hyperpolarized value back to rest, the
membrane repolarizes.

e the binding of an intracellular ligand such as Ca**
ions or a cyclic nucleotide;

* mechanical stimuli such as stretch — these are
mechanoreceptors.

The channel’s response to its specific stimuli, called
gating, is a simple opening or closing of the pore. The
pore has the important property of selective perme-
ability, allowing some restricted class of small ions to
flow passively down their electrochemical gradients
(see Section 3.3). These gated ions fluxes through pores
make signals for the nervous system.

(Figure 3.2). In fact, the cell interior shows a negative
potential (typically between —60 and —80mV) with
respect to the outside, which is taken as the zero refer-
ence potential. Membrane potential (V,,) is by conven-
tion the difference between the potential of the internal
and external faces of the membrane (V,, = V; — V). In
the absence of ongoing electrical activity, this negative
potential is termed the resting membrane potential
(Viest) (Figure 3.4).

We have seen above that in the intracellular and
extracellular media the concentration of positive ions is
equal to that of negative ions. However, there is a very
small excess of positive and negative ions accumulated
on each side of the membrane. At rest, for example, a
small excess of negative ions is accumulated at the
internal side of the membrane whereas a small excess
of positive ions is accumulated at the external side of
the membrane (see Section 3.5). This creates a differ-
ence of potential between the two faces of the mem-
brane: the external side is more positive than the
internal side, which makes V,, = V; — V,, negative.
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What is particular to membrane of neurons (and of
all excitable cells) is that V', varies (Figure 3.4). It can be
more negative or hyperpolarized or less negative (depo-
larized) or even positive (also depolarized, the internal
face is positive compared to the external face). At rest,
Vi is in the range —80/—50mV depending on the neu-
ronal type. But when neurons are active, V,, varies
between the extreme values —90mV and +30mV. Since
nerve cells communicate through rapid (milliseconds;
ms) or slow (seconds; s) changes in their membrane
potential, it is important to understand V. first.

3.3 CONCENTRATION GRADIENTS AND
MEMBRANE POTENTIAL DETERMINE
THE DIRECTION OF THE PASSIVE
MOVEMENTS OF IONS THROUGH IONIC
CHANNELS: THE ELECTROCHEMICAL
GRADIENT

To predict the direction of the passive diffusion of
ions through an open channel, both the concentration
gradient of the ion and the membrane potential have
to be known. The resultant of these two forces is called
the electrochemical gradient. To understand what the
electrochemical gradient is for a particular ion, the
concentration gradient and the electrical gradient will
tirst be explained separately.

3.3.1 lons passively diffuse down their
concentration gradient

The concentration gradient of a particular ion is the
difference of concentration of this ion between the two
sides of the plasma membrane. Ions passively move
through open channels from the medium where their
concentration is high to the medium where their con-
centration is lower. Suppose that membrane potential
is null (Vy,, = 0mV), there is no difference of potential
between the two faces of the membrane, so ions will
diffuse according to their concentration gradient only
(Figure 3.5a). Since the extracellular concentrations of
Nat, Ca?t and Cl~ are higher than the respective intra-
cellular ones, these ions will diffuse passively towards
the intracellular medium (when Na*, Ca?t or Cl- per-
meable channels are open) as a result of their concen-
tration gradient. In contrast, K* will move from the
intracellular medium to the extracellular one (when
K* permeable channels are open).

The force that makes ions move down their concen-
tration gradient is constant for a given ion since it
depends on the difference of concentration of this ion,
which is itself continuously controlled to a constant value

(a) Vi,=0mV

Caz+
1.5
(b) V,, = —30 mV, no concentration gradient
K+
+

FIGURE 3.5 Passive diffusion of ions.

Passive diffusion of ions according to (a) their concentration gradi-
ent only, or (b) to membrane potential (electrical gradient) only
(Vo = —30mV).

by active transport (pumps and transporters). However,
this is not always true; during intense neuronal activity,
concentration of ions may change (K* concentration in
particular) owing to the small volume of the external
medium in physiological conditions. At the microscopic
level this is not true also; intracellular Ca?" concentra-
tion, for example, can increase locally by a factor of
between 100 and 1000 but stay stable in the entire cytosol.
However, these increases of ion concentration do not
change the direction of the concentration gradient for this
ion since ionic gradients cannot reverse by themselves.

3.3.2 lons passively diffuse according to
membrane potential

Membrane potential is a potential gradient that
forces ions to passively move in one direction: positive
ions are attracted by the ‘negative’ side of the membrane
and negative ions by the ‘positive’ one. If we suppose
that there is no concentration gradient for any ions
(there is the same concentration of each ion in the
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extracellular and intracellular media), ions will diffuse
according to membrane potential only: at a membrane
potential V,,, = —30mV (Figure 3.5b), positively
charged ions, the cations Na*, Ca?* and K*, will move
from the extracellular medium to the intracellular one
according to membrane potential. In contrast, anions
(C1™) will move from the intracellular medium to the
extracellular one.

3.3.3 In physiological conditions, ions
passively diffuse according to the
electrochemical gradient

In physiological conditions, both the concentration
gradient and membrane potential determine the direc-
tion and amplitude of ion diffusion through an open
channel. Since concentration gradient is constant for
each ion, the direction and amplitude of diffusion
varies with membrane potential. When comparing
Figure 3.5a and b it appears that at a membrane poten-
tial of —30mV, concentration gradient and membrane
potential drive Na* and Ca®" ions in the same direc-
tion, toward the intracellular medium, whereas they
drive K™ and Cl~ in reverse directions. The resultant of
these two forces, concentration and potential gradi-
ents, is the electrochemical gradient. To know how to
express the electrochemical gradient, the equilibrium
potential must first be explained.

The equilibrium potential for a given ion, E,,

All systems are moving toward equilibrium. The
value of membrane potential where the concentration
force that tends to move a particular ion in one direc-
tion is exactly balanced by the electrical force that tends
to move the same ion in the reverse direction is called
the “equilibrium potential” of the ion (E;,) or the rever-
sal potential of the ion E..,. The equilibrium potential
for a particular ion is the value of V,,, for which the net
flux of this ion (f,) through an open channel is null:
when Vi, = Ejo, fret = 0mol s~

E;n can be calculated using the Nernst equation (see
Appendix 3.3):

Eion = (RT/zF) In([ion]e/ [ion];),

where R is the constant of an ideal gas (8.314 VCK™!
mol™!); T is the absolute temperature in kelvin
(273.16 + the temperature in °C); F is the Faraday con-
stant (96 500 C mol~!); z is the valence of the ion; and
[ion] is the concentration of the ion in the extracellular
(e) or intracellular (i) medium. This gives:

Eion = (58/2) logy([ion]e/ [ion]y), @

From the equation and concentrations of Figure 3.2, the
equilibrium potentials for each ion can be calculated:

Ena = (58/1) logy (140/14) = +58 mV
Ex = (58/1) logy (3/160) = —84mV
Eca = (58/2) logyo (1/107%) = +116 mV
Eci = (58/—1) logyo (150/14) = —58 mV.

These equations have the following meanings. If the
channels open in a membrane where K* channels are
the only channels open, the efflux of K* ions will
hyperpolarize the membrane until V,,, = Ex = —84mV,
a potential at which the net flux of K is null since K*
ions have exactly the same tendency to diffuse towards
the intracellular medium according to their concentra-
tion gradient than to move in the reverse direction
according to membrane potential. At that potential the
efflux of K™ will be exactly compensated by the influx
of K* and the membrane potential will stay stable at
Vi = Ex as long as K* channels stay open. Now, if
only Na* channels are open, the membrane potential
will move toward V., = +58mV, the potential at
which the net flux of Na* is null. Similarly, when
Vi = Eq = —60mV, Cl™ ions have the same tendency
to move down their concentration gradient than to
move in the reverse direction according to membrane
potential, the net flux of C1™ is null. In contrast, when
V. is different from E(, the net flux of CI™ is not null.
This holds true for all the other ions: when V., is
different from E,, there is a net flux of this ion.

The electrochemical gradient

We have seen that when V,, = E;, (i.e. Vi, — Eion = 0),
there is no diffusion of this particular ion (f,e = 0). In
contrast, when V., is different from E;,,, there is a passive
diffusion of this ion through an open channel. The dif-
ference (Vy, — Ejop) is called the electrochemical gradi-
ent. It is the force that makes the ion move through
an open channel.

3.4 THE PASSIVE DIFFUSION OF
IONS THROUGH AN OPEN
CHANNEL CREATES A CURRENT

To know the direction of passive diffusion of a par-
ticular ion and how many of these ions diffuse per unit
of time, the direction and intensity of the net flux of
ions (number of moles per second) through an open
channel have to be measured. Usually the net flux ( f,,)
is not measured; the electrical counterpart of this net
flux, the ionic current, is measured instead.
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Passive diffusion of ions through an open channel is
a movement of charges through a resistance (resistance
here is a measure of the difficulty of ions moving
through the channel pore). Movement of charges through
a resistance is a current. Through a single channel the
current is called ‘single-channel current’ or ‘unitary
current’, i;,,,. The relation between f,,.; and 7y, is:

Lion = f net zF

The amplitude of i, is expressed in amperes (A)
which are coulombs per seconds (C s™!). F is the
Faraday constant (96 500 C); z is the valence of the ion
(+1forNa® and K*, =1 for C1~, +2 for Ca™); and f, is
the net flux of the ion in mol s~ .

In general, currents are expressed following Ohm’s
Law: U = RI, where [ is the current through a resist-
ance R and U is the difference of potential between the
two ends of the resistance. For currents carried by ions
(and not by electrons as in copper wires), I is called i,
the current that passes through the resistance of the
channel pore which has a resistance R (called r;,,). But
what is U in biological systems? U is the force that
makes ions move in a particular direction; it is the elec-
trochemical gradient for the considered ion and is also
called the driving force: U = V,, — E;,, (Figure 3.6).

Unitary current, i,

According to Ohm’s Law, the current i, through a
single channel is derived from

(Vm - Eion) = Tion - iion
So:
iion = (l/rion)(vm - Eion) = Afion(vm - Eion)

Vion 1 the reciprocal of resistance; it is called the con-
ductance of the channel, or unitary conductance (Figure
3.6). It is a measure of the ease of flow of ions (flow of
current) through the channel pore. Whereas resistance
is expressed in ohms (2), conductance is expressed in
siemens (S). By convention i, is negative when it rep-
resents an inward flux of positive charges (cations) and
ijon 1S positive when it represents an outward flux of
positive charges (Figure 3.5¢). It is generally of the
order of pico-amperes (1 pA = 10712A). At physiologi-
cal concentrations, v, varies between 10 and 150 pico-
siemens (pS), according to the channel type.

Total current, I,

In physiological conditions, several channels of the
same type are open at the same time in the neuronal
membrane. Suppose that only one type of channel is
open in the membrane, for example Na* channels, the

(a)

B Extra

mb < Aqueous

pore
" Intra ———
+
(b) R S
Q/rD YNa
ENa
l/Na
L > e @

FIGURE 3.6 The Na* channel.
(a) Schematic, and (b) its electrical equivalent.

total current Iy, that crosses the membrane at time ¢t is
the sum of the unitary currents iy, at time #:

Ina = Npo ina
where N is the number of Na* channels present in the
membrane; p, is the probability of Na™ channels being
open at time ¢ (Np, is therefore the number of open
Na' channels in the membrane at time t); and iy, is
the unitary Na™* current. More generally:

Iion = Npo Z.ion
By analogy, the total conductance of the membrane
for a particular ion is:
Gion = Npo Tion
and from i;,, = Vion(Vm — Ejon) above:
Lion = Gion(Vm - Eion)

Iion and i;,,, can be measured experimentally. The latter
is the current measured from a patch of membrane
where only one channel of a particular type is present.
Lion is the current measured from a whole cell mem-
brane where N channels of the same type are present.
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Roles of ionic currents
Tonic currents have two main functions:

* Jonic currents change the membrane potential:
either they depolarize the membrane or repolarize it
or hyperpolarize it, depending on the charge carrier.
These terms are in reference to resting potential
(Figure 3.4). Changes of membrane potential are
signals. A depolarization can be an action potential
(see Chapters 4 and 5) or a postsynaptic excitatory
potential (EPSP; see Chapters 8 and 10). An hyper-
polarization can be a postsynaptic inhibi-tory
potential (IPSP; see Chapter 9). These changes
of membrane potential are essential to neuronal
communication.

* Jonic currents increase the concentration of a par-
ticular ion in the intracellular medium. Calcium
current, for example, is always inward. It transiently
and locally increases the intracellular concentra-
tion of Ca®* ions and contributes to the triggering
of Ca’*-dependent events such as secretion or
contraction.

3.5 A PARTICULAR MEMBRANE
POTENTIAL, THE RESTING
MEMBRANE POTENTIAL V.,

In the absence of ongoing electrical activity (when the
neuron is not excited or inhibited by the activation of
its afferents) its membrane potential is termed the rest-
ing membrane potential (V .s). For some neurons, V.
is stable (silent neurons) for others it is not (pacemaker
neurons for example). In this section, we will consider
stable V. only. To understand unstable V. many dif-
ferent channels must be known that are explained later
in the book (Chapter 14).

3.5.1 When most of the channels open at rest
are K* channels V., is close to Ex

It was Julius Bernstein (1902) who pioneered the the-
ory of Vi as due to selective permeability of the
membrane to one ionic species only and that nerve
excitation developed when such selectivity was tran-
siently lost. According to this theory, under resting
conditions the cell membrane permeability is minimal
toNa*, Cl~ and Ca?* while it is high to K*. What is the
membrane potential of a membrane permeable to K*
ions only? This condition can be tested experimentally
by measuring ionic fluxes with radioactive tracers
through a plasma membrane where K™ channels are
the only open channels. K™ moves outwards following

Equilibrium
Vo= Ex=—-97mV

FIGURE 3.7 Establishment of V. in a cell where most of the
channels open are K* channels.

Suppose that at t = 0 and cell potential V,, = 0mV (a), K* ions will
move outwards due to their concentration gradient (b). Loss of intra-
cellular K* induces a negative potential (V,,) as V,, = Eg (c).

its concentration gradient (the intracellular concentra-
tion of K* is around 50 times higher than the extracel-
lular one): positive charges are thus subtracted from
the intracellular medium and there is an accumulation
of negative charges at the intracellular side of the
membrane and positive charges at the external side of
the membrane. These positive charges will oppose fur-
ther outward movements of K* until an equilibrium
is reached when the concentration gradient for K* can-
cels the drive exerted by the electrical gradient. This is
by definition the equilibrium potential Ex. Hence, at
Vi = Eg, although K* keeps moving in and out of the
cell, there is no net change in its concentration across
the membrane (Figure 3.7). In a physiological situa-
tion, the exact value of Eyx is unknown since the exact
[K*]; is unknown. When V. = —80/—70mV, though
it seems close to Ex it may not be equal to Ex.

A way to test whether V. = Ex is the following.
Inspection of the Nernst equation applied to K* indi-
cates that a 10-fold change in the concentration ratio
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FIGURE 3.8 Theoretical diagram of Ex versus the external con-
centration of K* ions ([K*]o).
Ex = (RT/zF)2.3 X log([K*1,/[K ).

should alter the membrane potential of a neuron by
58 mV. This relation can be tested in experiments in
which the extracellular concentration of this ion is
altered and the resulting membrane potential meas-
ured with a sharp or patch microelectrode. A semilog
plot of the extracellular K* concentration (abscissa)
against the membrane potential (ordinate) should thus
have a slope of 58 mV per 10-fold change in K™ (Figure
3.8); this condition is rarely encountered in neurons but
it seems to be more common for glial cells (which some-
times are termed K" electrodes because their mem-
brane potential is linearly dependent on K*). In the case
of neurons, nonlinearity of this plot is frequently seen,
particularly at low levels of extracellular K*. These
observations confirm that K* is a very important ion
for setting the value of neuronal V. but that other ions
must also play a significant role.

3.5.2 In central neurons, K, Cl~ and Na* ion
movements participate in resting
membrane potential and V., is different
from Ey: the Goldman-Hodgkin—Katz

equation

Aside from K*, which ions play a role in V ? Since
the intracellular concentration of Na™ is not negligible,
this implies that this ionic species can accumulate
inside the cytoplasm, presumably because of its rather
positive Ey, (+75mV) versus a very negative Vg cre-
ates an electrochemical gradient extremely favourable
to Na™ entry. Equally, the asymmetric distribution of
Cl™ suggests its possible role in determining Vg In
order to take into account various ionic species it is

useful to introduce what is commonly called the
Goldman—Hodgkin—-Katz equation (GHK), derived from
the Nernst equation and named after the three physiol-
ogists responsible for its derivation:

Pi[KT], + pna[Na™], + po[CI7]; @)
p[KT]; + py[Na™] + pq [C17],

Vst = 58logX

where p is the permeability coefficient (cm s !) for each
ionic species. The relative contribution of each ion
species to the resting voltage is weighted by that ion’s
permeability.

Note that if the resting permeability to Na*™ and C1~
is very low, the GHK equation closely resembles the
Nernst equation for K*.

In applying the GHK equation to nerve cells, the fol-
lowing assumptions must be made:

e The voltage gradient across the membrane is uni-
form in the sense that it changes linearly within the
membrane. This assumption has led to the GHK
equation being called the constant field equation.

® The overall net current flow across the membrane is
zero as the currents generated by individual ionic
species are balanced out.

e The membrane is in a steady state since there is no
time-dependent change in ionic flux or channel
density. This is obviously not applicable to non-
steady state conditions of rapidly changing mem-
brane potential as produced when a nerve cell fires
action potentials.

® Any role of active transport mechanisms is ignored.

® The ionic species are monovalent cations or anions
which do not interact among themselves or with
water molecules. The first point does not hold true
if there is a measurable permeability to divalent
cations such as Ca?*. Furthermore, it has been
reported that ions can interact among themselves
within the same channel.

e The role of membrane surface charges is ignored. This
is a relatively major limitation because the cell mem-
brane contains negative charges on its inner and outer
layers (amino acid residues of membrane proteins
which are typically negatively charged). The electric
field generated by these charges is able to influence
the kinetic properties of ionic channels (gating, activa-
tion and inactivation). Adding divalent cations such
as Ca?* or Mg?" leads to screening of these charges
and consequent changes in channel properties.

e The mobility of each ionic species and its diffusion
coefficient (D) within the membrane of thickness
(6) is constant.

e Theions donotbind to specific sites in the membrane
and their concentration (C) can be expressed by a
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linear partition coefficient (8 = Cyembrane/ Csolution)-
However, there is evidence that ions can bind to sites
inside channels and influence channel kinetics.

* The ionic activities (a) can be replaced by their
concentrations.

3.6 A SIMPLE EQUIVALENT
ELECTRICAL CIRCUIT FOR THE
MEMBRANE AT REST

Since the plasma membrane does not allow the pas-
sage of all the ions at all time, it can be equated to an
insulator separating two electrically conductive media
(intracellular and extracellular electrolytes): it thus
plays the role of a dielectric in a capacitor and it can be
assigned an average capacity (Cp,) value of 1 pF cm 2.

In Figure 3.9b, instead of three parallel current sources
for K¥, Na* and Cl~, we have lumped them together
into only one source with driving (electromotive) force
E equal to V. and an inward conductance g, equal to
the sum of the specific ionic (channel) conductances

gk + gna T gai- One may consider, instead of the absolute
value of membrane potential, only its deviation from
Viest- In this case the equivalent electromotive force
becomes equal to zero and the equivalent scheme of the
cell membrane simplifies to an RC-circuit (Figure 3.9¢).
If one includes more channel types, then the notion of
resting current still holds true. The equivalent scheme
of Figure 3.9¢ is applicable only to depolarizations and
hyperpolarizations characterized by linear (ohmic)
current—voltage relations (Figure 3.9d). In standard
excitable cells it means that these potential changes from
Viest are not activating voltage-gated currents; e.g. they
are below the threshold for spike generation.

3.7 HOW TO EXPERIMENTALLY
CHANGE V.,

3.7.1 How to experimentally depolarize a
neuronal membrane

The aim of the experiment is to lower the difference of
potential between the two faces of the membrane and
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FIGURE 3.9 Simplified equivalent scheme to account for membrane electrical characteristics near the
resting potential and ohmic behaviour of the membrane potential around the resting potential.

(a) Three main ionic current sources. Note: Ex and E¢ are negative while Eyj, is positive. (b) An equivalent cur-
rent source for the resting potential. (c) Electrical scheme for below-threshold potential changes (passive de-
and hyperpolarizations) relative to the resting potential. Battery symbols indicate electromotive forces, boxes
represent conductances and parallel plates indicate membrane capacitors. (d) From top to bottom: Time-
dependent responses to =0.4 nA current injected for 300 ms; left: upper traces, current I; middle traces, mem-
brane potential changes V,,; right: membrane potential at the end of the current pulse (i.e. at 300 ms) plotted
against current intensity. From Adams PR, Brown DA, Constanti A (1982) M-currents and other potassium
currents in bullfrog sympathetic neurones. J. Physiol. (Lond.) 330, 537—572, with permission.
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even to reverse it. There are at least three main ways of
depolarizing a membrane: (a) by increasing the K*
concentration in the external medium, (b) by applying
a drug that opens cationic channels or (c) by injecting a
positive current inside the neuron (Figure 3.10).

An in vitro preparation such as a neuronal culture or
a brain slice is bathed in an extracellular solution of an
ionic composition close to that of the extracellular
medium. A recording electrode is implanted in a neu-
ronal cell body. At rest the membrane potential is close
to —70mV. When the extracellular solution is changed
to one containing a higher concentration of K* ions
(30mM instead of 3mM) and a lower concentration of
Na™ ions (113 mM instead of 140 mM) to keep constant
the extracellular concentration of positive ions, a depo-
larization is recorded. Since at rest most of the chan-
nels open are K* channels, V,, tends toward Ex which
is now equal to —38mV (Ex = 58 log 30/140) instead
of —97mV. The membrane depolarizes because Ey is
more depolarized than V ..

In the same preparation bathed in control extracel-
lular medium, veratridine is applied by pressure via a
pipette located close to the recorded neuron. Veratridine
induces a depolarization of the recorded membrane
(Figure 3.10a). As this drug opens Na™* channels, Na*
ions enter the cell and create an inward current of pos-
itive charges. The electrical circuit is closed because +
charges can go out of the cell via the K* channels open
at rest. Since Na® channels now represent the major
population of open channels, V,,, tends toward Ey,
(+58mV) and the membrane depolarizes as long as
veratridine is applied.

If now a positive current is applied through the
recording pipette which contains a KCl solution, K*
ions are expelled from the pipette. They create a cur-
rent of positive charges that depolarizes the membrane
(Figure 3.10b). The electrical circuit is closed because
K* ions can go through the membrane via the K*
channels open at rest. A depolarizing current pulse is a
positive current injected via an intracellular electrode.
One part of the stimulating current is used to load the
capacity Cp, of the neuronal membrane and the other
part passes through the ion channels:

Istimulus = Cm dV/dt + Iion
dV/dt = [_Iion + Istimulus]/cm

A positive stimulating current applied at the inside of
aneuron (cell body, dendrite, axon) will cause a depolar-
ization of V,, according to the above equation. Inversely,
anegative current will hyperpolarize the membrane (see
below). Once the membrane capacity is loaded (steady
state) the injected current equals the current passing
through the membrane via open channels.

In the case of silver electrode inside the pipette, as a
coat of AgCl is deposited on the silver metal, it provides
a store of Ag™ and Cl™ ions and mediates between elec-
tronic conduction in the metal (Ag* + e~ 2 Ag) and
ionic current owing that Cl™ exchanges between pre-
cipitate (AgCl) and solution.

3.7.2 How to experimentally hyperpolarize
a neuronal membrane?

The aim of the experiment is to increase the difference
of potential between the two faces of the membrane.
There are at least two main ways of hyperpolarizing a
membrane, (a) by applying a drug that opens K* channels
or (b) by injecting a negative current inside the neuron.

An in vitro preparation such as a neuronal culture or
a brain slice is bathed in a physiological saline of an
ionic composition close to that of the extracellular
medium. A recording electrode is implanted in a neu-
ronal cell body. A peptide that opens K channels is
applied by pressure via a pipette located close to the
recorded neuron. This induces a hyperpolarization of
the membrane, due the outward flux of K* ions
(Figure 3.11a). As this drug opens K* channels (via
metabotropic receptors such as GABAjg receptors,
Chapter 11), K* ions exit the cell and create an outward
current of positive charges. The electrical circuit is
closed because ions can enter the membrane via the
channels open at rest. As K* channels now represent
the major population of open channels, V,, tends
toward Ex (—97mV) and the membrane hyperpolar-
izes as long as the peptide is applied.

FIGURE 3.10 Vm is depolarized by applying:
(a) a drug in the extracellular medium that opens Na* channels
(veratridine) or (b) a positive current via an intracellular electrode.
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FIGURE 3.11 V,, is hyperpolarized by applying a negative cur-
rent via an intracellular electrode.

If now a negative current is applied through the
recording pipette which contains a KCI solution, CI~
ions are expelled from the pipette. They hyperpolarize
the membrane (Figure 3.11). The electrical circuit is
closed because ions can go through the membrane via
the channels open at rest.

3.8 SUMMARY

Passage of ions through the membrane is a regu-
lated process and the flow of ions across the neuronal
plasma membrane is not a simple and anarchic diffu-
sion through a lipid bilayer. Instead, it is restricted
through transmembrane proteins whose opening
(channel proteins) or activation (pumps or trans-
porters) is tightly controlled by different factors.

Where and how do ions passively cross the plasma
membrane? (See also Appendices 3.2 and 3.3)

e Jons move passively across the plasma membrane
through ionic channels that are specifically perme-
able to one or several ions of the same sign. They
move down their electrochemical gradient. This
passive movement of charges is a current that can
be recorded. Through a single channel it is a uni-
tary current i,,,, and through N channels it is a
macroscopic current or total current [y,,.

* The type of ion that moves through an open chan-
nel (ionic selectivity of the channel pore) is deter-
mined by the structure of the channel itself. This
ionic selectivity gives the name to the channel. For
example, a Na* channel is permeable to Na* ions;

a cationic channel is permeable to cations: Na™, K*
and sometimes also Ca®*.

* The direction of ion diffusion through a single chan-
nel depends on the electrochemical gradient or
driving force for this particular ion (V,, — Ejy).

* The number of charges that diffuse through an open
channel per unit of time (i;,,,) depends on the elec-
trochemical gradient (Vy, — E;,,) but also on how
easily ions move through the pore of the channel
(expressed as the conductance ~;,, of the channel):

Z'ion = ﬁfion(Vm - Eion)-

How and where do ions actively cross the plasma
membrane and thus compensate for the passive
movements? (see also Appendix 3.1)

Active movements of Na™, K*, Ca?" or Cl~ ions
across the membrane occur through pumps or trans-
porters. Pumps obtain energy from the hydrolysis of
ATP, whereas transporters use the energy of an ionic
gradient, for example the sodium driving force. These
transports require energy since they operate against
the electrochemical gradient of the transported ions or
molecules. They maintain ionic concentrations at con-
stant values in the extracellular and intracellular com-
partments despite the continuous passive movements
of ions across the membrane.

What are the roles of electrochemical gradients and
passive movements of ions?

The electrochemical gradients of ions are a reserve of
energy: they allow the existence of ionic currents and
drive some active transports. The large asymmetries in
ion distribution imply a dynamic state through which
cell-to-cell signalling is made possible. Ionic currents
have two main functions: (i) they evoke transient
changes of membrane potential which are electrical sig-
nals of the neuron (action potentials or postsynaptic
potentials or sensory potentials) essential to neuronal
communication; and (ii) they locally increase the concen-
tration of a particular ion in the intracellular medium,
for example Ca?* ions, and thus trigger intracellular
Ca”"-dependent events such as secretion or contraction.

APPENDIX 3.1
THE ACTIVE TRANSPORT OF
IONS BY PUMPS AND TRANSPORTERS
MAINTAIN THE UNEQUAL
DISTRIBUTION OF IONS

Passive movements of Na™, K, Ca?" or Cl~ ions
across the membrane would finally cause concentration
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changes in the extracellular and intracellular compart-
ments if they were not constantly regulated during the
entire life of the neuron by transport of ions in the
reverse direction, against passive diffusion; i.e. against
electrochemical gradients. This type of transport is
described as active since it requires energy in order to
oppose the electrochemical gradient of the transported
ions. Ions cross the membrane actively through special-
ized proteins known as pumps or transporters. Pumps
obtain energy from the hydrolysis of ATP, whereas
transporters use the energy of an ionic gradient, for
example the sodium driving force. The energy is
needed for the conformational changes that allow the
pump or the transporter to change its affinity for the
ion transported during the transport: the binding site(s)
must have a high affinity when facing the medium
where the transported ion is at a low concentration (in
order to bind it) and must change to low affinity when
facing the medium where the concentration of the
transported ion is high in order to release it.

Pumps are ATPases that actively transport ions

Pumps have ATPase activity (they hydrolyze ATP).
This ATPase activity is generally the easiest way of
identifying them. Pumps are membrane-embedded
enzymes that couple the hydrolysis of ATP to active
translocation of ions across the membrane. The central
issue of ion motive ATPases is to couple the hydrolysis
of ATP (and their auto-phosphorylation) to the translo-
cation of ions.

The Na/K-ATPase pump

Na/K-ATPases maintain the unequal distribution
of Na* and K* ions across the membrane. Na* and K*
ions cross the membrane through different Na® and
K* permeable channels (voltage-sensitive Na® and K*
channels plus receptor channels). This pump operates
continuously at a thythm of 100 ions per second (com-
pared with 10°-10® ions per second for a channel),
adjusting its activity to the electrical activity of the
neuron. It actively transports three Na™ ions towards
the extracellular space for each two K™ ions that it car-
ries into the cell.

The energy of ATP hydrolysis is needed for the con-
formational changes (they are energy-dependent) that
allow the pump to change its affinity for the ion trans-
ported, whether the binding sites are accessible from
the cytoplasmic or the extracellular sides. For example,
when the Na* binding sites are accessible from the
cytoplasm, the protein is in a conformation with a high
affinity (K, = 1mM) for intracellular Na™ ions, and so
Na™ ions bind to the three sites. In contrast, when the
three Na™ have been translocated to the extracellular
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side, the protein is in a conformation with a low affin-
ity for Na™ ions so that the three Na™ are released in
the extracellular space.

The steady unequal distribution of Na* and K™ ions
constitutes a reserve of energy for a cell. The neuron
uses this energy to produce electric signals (action
potentials, synaptic potentials) as well as to actively
transport other molecules.

The Ca-ATPase pump

The function of Ca-ATPases is to maintain (with the
Na—Ca transporter) the intracellular Ca?* concentration
at very low levels by active expulsion of Ca®*. In fact,
the intracellular Ca?* concentration is 10,000 times
lower than the extracellular concentration despite the
inflow of Ca?* (through receptor channels and voltage-
gated Ca’" channels) and the intracellular release of
Ca?* from intracellular stores. Maintaining a low intra-
cellular Ca*" concentration is critical since Ca®* ions
control several intracellular reactions and are toxic at a
high concentration. Ca-ATPases are located in the
plasma membrane and in the membrane of the reticu-
lum. The former extrude Ca?* from the cytoplasm
whereas the latter sequester Ca*>" inside the reticulum
(see also Figure 7.8).

Transporters use the energy stored in the

transmembrane electrochemical gradient of
Nat, K*, H* or other ions

When transporters carry Na* , K™ or H* ions (along
their electrochemical gradient) in the same direction as
the transported ion or molecule the process is called
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symport. When the movements occur in opposite direc-
tions the process is called antiport. We shall study only
transporters implicated in the electrical or secretory
activity of neurons.

The Na—Ca transporter

This transporter uses the energy of the Na™ gradient
to actively carry Ca*" ions towards the extracellular
environment. It is situated in the neuronal plasma mem-
brane and operates in synergy with the Ca-ATPase and
with transport mechanisms of the smooth sarcoplasmic
reticulum to maintain the intracellular Ca®* concentra-
tion at a very low level (see Section 7.2.4).

The K-Cl transporter KCC

Adult mammalian central neurons maintain a low
intracellular Cl~ concentration. Cl~ extrusion is
achieved by K*-Cl~ cotransporters (KCC) fuelled by
K*. As all transporters, it does not directly consume
ATP but derives its energy from ionic gradients, here
the K™ gradient generated by the Na/K/ATPase.

Neurotransmitter transporters

Inactivation of most neurotransmitters present in the
synaptic cleft is achieved by rapid reuptake into the
presynaptic neural element and astrocytic glial cells.
This is performed by specific neurotransmitter trans-
porters, transmembrane proteins that couple neuro-
transmitter transport to the movement of ions down
their concentration gradient. Certain neurotransmitter
precursors are also taken up by this type of active
transport (glutamine and choline, for instance). Once
in the cytoplasm, neurotransmitters are concentrated
inside synaptic vesicles by distinct transport systems
driven by the H" concentration gradient (maintained
by the vesicular H"-ATPase) (see Section 7.4).

APPENDIX 3.2
THE PASSIVE DIFFUSION OF IONS
THROUGH AN OPEN CHANNEL

It has been stated above that a channel is said to be in
a closed state (C) when its ionic pore does not allow ions
to pass. In contrast, when the channel is said to be in the
open state (O), ions can diffuse through the ionic pore.

Cz=20

This diffusion of ions through an open channel is a
passive transport since it does not require energy
expenditure.

e Which type(s) of ions will move through a given
open channel: cations, anions?

e In which direction will these ions move, from the
external medium to the cytosol or the reverse?

* How many of these ions will move per unit of time?

The structure of the channel pore determines the type
of ion(s) that diffuse passively through the channel

The pores of ion channels select their permeant ions.
The structural basis for ion channel selectivity has been
studied in a bacterial K* channel called the KcsA chan-
nel (it is a voltage-independent K™ channel). All K*
channels show a selectivity sequence K* = Rb* > Cs™,
whereas permeability for the smallest alkali metal ions
Na® and Li* is extremely low. Potassium is at least
10,000 times more permeant than Na™, a feature that is
essential to the function of K* channels. Each subunit
of the KcsA channel consists of an N-terminal cytoplas-
mic domain, followed by two transmembrane helices
and a C-terminal globular domain in the cytoplasm.
The P loop (P for pore) situated between transmem-
brane helices 1 and 2 is the region primarily responsible
for ion selectivity.

The KcsA channel is overexpressed in bacteria and
the three-dimensional structure of its pore investigated
by the use of X-ray crystallography. The KcsA channel
is a tetramer with fourfold symmetry around a central
pore (Figure A3.2). The pore is constructed of an
inverted teepee with the extracellular side correspon-
ding to the base of the teepee. The overall length of the
pore is 4.5nm and its diameter varies along its distance.
From inside the cell the pore begins as a water-filled

(a) (b) Selectivity

filter
KesA 2
channel subunit

FIGURE A3.2 (a) membrane topology of the KcsA channel sub-
unit showing the two transmembrane segments and the pore loop
(P). (b) Two diametrically opposed subunits of KcsA are depicted to
show the cavity in the membrane with 3 ions in cavity, S3 and S1
sites of the selectivity filter (shown in sticks). Adapted from Noskov
SY and Roux B (2006) Ion selectivity in potassium channels.
Biophysical Chemistry 124, 279—291.
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tunnel of 1.8 nm length (inner pore) surrounded by pre-
dominantly non-polar side-chains pointing to the pore
axis. The diameter of this region is sufficiently wide to
allow the passage of fully hydrated cations. This long
entry way then opens to a wider water-filled cavity
(Inm across). Beyond this vestibule is the 1.2nm long
selectivity filter. After this, the pore opens widely to the
extracellular side of the membrane.

What are the respective roles of the parts of the pore?

The pore comprises a wide, non-polar aqueous cav-
ity on the intracellular side, leading up, on the extra-
cellular side, to a narrow pore that is 1.2nm long and
lined exclusively by main chain carbonyl oxygens
formed by the residues corresponding to the signature
sequence TTVGYG common to all K* channels.

Electrostatic calculations show that when an ion is
moved along a narrow pore through a membrane it
must cross an energy barrier that is maximal at the
membrane centre. A K™ ion can move throughout the
inner pore and cavity and still remain mostly
hydrated, owing to the large diameter of these regions.
The role of the inner pore and the cavity is to lower the
electrostatic barrier. The cavity overcomes the electro-
static destabilization from the low dielectric bilayer by
simply surrounding an ion with polarizable water.
Another feature that contributes to the stabilization of
the cation at the bilayer centre are the four pore helices
which point directly at the centre of the cavity. The
amino to carboxyl orientation of these helices imposes
a negative electrostatic (cation attractive) potential via
the helix dipole effect. These two mechanisms (large
aqueous cavity and oriented helices) serve to stabilize
a cation in the hydrophobic membrane interior.

The selectivity filter that follows, in contrast, is lined
exclusively by polar main-chain atoms. They create a
stack of sequential carbonyl oxygen rings which pro-
vide multiple closely spaced binding sites (S) for
cations separated by 0.3-0.4nm. This selectivity filter
attracts K™ ions and allows them to move.

Why are cations permeant and not anions?

As might have been anticipated for a cation channel,
both the intracellular and extracellular entryways are
negatively charged by acidic amino acids, that raise the
local concentration of cations while lowering the con-
centration of anions.

Why are K* ions at least 10,000 times more
permeant than Na™ ions?

The selectivity filter is so narrow that a K* ion evi-
dently dehydrates to enter into it and only a single K*

ion can pass through at one time. To compensate for
the energy cost of dehydration, the carbonyl oxygen
atoms come in very close contact with the ion and act
like surrogate water — they substitute for the hydration
waters of K™. This filter is too large to accommodate a
Na* ion with its smaller radius (main chain oxygens
are spatially inflexible and their relative distances to
the centre of the pore cannot readily be changed). It is
proposed that a K™ ion fits in the filter so precisely that
the energetic costs and gains are well balanced.

What drives K ions to move on?

K* ions bind simultaneously at two binding sites
0.75nm apart near the entry and exit point of the selec-
tivity filter. Binding at adjacent sites may provide the
repulsive force for ion flow through the selectivity filter:
two K™ ions at close proximity in the selectivity filter
repel each other. The repulsion overcomes the strong
interaction between ion and protein and allows rapid
conduction in the setting of high selectivity. This leads
to a rate of diffusion of around 10® ions per second.

APPENDIX 3.3
THE NERNST EQUATION

The material in this appendix is adapted from Katz B
(ed.) (1966) Nerve, Muscle and Synapse (New York:
McGraw-Hill). When V., = E,,,, a particular ion has an
equal tendency to diffuse in one direction according to
its concentration gradient as to move in the reverse
direction according to membrane potential. The net
flux of this ion is null, so the current carried by this ion
is null. V,,, = E;,, means that:

osmotic work (W,) = electrical work (W,). (@)

The osmotic work required to move one mole of a
particular ion from a compartment where its concen-
tration is low to a compartment when its concentration
is high is equal to the electrical work needed to move
one mole of this ion against the membrane potential in
the opposite direction. Here, active diffusion of ions is
considered instead of passive diffusion. The electrical
work required to move 1mole of an ion against a
potential difference E;y, is:

We = ZPEion, (b)

where z is the valence of the transported ion, equal
to +1 for monovalent cations such as Na™ or K¥, to —1
for monovalent anions such as Cl™~and to +2 for diva-
lent cations such as Ca®". F is the Faraday constant. F for
hydrogen is the charge of one hydrogen atom: F = Ne.
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Here N is the Avogadro number, which is 6.022 X
102 mol™ (one mole of hydrogen atoms contains 6 X 10
protons and the same number of electrons), and e is the
elementary charge of a proton, which is 1.602 X 107
coulombs (C). So F = 96,500 C mol~'. Therefore zF with
z =1 is the charge of 1mole of protons or 1mole of
monovalent cations (Na*, K*). The charge of one mole
of monovalent anions (C17)is — F (z = —1); the charge of
1 mole of divalent cations (Ca?") is 2F (z = 2); etc.

The osmotic work required to move 1mole of ions
from a compartment where its concentration is low to
a compartment where the concentration is high can be
compared to the work done in compressing 1 g equiv-
alent of an ideal gas. The gas is contained in a cylinder
with a movable piston. Mechanical work to move the
piston is W, calculated from force times distance of dis-
placement of the piston (8/). The force exerted is equal
to the pressure p of the gas multiplied by the surface
area S of the piston. So the work §W done to displace
the piston is pS &I, which equals p ¢v. Therefore the
work done in compressing a gas from a volume v, to a
volume v, is:

W = f:lpdv. (©)

The gas law tells us that pv = RT (hence p = RT/v),
with R the constant of an ideal gas (R =8.314 V C
K mol™) and T is the absolute temperature.

Equation (c) can be changed to:

W = RT [ (1/v)dv = RT(Ino, — Inv,)
v2

= RT In(v, /v,). @

By analogy the osmotic work is:
W, = RT In([ion]./[ion];). (e)
From equation (a), W, = —W,, so from equations (b)

and (e) the Nernst equation is obtained:
RT In([ion]./[ion];) = zFE;y,
Eion = (RT/zF) In([ion]./[ion];).  (Nernst)

At 20°C, RT/F is about 25mV, and moving from
Neperian logarithms to decimal ones a factor of 2.3 is
needed. Hence:

Eion = (58/z) logio([ion]./[ion];).

Of course, this description of the Ej,, is entirely
based on a physical theory of passive ion movements.
Transmembrane flux of ions, however, involves active
transport of ions as well. For example, the gradients for
Na™ and, in particular, for Ca®* are regulated by com-
plex mechanisms relying on transporters and intracel-
lular sequestration so that the possibility of predicting
the precise reversal potential of responses mediated by
rises in Na™ or Ca?* permeability on the basis of their
apparent transmembrane concentrations is limited.
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4

The voltage-gated channels of
Na™ action potentials

The ionic basis for nerve excitation was first elucidated
in the squid giant axon by Hodgkin and Huxley (1952)
using the voltage clamp technique. They made the key
observation that two separate, voltage-dependent cur-
rents underlie the action potential: an early transient
inward Na™ current which depolarizes the membrane,
and a delayed outward K* current largely responsible
for repolarization. This led to a series of experiments
that resulted in a quantitative description of impulse
generation and propagation in the squid axon.

Nearly 30 years later, Sakmann and Neher, using
the patch clamp technique, recorded the activity of
the voltage-gated Na® and K" channels responsible
for action potential initiation and propagation. Taking
history backwards, action potentials will be explained
from the single channel level to the membrane level.

4.1 PROPERTIES OF ACTION
POTENTIALS

4.1.1 The different types of action potentials

The action potential is a sudden and transient depolar-
ization of the membrane. The cells that initiate action
potentials are called ‘excitable cells’. Action potentials
can have different shapes, i.e. different amplitudes and
durations. In neuronal somas and axons, action poten-
tials have a large amplitude and a small duration: these
are the Na*-dependent action potentials (Figures 4.1 and
4.2a). In other neuronal cell bodies, heart ventricular cells
and axon terminals, the action potentials have a longer
duration with a plateau following the initial peak:
these are the Na*/Ca?"-dependent action potentials
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FIGURE 4.1 Action potential of the giant axon of the squid.
Action potential intracellularly recorded in the giant axon of the squid
at resting membrane potential in response to a depolarizing current
pulse (the extracellular solution is seawater). The different phases of
the action potential are indicated. Adapted from Hodgkin AL and
Katz B (1949) The effect of sodium ions on the electrical activity of the
giant axon of the squid. J. Physiol. 108, 37—77, with permission.

(Figure 4.2b-d). Finally, in some neuronal dendrites
and some endocrine cells, action potentials have a
small amplitude and a long duration: these are the
Ca*"-dependent action potentials.

Action potentials have common properties; for exam-
ple they are all initiated in response to a membrane
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FIGURE 4.2 Different types of action potentials recorded in excitable cells.

(a) Sodium-dependent action potential intracellularly recorded in a node of Ranvier of a rat nerve fibre. Note
the absence of the hyperpolarization phase flowing the action potential. (b)-(d) Sodium—calcium-dependent
action potentials. Intracellular recording of the complex spike in a cerebellar Purkinje cell in response to climb-
ing fibre stimulation: an initial Na*-dependent action potential and a later larger slow potential on which are
superimposed several small Ca**-dependent action potentials. The total duration of this complex spike is
5-7ms. (b) Action potential recorded from axon terminals of Xenopus hypothalamic neurons (these axon termi-
nals are located in the neurohypophysis) in control conditions (top) and after adding blockers of Na*™ and K*
channels (TTX and TEA, bottom) in order to unmask the Ca** component of the spike (this component has a
larger duration due to the blockade of some of the K* channels). (c) Intracellular recording of an action potential
from an acutely dissociated dog heart cell (Purkinje fibre). Trace ‘a’ is recorded when the electrode is outside the
cell and represents the trace 0mV. Trace ‘b’ is recorded when the electrode is inside the cell. The peak amplitude
of the action potential is 75mV and the total duration 400ms. (d) All these action potentials are recorded in
response to an intracellular depolarizing pulse or to the stimulation of afferents. Note the differences in their
durations. Part (a) adapted from Brismar T (1980) Potential clamp analysis of membrane currents in rat myeli-
nated nerve fibres. |. Physiol. 298, 171-184, with permission. Parts (b)-(d) adapted from Coraboeuf E and
Weidmann S (1949) Potentiel de repos et potentiels d’action du muscle cardiaque, mesurés a I'aide d’électrodes
internes. C. R. Soc. Biol. 143, 1329-1331; and Eccles JC, Llinas R, Sasaki K (1966) The excitatory synaptic action of
climbing fibres on the Purkinje cells of the cerebellum. J. Physiol. 182, 268-296; and Obaid AL, Flores R, Salzberg
BM (1989) Calcium channels that are required for secretion from intact nerve terminals of vertebrates are sensi-
tive tow-conotoxin and relatively insensitive to dihydropyridines. J. Gen. Physiol. 93, 715-730; with permission.

depolarization. They also have differences; for example in
the type of ions involved, their amplitude, duration, etc.

4.1.2 Na* and K* ions participate in the
action potential of axons

The activity of the giant axon of the squid is recorded
with an intracellular electrode (in current clamp; see
Appendix 4.1) in the presence of seawater as the external
solution.

Na* ions participate in the depolarization phase of
the action potential

When the extracellular solution is changed from
seawater to a Na*-free solution, the amplitude and

risetime of the depolarization phase of the action
potential gradually and rapidly decreases, until after
8s the current pulse can no longer evoke an action
potential (Figure 4.3). Moreover, in control seawater,
tetrodotoxin (TTX), a specific blocker of voltage-gated
Na™ channels, completely blocks action potential initi-
ation (Figure 4.4a,c), thus confirming a major role of
Na™ ions.

K™ ions participate in the repolarization phase of
the action potential

Application of tetraethylammonium chloride (TEA),
ablocker of K* channels, greatly prolongs the duration
of the action potential of the squid giant axon without
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FIGURE 4.3 The action potential of the squid giant axon is
abolished in a Na*-free external solution.

(1) Control action potential recorded in sea water; (2)—(8) recordings
taken at the following times after the application of a dextrose solution
(Na-free solution): 2.30, 4.62, 5.86, 6.10, 7.10 and 8.11s; (9) recording
taken 9s after reapplication of seawater; (10) recording taken at 90
and 150s after reapplication of seawater; traces are superimposed.
From Hodgkin AL and Katz B (1949) The effect of sodium ions on the
electrical activity of the giant axon of the squid. J. Physiol. 108, 37-77,

with permission.
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FIGURE 4.4 Effects of tetrodotoxin (TTX) and tetraethylammo-
nium chloride (TEA) on the action potential of the squid giant axon.
(a) Control action potential. (b) TEA application lengthens the action
potential (left), which then has to be observed on a different time
scale (right trace). () TTX totally abolishes the initiation of the
action potential. Adapted from Tasaki I and Hagiwara S (1957)
Demonstration of two stable potential states in the squid giant axon
under tetraethylammonium chloride. J. Gen. Physiol. 40, 859-885,
with permission.

changing the resting membrane potential. The action
potential treated with TEA has an initial peak followed
by a plateau (Figure 4.4a,b) and the prolongation is
sometimes 100-fold or more.

4.1.3 Na*-dependent action potentials are all
or none and propagate along the axon
with the same amplitude

Depolarizing current pulses are applied through the
intracellular recording electrode, at the level of a neur-
onal soma or axon. We observe that (i) to a certain level
of membrane depolarization called the threshold
potential, only an ohmic passive response is recorded
(Figure 4.5a, right); (ii) when the membrane is depolar-
ized just above threshold, an action potential is recorded.
Then, increasing the intensity of the stimulating current
pulse does not increase the amplitude of the action
potential (Figure 4.5a, left). The action potential is all
or none.

Once initiated, the action potential propagates along
the axon with a speed varying from 1 to 100ms ™! accord-
ing to the type of axon. Intracellular recordings at vary-
ing distances from the soma show that the amplitude of
the action potential does not attenuate: the action poten-
tial propagates without decrement (Figure 4.5b).

4.1.4 Questions about the Na™-dependent
action potential

* What are the structural and functional properties of
the Na* and K" channels of the action potential?
(Sections 4.2 and 4.3)

¢ What represents the threshold potential for action
potential initiation? (Section 4.4)

¢ Why is the action potential, all or none? (Section 4.4)

e What are the mechanisms of action potential
propagation? (Section 4.4)

4.2 THE DEPOLARIZATION PHASE
OF Na*-DEPENDENT ACTION
POTENTIALS RESULTS FROM THE
TRANSIENT ENTRY OF Na* IONS
THROUGH VOLTAGE-GATED Na*
CHANNELS

4.2.1 The Na* channel consists of a principal
large au-subunit with four internal
homologous repeats and auxiliary
3-subunits

The primary structures of the Electrophorus electro-
plax Na* channel, that of the rat brain, heart and skele-
tal muscles have been elucidated by cloning and
sequence analysis of the complementary cDNAs. The
Na™ channel in all these structures consists of an a-
subunit of approximately 2000 amino acids (260 kDa),
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FIGURE 4.5 Properties of the Na*-dependent action potential.

The response of the membrane to depolarizing current pulses of different amplitudes is recorded with an intra-
cellular electrode. Upper traces are the voltage traces, bottom traces are the current traces. Above 0.2nA an axon
potential is initiated. Increasing the current pulse amplitude does not increase the action potential amplitude
(left). With current pulses of smaller amplitudes, no action potential is initiated. (b) An action potential is initi-
ated in the soma-initial segment by a depolarizing current pulse (stim). Intracellular recording electrodes
inserted along the axon record the action potential at successive nodes at successive times. See text for further

explanations.

composed of four homologous domains (I to IV) sepa-
rated by surface loops of different lengths. Within each
domain there are six segments forming six putative
transmembrane «-helices (S1 to S6) and a hairpin-like P
loop also called re-entrant pore loop between S5 and S6
(Figure 4.6a). The four homologous domains probably
form a pseudo-tetrameric structure whose central part
is the permeation pathway (Figure 4.6b). Parts of the
a-subunit contributing to pore formation have been
identified by site-directed mutagenesis.

Each domain contains a unique segment, the 54 seg-
ment, with positively charged residues (arginine or
lysine) at every third position with mostly non-polar
residues intervening between them (see Figure 4.15a).
This structure of the 54 segment is strikingly conserved
in all the types of Na™ channels analyzed so far and

this led to suggestions that the 54 segments serve as
voltage sensors (see Section 4.2.7).

The a-subunit of mammals is associated with one or
two smaller auxiliary subunits named 3-subunits. They
are small proteins of about 200 amino acid residues
(33-36kDa), with a substantial N-terminal domain,
a single putative membrane spanning segment and
a C-terminal intracellular domain.

The a-subunit mRNA isolated from rat brain or the
a-subunit RNAs transcribed from cloned cDNAs from
a rat brain are sufficient to direct the synthesis of func-
tional Na* channels when injected into oocytes. These
results establish that the protein structures necessary
for voltage-gating and ion conductance are contained
within the a-subunit itself. However, the properties of
these channels are not identical to native Na™ channels
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FIGURE 4.6 A schematic drawing of the voltage-gated Na* channel a-subunit.

(a) Cylinders represent putative membrane-spanning segments, P the P loops and IFM the critical motif of the
fast inactivation particle on the cytoplasmic linker connecting domains Il and IV. The lengths that are shown
for the N and C termini and the interdomain cytoplasmic loops are consistent with the Na, 1.2 mammalian
Na™ channel but these linkers (except for that between Il and IV) vary greatly in length and sequence among
the different Na™ channel isoforms. (b) Diagram of the pseudo-tetrameric structure whose central part is the
permeation pathway. Drawing (a) adapted from Goldin A (2002) The evolution of voltage-gated Na™ channels.

J. Exp. Biol. 205, 575-584, with permission.

as it has been shown that the auxiliary 3-subunits play
arole in the targeting and stabilization of the a-subunit
in the plasma membrane, its sensitivity to voltage and
rate of inactivation.

The nomenclature of all Na* voltage-gated channels
is the following: Na, to indicate the principal permeating
ion (Na*) and the principal physiological regulator
(v for voltage), followed by a number that indicates the
gene subfamily (currently Na,1 is the only subfamily).
The number following the decimal point identifies the
specific channel isoform (e.g. Na,1.1). At present, nine
functional isoforms have been identified.

4.2.2 Membrane depolarization favours
conformational change of the Na*t
channel towards the open state; the
Nat channel then quickly inactivates

The function of the Na™ channel is to transduce rapidly
membrane depolarization into an entry of Na* ions.

The activity of a single Na* channel was first recorded
by Sigworth and Neher in 1980 from rat muscle cells
with the patch clamp technique (cell-attached patch;
see Appendix 4.3).

It must be explained that the experimenter does not
know, before recording it, which type of channel(s) is
in the patch of membrane isolated under the tip of the
pipette. He or she can only increase the chance of
recording a Na* channel, for example, by studying a
membrane where this type of channel is frequently
expressed and by pharmacologically blocking the other
types of channels that could be activated together
with the Na™ channels (voltage-gated K* channels are
blocked by TEA). The recorded channel is then identi-
fied by its voltage dependence, reversal potential, uni-
tary conductance, ionic permeability, mean open time,
etc. Finally, the number of Na™ channels in the patch of
membrane cannot be predicted. Even when pipettes
with small tips are used, the probability of recording
more than one channel can be high because of the type
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of membrane patched. For this reason, very few
recordings of single native Na™ channels have been
performed. The number of Na* channels in a patch is
estimated from recordings where the membrane is
strongly depolarized in order to increase to its maximum
the probability of opening the voltage-gated channels
present in the patch.

Voltage-gated Na* channels of the skeletal
muscle fibre

A series of recordings obtained from a single Na*
channel in response to a 40 mV depolarizing step given
every second is shown in Figure 4.7a and c. The hold-
ing potential is around —70mV (remember that in the
cell attached configuration, the membrane potential
can only be estimated). A physiological extracellular
concentration of Na™ ions is present in the pipette.

At holding potential, no variations in the current
traces are recorded. After the onset of the depolarizing
step, unitary Na™ currents of varying durations but of
the same amplitude are recorded (lines 1, 2, 4, 5, 7 and
8) or not recorded (lines 3, 6 and 9). This means that six
times out of nine, the Na™ channel has opened in
response to membrane depolarization. The Na™ cur-
rent has a rectangular shape and is downward. By
convention, inward currents of + ions (cations) are
represented as downward (inward means that + ions
enter the cell; see Section 3.4). The histogram of the
Na™ current amplitude recorded in response to a 40 mV
depolarizing step gives a mean amplitude for iy, of
around —1.6 pA (see Appendix 4.3).

It is interesting to note that once the channel has
opened, there is a low probability that it will reopen
during the depolarization period. Moreover, even
when the channel does not open at the beginning of the
step, the frequency of appearance of Na* currents later
in the depolarization is very low; i.e. the Na* channel
inactivates.

Rat brain Na™t channels

The activity of rat brain Na™ channels has been stud-
ied in cerebellar Purkinje cells in culture. Each trace of
Figure 4.8a and ¢ shows the unitary Na™ currents (iy,)
recorded during a 20 ms membrane depolarization to
—40mV (test potential) from a holding potential of
—90mV. Rectangular inward currents occur most fre-
quently at the beginning of the depolarizing step but
can also be found at later times (Figure 4.8a, line 2).
The histogram of the Na™ current amplitudes recorded
at —40mV test potential gives a mean amplitude for
ina Of around —2pA (Figure 4.8d). Events near —4pA
correspond to double openings, meaning that at least
two channels are present in the patch.
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FIGURE 4.7 Single Na* channel openings in response to a
depolarizing step (muscle cell).

The activity of the Na* channel is recorded in patch clamp (cell-
attached patch) from an embryonic muscle cell. (a) Nine successive
recordings of single channel openings (iy,) in response to a 40mV
depolarizing pulse (V trace) given at 1s intervals from a holding poten-
tial 10mV more hyperpolarized than the resting membrane potential.
(b) Averaged inward Na™ current from 300 elementary Na™ currents as
in (a). (c) The same recordings as in (a) are redrawn in order to explain
more clearly the different states of the channel. On the bottom line one
opening is enlarged. C, closed state; O, open state; I, inactivated state.
The solution bathing the extracellular side of the patch or intrapipette
solution contains (in mM): 140 NaCl, 1.4 KCl, 2.0 MgCl,, 1 CaCl, and 20
HEPES at pH 7.4. TEA 5mM is added to block K* channels and bun-
garotoxin to block acetylcholine receptors. Adapted from Sigworth FJ
and Neher E (1980) Single Na™ channel currents observed in rat mus-
cle cells. Nature 287, 447449, with permission.
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FIGURE 4.8 Single-channel activity of a voltage-gated Na™ channel from rat brain neurons.

The activity of a Na* channel of a cerebellar Purkinje cell in culture is recorded in patch clamp (outside-out
patch) in response to successive depolarizing steps to —40mV from a holding potential Vi; = —90mV. (a) The
20 ms step (upper trace) evokes rectangular inward unitary currents (in,). (b) Average current calculated from
all the sweeps which had active Na™ channels within a set of 25 depolarizations. (c) Interpretative drawing on
an enlarged scale of the recordings in (a). (d) Histogram of elementary amplitudes for recordings as in (a). The
continuous line corresponds to the best fit of the data to a single Gaussian distribution. C, closed state; O, open
state; I, inactivated state. The solution bathing the outside face of the patch contains (in mM): 140 NaCl,
2.5KCl, 1 CaCl? 1 MgClz, 10 HEPES. The solution bathing the inside of the patch or intrapipette solution con-
tains (in mM): 120 CsF, 10 CsCl, 1 NaCl, 10 EGTA-Cs™, 10 HEPES-Cs™. Cs* ions are in the pipette instead of
K* ions in order to block K™ channels. Adapted from Géhwiler BH and Llano I (1989) Sodium and potassium
conductances in somatic membranes of rat Purkinje cells from organotypic cerebellar cultures. ]. Physiol. 417,

105-122, with permission.

The unitary current has a rectangular shape

The rectangular shape of the unitary current means
that when the Na™ channel opens, the unitary current
is nearly immediately maximal. The unitary current
then stays constant: the channel stays open for a time
which varies; finally the unitary current goes back to
zero though the membrane is still depolarized. The
channel may not reopen (Figure 4.7a,c) as it is in an
inactivated state (I) (Figure 4.7c, bottom trace). After
being opened by a depolarization, the channel does
not go back to the closed state but inactivates. In that
state, the pore of the channel is closed (no Na* ions

flow through the pore) as in the closed state but the
channel cannot reopen immediately (which differs
from the closed state). The inactivated channel is
refractory to opening unless the membrane repolarizes
to allow it to return to the closed (resting) state.

In other recordings, such as that of Figure 4.8a and
¢, the Na® channel seems to reopen once or twice
before inactivating. This may result from the presence
of two (as here) or more channels in the patch so that
the unitary currents recorded do not correspond to the
same channel. It may also result from a slower inacti-
vation rate of the channel recorded, which in fact opens,
closes, reopens and then inactivates.
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The unitary current is carried by a few Na™ ions

How many Na™ ions enter through a single channel?
Knowing that in the preceding example, the unitary
Na™ current has a mean amplitude of —1.6 pA for 1ms,
the number of Na* ions flowing through one channel
during 1ms is 1.6 X 1072/(1.6 X 107 X 10%) = 10,000
Na* ions (since 1pA =1pCs™! and the elementary
charge of one electron is 1.6 X 107 C). This number, 10*
ions, is negligible compared with the number of Na*
ions in the intracellular medium: if [Na*]; = 14mM,
knowing that 1 mole represents 6 X 10% ions, the num-
ber of Na* ions per litre is 6 X 10% X 14 X 1072 = 10?2
ions 171, In a neuronal cell body or a section of axon, the
volume is of the order of 107!% to 1071 litres. Then the
number of Na* ions is around 10 to 10'.

The Na™ channel fluctuates between the closed,
open and inactivated states

where C is the channel in the closed state, O in the
open state and I in the inactivated state. Both C and I
states are non-conducting states. The C to O transition
is triggered by membrane depolarization. The O to I
transition is due to an intrinsic property of the Na*
channel. The I to C transition occurs when the mem-
brane repolarizes or is already repolarized. In sum-
mary, the Na™ channel opens when the membrane is
depolarized, stays open during a mean open time of
less than 1 ms, and then usually inactivates.

4.2.3 The time during which the Na* channel
stays open varies around an average
value, T, called the mean open time

In Figures 4.7a and 4.8a we can observe that the
periods during which the channel stays open, t,, are
variable. The mean open time of the channel, T, at a
given potential is obtained from the frequency his-
togram of the different ¢, at this potential. When this
distribution can be fitted by a single exponential, its time
constant provides the value of 7, (see Appendix 4.3).
The functional significance of this value is the follow-
ing: during a time equal to T, the channel has a high
probability of staying open.

For example, the Na™ channel of the skeletal muscle
fibre stays open during a mean open time of 0.7 ms. For
the rat brain Na*t channel of cerebellar Purkinje cells,
the distribution of the durations of the unitary currents
recorded at —32mV can be fitted with a single expo-
nential with a time constant of 0.43 ms (1, = 0.43 ms).

4.2.4 The in,—V relation is linear: the Na*
channel has a constant unitary
conductance ~yn,

When the activity of a single Na* channel is now
recorded at different test potentials, we observe that
the amplitude of the inward unitary current dimin-
ishes as the membrane is further and further depolar-
ized (see Figure 4.11a). In other words, the net entry of
Na™ ions through a single channel diminishes as the
membrane depolarizes. The i, — V relation is obtained by
plotting the amplitude of the unitary current (in,) versus
membrane potential (V). It is linear between —50 mV
and 0mV (Figure 4.9a). For membrane potentials more
hyperpolarized than —50mYV, there are no values of iy,
since the channel rarely opens or does not open at all.
Quantitative data for potentials more depolarized than
0mV are not available.

The critical point of the current-voltage relation is the
membrane potential for which the current is zero; i.e. the
reversal potential of the current (E.,). If only Na™ ions
flow through the Na* channel, the reversal potential is
equal to En,. From —50mV to E,, in, is inward and its
amplitude decreases. This results from the decrease of
the Na® driving force (V,, — Ena) as the membrane
approaches the reversal potential for Na* ions. For
membrane potentials more depolarized than E,.,, iy, is
now outward (not shown). Above E ., the amplitude of
the outward Na™ current progressively increases as the
driving force for the exit of Na™ ions increases.

The linear i, — V relation is described by the equation
iNa = Wa(Vim — Ena), where V, is the test potential, En,
is the reversal potential of the Na™ current, and j, is
the conductance of a single Na* channel (unitary con-
ductance). The value of ~y, is given by the slope of the
linear in,/V curve. It has a constant value at any given
membrane potential. This value varies between 5 and
18 pS depending on the preparation.

4.2.5 The probability of the Na*t channel
being in the open state increases with
depolarization to a maximal level

An important observation at the single channel level
is that the more the membrane is depolarized, the
higher is the probability that the Na® channel will
open. This observation can be made from two types of
experiments:

e The activity of a single Na* channel is recorded in
patch clamp (cell-attached patch). Each depolarizing
step is repeated several times and the number of
times the Na™ channel opens is observed (Figure
4.10a). With depolarizing steps to —70mV from a
holding potential of —120mV, the channel very rarely



4.2 THE DEPOLARIZATION PHASE OF Na*-DEPENDENT ACTION POTENTIALS RESULTS FROM THE TRANSIENT ENTRY OF Na* IONS 53

@ Outward iy,
Test potential (mV)
-100 -50
I T N T T Y T |
] 80 M
i ’<\
—05 & . 60Ff
g &
YNa 2 B
10 @ < 40
() e 8
8
—1.5 20r
0 | m |
2.0 -0.5 -1.0 -1.5
Amplitude (pA)
Inward iy,
(b) N
extra [Na™], =140 mM
—40 mV D
intra [Na*]; = 14 mM
[
v
(Vm - ENa)
Na* channel
extra /
intra
(Vm = Ea) ]

FIGURE 4.9 The single-channel current/voltage (in,/V) relation
is linear.

(@) The activity of the rat type Il Na™ channel expressed in Xenopus
oocytes from cDNA is recorded in patch clamp (cell-attached patch).
Plot of the unitary current amplitude versus test potential: each point
represents the mean of 20-200 unitary current amplitudes measured
at one potential (left) as shown at —32mV (right). The relation is linear
between test potentials —50 and 0mV (holding potential = —90mV).
The slope is \n, = 19pS. (b) Drawings of an open voltage-gated Na™
channel to explain the direction and amplitude of the net flux of Na*
ions at two test potentials (—40 and 0mV). [ ], force due to the concen-
tration gradient across the membrane; v\, force due to the electric
gradient; V — Eyj,, driving force. The solution bathing the extracellular
side of the patch or intrapipette solution contains (in mM): 115 NaCl,
2.5 KCl, 1.8 CaCl2, 10 HEPES. Plot (a) adapted from Stithmer W,
Methfessel C, Sakmann B et al. (1987) Patch clamp characterization of
sodium channels expressed from rat brain cDNA. Eur. Biophys. ]. 14,
131-138, with permission.

opens; and if it does, the time spent in the open state
is very short. In contrast, with depolarizing steps to
—40mV, the Na™ channels open for each trial.

e The activity of two or three Na® channels is
recorded in patch clamp (cell-attached patch). In
response to depolarizing steps of small amplitude,
Na™ channels do not open or only one Na™ channel
opens at a time. With larger depolarizing steps, the

overlapping currents of two or three Na* channels
can be observed, meaning that this number of Na*
channels open with close delays in response to the
step (not shown).

From the recordings of Figure 4.10a, we can observe
that the probability of the Na*™ channel being in the
open state varies with the value of the test potential. It
also varies with time during the depolarizing step:
openings occur more frequently at the beginning of the
step. The open probability of Na* channels is voltage-
and time-dependent. By averaging a large number of
records obtained at each test potential, the open prob-
ability (p;) of the Na™ channel recorded can be obtained
at each time ¢ of the step (Figure 4.10b). We observe
from these curves that after 4-6ms the probability of
the Na™ channel being in the open state is very low,
even with large depolarizing steps: the Na*™ channel
inactivates in 4-6 ms. When we compare now the open
probabilities at the different test potentials, we observe
that the probability of the Na*™ channel being in the
open state at time t = 2ms increases with the ampli-
tude of the depolarizing step.

4.2.6 The macroscopic Na* current (Iy,) has
a steep voltage dependence of activation
and inactivates within a few milliseconds

The macroscopic Na™ current, Iy, is the sum of the
unitary currents, iy, flowing through all the open
Na™ channels of the recorded membrane

At the axon initial segment or at nodes of Ranvier,
there are N Na* channels that can be activated. We have
seen that the unitary Na® current flowing through a
single Na™ channel has a rectangular shape. What is the
time course of the macroscopic Na™ current, Iy;,?

If we assume that the Na™ channels in one cell are
identical and function independently, the sum of many
recordings from the same Na™ channel should show
the same properties as the macroscopic Na* current
measured from thousands of channels with the voltage
clamp technique. In Figure 4.7b, an average of 300 uni-
tary Na™ currents elicited by a 40mV depolarizing pulse
is shown. For a given potential, the ‘averaged” inward
Na™ current has a fast rising phase and presents a peak
at the time t = 1.5ms. The peak corresponds to the time
when most of the Na™ channels are opened at each trial.
Then the averaged current decays with time because
the Na* channel has a low probability of being in the
open state later in the step (owing to the inactivation of
the Na™ channel). At each trial, the Na* channel does
not inactivate exactly at the same time, which explains
the progressive decay of the averaged macroscopic
Na™ current. A similar averaged Na™ current is shown
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FIGURE 4.10 The open probability of the voltage-gated Na* channel is voltage- and time-dependent.
Single Na™ channel activity recorded in a mammalian neuroblastoma cell in patch clamp (cell-attached patch).
(a) In response to a depolarizing step to the indicated potentials from a holding potential of —120mV, unitary
inward currents are recorded. (b) Ensemble of averages of single-channel openings at the indicated voltages; 64
to 2000 traces are averaged at each voltage to obtain the time-dependent open probability of a channel (p() in
response to a depolarization. The open probability at time t is calculated according to the equation:
p(t) = INaw/ Nina, Where Iy, is the average current at time t at a given voltage, N is the number of channels (i.e.
the number of averaged recordings of single channel activity) and iy, is the unitary current at a given voltage. At
—30mV the open probability is maximum. The channels inactivate in 4ms. Adapted from Aldrich RW and
Steven CF (1987) Voltage-dependent gating of sodium channels from mammalian neuroblastoma cells. J.
Neurosci. 7, 418-431, with permission.

in Figure 4.8b. The averaged current does not have a The averaged macroscopic Na* current has a time
rectangular shape because the Na* channel does not course similar to that of the recorded macroscopic Na*
open with the same delay and does not inactivate at current from the same type of cell at the same potential.

the same time at each trial. However, the averaged current from 300 Na* channels
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still presents some angles in its time course. In con-
trast, the macroscopic recorded Na* current is smooth.
The more numerous are the Na™ channels opened
by the depolarizing step, the smoother is the total
Na* current. The value of Iy, at each time t at a given
potential is:

Ina = Npwina

where N is the number of Na™ channels in the recorded
membrane and py, is the open probability at time t of
the Na™ channel; it depends on the membrane poten-
tial and on the channel opening and inactivating rate
constants. iy, is the unitary Na™ current and Npy;, is the
number of Na* channels open at time t.

The Iy,—V relation is bell-shaped though the

in,— V relation is linear

We have seen that the amplitude of the unitary Na*
current decreases linearly with depolarization (see
Figure 4.9a). In contrast, the Iy,—V relation is not lin-
ear. The macroscopic Na™ current is recorded from a
myelinated rabbit nerve with the double electrode
voltage clamp technique. When the amplitude of the
peak Na™ current is plotted against membrane poten-
tial, it has a clear bell shape (Figures 4.11 and 4.12a).

Analysis of each trace from the smallest depolariz-
ing step to the largest shows that:

e For small steps, the peak current amplitude is small
(0.2nA) and has a slow time to peak (1 ms). At these
potentials the Na™ driving force is strong but the
Na* channels have a low probability of opening
(Figure 4.11a). Therefore, Iy, is small since it
represents the current through a small number of
open Na™ channels. Moreover, the small number of
activated Na™ channels open with a delay since the
depolarization is just subliminal. This explains the
slow time to peak.

* As the depolarizing steps increase in amplitude
(to —42/-35mV), the amplitude of Iy, increases to
a maximum (—3nA) and the time to peak decreases
to a minimum (0.2ms). Larger depolarizations
increase the probability of the Na* channel being in
the open state and shorten the delay of opening
(see Figure 4.10). Therefore, though the amplitude
of iy, decreases between —63 and —35mV, the
amplitude of I, increases owing to the large increase
of open Na™ channels.

e After this peak, the amplitude of Iy, decreases to
zero since the open probability does not increase
enough to compensate for the decrease of iy,. The
reversal potential of Iy, is the same as that of iy,
since it depends only on the extracellular and intra-
cellular concentrations of Na* ions.

* INa changes polarity for V,, more depolarized than
E,.p: it is now an outward current whose amplitude
increases with the depolarization (Figure 4.10b).

It is important to note that membrane potentials
more depolarized than +20mV are non-physiological.

Activation and inactivation curves: the
threshold potential

Activation rate is the rate at which a macroscopic
current turns on in response to a depolarizing voltage
step. The Na™ current is recorded in a voltage clamp
from a node of rabbit nerve. Depolarizing steps from
—70mV to +20mV are applied from a holding potential
of —80mV. When the ratio of the peak current at each
test potential to the maximal peak current (In,/INamax)
is plotted against test potential, the activation curve of
INna can be visualized. The distribution is fitted by a sig-
moidal curve (Figure 4.12b). In this preparation, the
threshold of Na® channel activation is —60mV. At
—40mV, I, is already maximal (In,/INamax = 1)- This
steepness of activation is a characteristic of the voltage-
gated Na™ channels.

Inactivation of a current is the decay of this current
during a maintained depolarization. To study inactiva-
tion, the membrane is held at varying holding poten-
tials and a depolarizing step to a fixed value is applied
where Iy, is maximal (OmV for example). The ampli-
tude of the peak Na™® current is plotted against the
holding potential. Iy, begins to inactivate at —90mV
and is fully inactivated at —50mV. Knowing that the
resting membrane potential in this preparation is
around —80mV, some of the Na™ channels are already
inactivated at rest.

Tonic selectivity of the Na™ channel

To compare the permeability of the Na™ channel to
several monovalent cations, the macroscopic current
is recorded at different membrane potentials in the
presence of external Na* ions and when all the exter-
nal Na™ are replaced by a test cation. Lithium is as
permeant as sodium but K* ions are weakly permeant
(Px/Pna = 0.048). Therefore, Na* channels are highly
selective for Na™ ions and only 4% of the current is
carried by K* ions (Figure 4.13).

Tetrodotoxin is a selective open Na™*
channel blocker

A large number of biological toxins can modify the
properties of the Na™ channels. One of these, tetrodo-
toxin (TTX), which is found in the liver and ovaries of
the pufferfishes, (tetrodon) totally abolishes the current
through most of the Na™ channels (TTX sensitive Na*
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FIGURE 4.11 Voltage dependence of the macroscopic voltage-gated Na* current.

The macroscopic voltage-gated Na™* current recorded in a node of a rabbit myelinated nerve in voltage clamp
conditions. (a) Depolarizing steps from —70mV to —21 mV from a holding potential of —80mV evoke macro-
scopic Na™ currents (Iy,) with different time courses and peak amplitudes. The test potential is on the right.
Bottom trace is the voltage trace. (b) The traces in (a) are superimposed and current responses to depolarizing
steps from —14 to +55mV are added. The outward current traces are recorded when the test potential is
beyond the reversal potential (+30mV in this preparation). (c) Iy, recorded at —30 mV. The rising phase of Iy,
corresponds to activation of the Na* channels and the decrease of Iy, corresponds to progressive inactivation
of the open Na™ channels. The extracellular solution contains (in mM): 154 NaCl, 2.2 CaCl,, 5.6 KCl; pH 7.4.
Adapted from Chiu SY, Ritchie JM, Bogart RB, Stagg D (1979) A quantitative description of membrane currents
from a rabbit myelinated nerve. J. Physiol. 292, 149-166, with permission.

channels) (Figure 4.4). However, some Na* channels A single point mutation of the rat brain Na* channel
are resistant to TTX such as those from the pufferfishes. type II, which changes the glutamic acid residue 387 to
TTX has a binding site supposed to be located near the glutamine (E387Q) in the repeat I, renders the channel
extracellular mouth of the pore. insensitive to concentrations of TTX up to tens of
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FIGURE 4.12 Activation-inactivation properties of the macro-
scopic voltage-gated Na* current.

The Iy, — V relation has a bell shape with a peak at —40mV and a rever-
sal potential at +30mV (the average Eyj, in the rabbit node is +27 mV).
(b) Activation (right curve) and inactivation (left curve) curves
obtained from nine different experiments. The voltage protocols used
are shown in insets. In the ordinates, I/, represents the ratio of the
peak Na™ current (I) recorded at the tested potential of the abscissae
and the maximal peak Na* current () recorded in this experiment.
It corresponds in the activation curve to the peak current recorded at
—40mV in Figure 4.11. From Chiu SY, Ritchie JM, Bogart RB, Stagg D
(1979) A quantitative description of membrane currents from a rabbit
myelinated nerve. J. Physiol. 292, 149-166, with permission.

micromolars. Xenopus oocytes are injected with the
wild-type mRNA or the mutant mRNA and the whole
cell Na* currents are recorded with the double-electrode
voltage clamp technique. TTX sensitivity is assessed
by perfusing TTX-containing external solutions and by
measuring the peak of the whole-cell inward Na* cur-
rent (the peak means the maximal amplitude of the
inward Na* current measured on the Iy,/V relation).
The dose-response curves of Figure 4.14 show that
1pM of TTX completely abolishes the wild-type Na*
current, but has no effect on the mutant Na*t current.
The other characteristics of the Na™ channel are not

(a) Sodium
/

1ms

Potassium

3L

FIGURE 4.13 Ionic selectivity of the Na* channel.

(a) The macroscopic Na* current is recorded with the double-electrode
voltage clamp technique in a mammalian skeletal muscle fibre at dif-
ferent test membrane potentials (from —70 to +80mV) from a holding
potential of —80mV. (a) Inward currents in normal Na*-Ringer
(sodium) and in a solution where all Na* ions are replaced by K* ions
(potassium). The other voltage-gated currents are blocked. (b) I-V
relation of the currents recorded in (a). I is the amplitude of the peak
current at each tested potential. Adapted from Pappone PA (1980)
Voltage clamp experiments in normal and denervated mammalian
skeletal muscle fibers. ] Physiol. 306, 377-410, with permission.

significantly affected, except for a reduction in the
amplitude of the inward current at all potentials tested.
All these results suggest that the link between segments
S5 and S6 in repeat I of the rat brain Na™ channel is in
close proximity to the channel mouth.

Comparison of the predicted protein sequences of the
skeletal muscle sodium channels show that pufferfish
Na™ channels have accumulated several unique substi-
tutions in the otherwise highly conserved pore loop
regions of the four domains. Among these substitutions,
some are associated with TTX resistance as assessed
with path clamp recordings. What advantages does TTX
resistance offer pufferfishes? A main advantage is that
the high tissue concentrations of TTX act as an effective
chemical defense against predators. Also TTX resistance
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FIGURE 4.14 A single mutation close to the S6 segment of repeat I completely suppresses the sensitivity
of the Na* channel to TTX.

(a) A mutation of the glutamic acid residue 387 to glutamine (E387Q) is introduced in the rat Na* channel type
IL. Xenopus oocytes are injected with either the wild-type mRNA or the mutant mRNA. The macroscopic Na*
currents are recorded 4-7 days later with the double-electrode voltage clamp technique. Dose-response curves
for the wild-type (open circles) and the mutant E387Q (filled circles) to tetrodotoxin (TTX). TTX sensitivity is
determined by perfusing TTX-containing external solutions and by measuring the macroscopic peak inward
current. The TTX concentration that reduces the wild-type Na™ current by 50% (ICs) is 18 nM. Data are averaged
from 7-8 experiments. (b) Topology of drug binding sites on Na™ channel a-subunit. Each symbol represents the
toxin or drug binding site indicated at the bottom of the figure. All these sites have been characterized by site-
directed mutagenesis. Part (a) from Noda M, Suzuki H, Numa S, Stiithmer W (1989) A single point mutation
confers tetrodotoxin and saxitoxin insensitivity on the sodium channel II. FEBS Lett. 259, 213-216, with
permission. Part (b) drawing adapted from Ogata N and Ohishi Y (2002) Molecular diversity of structure and
function of the voltage-gated Na* channels. Jpn. |. Pharmacol. 88, 365-377.

enables pufferfishes to feed on TTX-bearing organisms
that are avoided by other fishes.

TTX is not the only toxin to target Na* channels.
Most of these toxins, except for TTX and its congeners
that occlude the outer pore of the channel, bind to
sites that are related to activation and inactiva-
tion processes. They fall into at least five different
classes according to their corresponding receptor sites:

(1) hydrophilic toxins such as TTX, saxitoxin (STX) and
a-conus toxin; (2) lipid-soluble neurotoxins such as
batrachotoxin (BTX), veratridine, aconitine and
grayanotoxin; (3) a-scorpion peptide toxins and sea
anemone peptide toxins; (4) 3-scorpion peptide toxins;
(5) lipid-soluble brevetoxins and ciguatoxins. They can
have opposite effects. For example, toxins (2) are acti-
vators of Na* channels.
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4.2.7 Segment S4, the region between segments
S5 and S6, and the region between
domains III and IV play a significant
role in activation, ion permeation and
inactivation, respectively

The major questions about a voltage-gated ionic chan-
nel and particularly the Na™ channel are the following:

* How does the channel open in response to a voltage
change?

* How is the permeation pathway designed to define
single-channel conductance and ion selectivity?

* How does the channel inactivate?

In order to identify regions of the Na* channels
involved in these functions, site-directed mutagenesis
experiments were performed. The activity of each type
of mutated Na* channel is analyzed with patch clamp
recording techniques.

The short segments between putative membrane
spanning segments S5 and S6 are membrane
associated and contribute to pore formation

The Na* channels are highly selective for Na* ions.
This selectivity presumably results from negatively
charged amino acid residues located in the channel
pore. Moreover, these amino acids must be specific to
Na* channels (i.e. different from the other members of
voltage-gated cationic channels such as K™ and Ca?*
channels) to explain their weak permeability to K" or
Ca?" ions.

Studies using mutagenesis to alter ion channel func-
tion have shown that the region connecting the S5 and
S6 segments forms part of the channel lining (see
Figure 4.6). A single amino acid substitution in these
regions in repeats IIl and IV alters the ion selectivity of
the Na* channel to resemble that of Ca®>* channels.
These residues would constitute part of the selectivity
filter of the channel. There is now a general agreement
that the selectivity filter is formed by pore loops; i.e.
relatively short polypeptide segments that extend into
the aqueous pore from the extracellular side of the
membrane. Rather than extending completely across
the lipid bilayer, a large portion of the pore loop is near
the extracellular face of the channel. Only a short
region extends into the membrane to form the selectiv-
ity filter. In the case of the voltage-gated Na* channel,
each of the four homologous domains contributes a
loop to the ion conducting pore.

The S4 segment is the voltage sensor

The S4 segments are positively charged and hydro-
phobic (Figure 4.15a). Moreover, the typical amino

acid sequence of 54 is conserved among the different
voltage-gated channels. These observations led to the
suggestion that 54 segments have a transmembrane
orientation and are voltage sensors. To test this pro-
posed role, positively charged amino acid residues are
replaced by neutral or negatively charged residues in
the S4 segment of a rat brain Na* channel type II. The
mutated channels are expressed in Xenopus oocytes.
When more than three positive residues are mutated in
the S4 segments of repeat I or II, no appreciable expres-
sion of the mutated channel is obtained. The replace-
ment of only one arginine or lysine residue in segment
S4 of repeat I by a glutamine residue shifts the activation
curve to more positive potentials (Figure 4.15b, c).

It is hypothesized that the positive charges in 54
form ion pairs with negative charges in other trans-
membrane regions, thereby stabilizing the channel
in the non-conducting closed conformation. With a
change in the electric field across the membrane, these
ion pairs would break as the S4 charges move and new
ion pairs would form to stabilize the conducting, open
conformation of the channel.

The cytoplasmic loop between domains 111 and

IV contains the inactivation particle which, in a
voltage-dependent manner, enters the mouth of the
Na* channel pore and inactivates the channel

The results obtained from three different types of
experiments strongly suggest that the short cytoplasmic
loop connecting homologous domains III and IV, Ly py
loop (see Figures 4.6a and 4.16a), is involved in inacti-
vation: (i) cytoplasmic application of endopeptidases;
(ii) cytoplasmic injection of antibodies directed against a
peptide sequence in the region between repeats Il and IV;
and (iii) cleavage of the region between repeats III and
IV (Figure 4.16a—c); all strongly reduce or block inacti-
vation. Moreover, in some human pathology where the
Na™ channels poorly inactivate (as shown with single-
channel recordings from biopsies), this region is mutated.

Positively charged amino acid residues of this
Ly loop are not required for inactivation since only
the mutation of a hydrophobic sequence, isoleucine-
phenylalanine-methionine (IFM), to glutamine com-
pletely blocks inactivation. The critical residue of the
IFM motif is phenylalanine since its mutation to glutam-
ine slows inactivation 5000-fold. It is proposed that
this IFM sequence is directly involved in the confor-
mational change leading to inactivation. It would enter
the mouth of the pore, thus occluding it during the
process of inactivation. In order to test this hypothesis,
the ability of synthetic peptides containing the IFM
motif to restore fast inactivation to non-inactivating rat
brain Na* channels expressed in kidney carcinoma
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FIGURE 4.15 Effect of mutations in the S4 segment on Na* current activation.

Oocytes are injected with the wild-type rat brain Na™ channel or with Na* channels mutated on the 54 segment.
The activity of a population of Na™ channels is recorded in patch clamp (cell-attached macropatches). (a) Amino
acid sequences of segment 54 of the internal repeats I (I54) and II (I $4) of the wild-type rat Na* channel. Positively
charged amino acids are boxed with solid lines and the numbers of the relevant residues are given. In the mutated
channel studied here the lysine residue in position 226 is replaced by a glutamine residue (K226Q). (b) In response
to step depolarizations ranging from —60 to +70mV from a holding potential of —120mV, a family of macro-
scopic Na* currents is recorded for each type of Na* channel. The arrow indicates the response to the test poten-
tial —20mV. Note that at —20mV the amplitude of the Na™ current is at its maximum for the wild-type and less
than half maximum for the mutated channel. (c) Steady-state activation (right) and inactivation (left) curves for
the wild-type (circles) and the mutant (diamonds) Na* channels. Adapted from Stiihmer W, Conti F, Suzuki H et al.
(1989) Structural parts involved in activation and inactivation of the sodium channel. Nature 339, 597-603, with

permission.

cells is examined. The intrinsic inactivation of Na*
channels is first made non-functional by a mutation of
the IFM motif. When the recording is now performed
with a patch pipette containing the synthetic peptide
with an IFM motif, the non-inactivating whole cell
Na™ current now inactivates. Since the restored inacti-
vation has the rapid, voltage-dependent time course
characteristic of inactivation of the wild-type Na*
channels, it is proposed that the IFM motif serves as an
inactivation particle (Figure 4.16d).

4.2.8 Conclusion: the consequence of the
ing of lation of N Na* channel
opening of a population o a™ channels
is a transient entry of Na™ ions which
depolarizes the membrane above O mV

The function of the population of N Na* channels at
the axon initial segment or at nodes of Ranvier is to

ensure a sudden and brief depolarization of the mem-
brane above 0mV.

Rapid activation of Na* channels makes the

depolarization phase sudden

In response to a depolarization to the threshold
potential, the closed Na* channels (Figure 4.17a) of the
axon initial segment begin to open (b). The flux of Na*
ions through the few open Na™ channels depolarizes
the membrane more and thus triggers the opening of
other Na™ channels (c). In consequence, the flux of Na*
ions increases, depolarizes the membrane more and
opens other Na™ channels until all the N Na* channels
of the segment of membrane are opened (d). In (d) the
depolarization phase is at its peak. Na™ channels are
opened by depolarization and once opened, they con-
tribute to the membrane depolarization and therefore
to their activation: it is a self-maintained process.



4.2 THE DEPOLARIZATION PHASE OF Na*-DEPENDENT ACTION POTENTIALS RESULTS FROM THE TRANSIENT ENTRY OF Na* IONS

(a) 10‘00 20‘00 30?0 40?0 50?0 60?0
1l 1] [\
cZ-1 1-1503 1504-2005
(b) (c)
INa INa mutated
1 v ~

4 AMMWM,‘ 50 pA

5 M—ﬂ:’v"“’m ey 2ms
6 et —

e : wild type
7 e e - —

(d) I WY | \Y;

+—

H3N ; *HgN
COg COs

FIGURE 4.16 Effects of mutations in the region between repeats Il and IV on Na* current inactivation.
(a) Linear representation of the wild-type Na™ channel (upper trace) and the mutated Na* channel (bottom
trace). The mutation consists of a cut with an addition of four to eight residues at each end of the cut. An
equimolar mixture of the two mRNAs encoding the adjacent fragments of the Na* channel protein separated
with a cut is injected in oocytes. (b) Single-channel recordings of the activity of the mutated Na™ channel in
response to a depolarizing step to —20mV from a holding potential of —100mV. Note that late single or double
openings (line 8) are often recorded. The mean open time 7, is 5.8 ms and the elementary conductance ~y;, is
17.3pS. (¢) Macroscopic Na™ currents recorded from the mutated (upper trace) and the wild-type (bottom
trace) Na™ channels. (d) Model for inactivation of the voltage-gated Na™ channels. The region linking repeats
IIT and IV is depicted as a hinged lid that occludes the transmembrane pore of the Na* channel during inacti-
vation. Parts (a)—(c) from Pappone PA (1980) Voltage clamp experiments in normal and denervated mam-
malian skeletal muscle fibers. | Physiol. 306, 377-410, with permission. Drawing (d) from West JW, Patton DE,
Scheuer T et al. (1992) A cluster of hydrophobic amino acid residues required for fast sodium channel inacti-
vation. Proc. Natl Acad. Sci. USA 89, 10910-10914, with permission.
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FIGURE 4.17 Different states of voltage-gated Na* channels in relation to the different phases of the

Na*-dependent action potential.

C, closed state; O, open state; I, inactivated state; —, driving force for Na™ ions.

Rapid inactivation of Na™ channels makes the
depolarization phase brief

Once the Na* channels have opened, they begin
to inactivate (e). Therefore, though the membrane is
depolarized, the influx of Na™ ions diminishes quickly.
Therefore the Na*-dependent action potential is a spike
and does not present a plateau phase. Inactivation is a
very important protective mechanism since it prevents
potentially toxic persistent depolarization.

4.3 THE REPOLARIZATION PHASE OF
THE SODIUM-DEPENDENT ACTION
POTENTIAL RESULTS FROM Na*
CHANNEL INACTIVATION AND
PARTLY FROM K* CHANNEL
ACTIVATION

The participation of a voltage-gated K™ current in
action potential repolarization differs from one prepar-
ation to another. For example, in the squid axon the
voltage-gated K™ current plays an important role in

spike repolarization, though in mammalian peripheral
nerves this current is almost absent. However, the action
potentials of the squid axon and that of mammalian
nerves have the same duration. This is because the
Na* current in mammalian axons inactivates two to
three times faster than that of the frog axon. Moreover,
the leak K* currents are important in mammalian axons
(see below).

Voltage-gated K* channels can be classified into two
major groups based on physiological properties:

® Delayed rectifiers which activate after a delay follow-
ing membrane depolarization and inactivate slowly

* A-type channels which are fast activating and fast
inactivating.

The first type, the delayed rectifier K™ channels, plays
a role in action potential repolarization. The A-types
inactivate too quickly to do so. They play a role in fir-
ing patterns and are explained in Chapter 14.

This section will explain the structure and activity of
the voltage-gated, delayed rectifier K* channels respon-
sible for action potential repolarization in the squid or
frog nerves. Then Section 4.4 will explain the other mode
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of repolarization observed in mammalian nerves, in
which the delayed rectifier current does not play a
significant role.

4.3.1 The delayed rectifier K* channel
consists of four a-subunits and auxiliary
B-subunits

K* channels represent an extremely diverse ion chan-
nel type. All known K™ channels are related members
of a single protein family. Finding genes responsible
for a native K™ current is not an easy task, because K*
channels have a great diversity: more than 100 of K*
channel subunits have been identified to date. Among
strategies used to identify which genes encode a par-
ticular K* channel are the single cell reverse transcrip-
tase chain reaction (scRT-PCR) protocol combined with
patch clamp recording and the injection of subfamily-
specific dominant negative constructs in recorded
neurons. Results of such experiments strongly suggested
that a-subunits of delayed rectifiers are attributable to
Kv2 and Kv3 subfamily genes.

Delayed rectifier K* channels a-subunits form homo-
or hetero-tetramers in the cell membrane. As for the
Na* channel, the P loop linking segments S5 and S6
contributes to the formation of the pore and the auxil-
iary small 3-subunits associated with the a-subunit are
considered to be intracellularly located (Figure 4.18).

4.3.2 Membrane depolarization favours the
conformational change of the delayed
rectifier channel towards the open state

The function of the delayed rectifier channel is to
transduce, with a delay, membrane depolarization
into an exit of K™ ions

Single-channel recordings were obtained by Conti
and Neher in 1980 from the squid axon. We shall, how-
ever, look at recordings obtained from K* channels
expressed in oocytes or in mammalian cell lines from
c¢DNA encoding a delayed rectifier channel of rat brain.
Since the macroscopic currents mediated by these
channels have time courses and ionic selectivity resem-
bling those of the classical delayed outward currents
described in nerve and muscle, these single-channel
recordings are good examples for describing the proper-
ties of a delayed rectifier current.

Figure 4.19 shows a current trace obtained from patch
clamp recordings (inside-out patch) of a rat brain K*
channel (RCK1) expressed in a Xenopus oocyte. In the
presence of physiological extracellular and intracellular
K™ concentrations, a depolarizing voltage step to 0mV
from a holding potential of —60mV is applied. After
the onset of the step, a rectangular pulse of elementary

(a)

(b)

o-subunit

Extracellular

Intracellular
B-subunit

FIGURE 4.18 Putative transmembrane organization of the
a-subunit of the delayed rectifier, voltage-gated K* channel and
its associated cytoplasmic 3-subunit.

(a) Diagrammatic representation of the predicted membrane topol-
ogy of a single Kv2.1 a-subunit. S1-56 represent the transmembrane
segments (cylinders represent putative a-helical segments), P-loop
represents the amino acid residues that form the bulk of the lining of
the channel pore, T1 domain represents the subfamily-specific
tetramerization domain in the cytoplasmic N-terminus, and PRC
represents the proximal restriction and clustering signal in the cyto-
plasmic C-terminus. (b) A schematic diagram showing the putative
structure of a voltage-dependent K* channel. A channel is composed
of four pore-forming a-subunits, to each of which a 3-subunit is
associated on the cytoplasmic side. The four a-subunits can be
homomers or heteromers. Part (a) from Misonou H, Mohapatra DP,
Trimmer JS (2005) NeuroToxicology 26, 743-752, with permission; Part
(b) from Song W] (2002) Genes responsible for native depolarization-
activated K* currents in neurons. Neuroscience Research 42, 7-14.

current, upwardly directed, appears. It means that the
current is outward; K™ ions leave the cell. In fact, the
driving force for K* ions is outward at 0mV.

It is immediately striking that the gating behaviour
of the delayed rectifier channel is different from that of
the Na™ channel (compare Figures 4.7a or 4.8a and 4.19).
Here, the rectangular pulse of current lasts the whole
depolarizing step with short interruptions during
which the current goes back to zero. It indicates that
the delayed rectifier channel opens, closes briefly and
reopens many times during the depolarizing pulse: the
delayed rectifier channel does not inactivate within
seconds. Another difference is that the delay of opening
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FIGURE 4.19 Single K* channel openings in response to a depolarizing step.

The activity of a single delayed rectifier channel expressed from rat brain cDNA in a Xenopus oocyte is
recorded in patch clamp (inside-out patch). A depolarizing step to 0mV from a holding potential of —60mV
(a) evokes the opening of the channel (b). The elementary current is outward. The channel then closes briefly
and reopens several times during the depolarization, as shown in the drawing (c) that interprets the current
trace. Bathing solution or intracellular solution (in mM): 100 KCI, 10 EGTA, 10 HEPES. Pipette solution or
extracellular solution (in mM): 115 NaCl, 2 KCl, 1.8 CaCl,, 10 HEPES. Adapted from Stithmer W, Stocker M,
Sakmann B et al. (1988) Potassium channels expressed from rat brain cDNA have delayed rectifier properties.

FEBS Lett. 242, 199-206, with permission.

of the delayed rectifier is much longer than that of the
Na™ channel, even for large membrane depolarizations
(mean delay 4 ms in Figure 4.20a).

When the same depolarizing pulse is now applied
every 1-2s, we observe that the delay of channel open-
ing is variable (1-10ms) but gating properties are the
same in all recordings: the channel opens, closes briefly
and reopens during the entire depolarizing step (Figure
4.20a). Amplitude histograms collected at 0mV mem-
brane potential from current recordings, such as those
shown in Figure 4.20a, give a mean amplitude of the
unitary currents of +0.8 pA (Figure 4.20c). This means
that the most frequently occurring main amplitude is
+0.8pA.

4.3.3 The open probability of the delayed
rectifier channel is stable during a
depolarization in the range of
seconds

The average open time T, measured in the patch
illustrated in Figure 4.19 is 4.6 ms. The mean closed time
7. is 1.5ms. As seen in Figures 4.19 and 4.20a, during a
depolarizing pulse to 0mV the delayed rectifier channel

spends much more time in the open state than in the
closed state: at 0mV its average open probability is high
(po = 0.76).

In order to test whether the delayed rectifier chan-
nels show some inactivation, long-lasting recordings
are performed. Though no significant inactivation is
apparent during test pulses in the range of seconds,
during long test depolarizations (in the range of min-
utes) the channel shows steady-state inactivation at
positive holding potentials (not shown). Therefore, in
the range of seconds, the inactivation of the delayed
rectifier channel can be omitted: the channel fluctuates
between the closed and open states:

C=0

The transition from the closed (C) state to the open (O)
state is triggered by membrane depolarization with a
delay. The delayed rectifier channel activates in the
range of milliseconds. In comparison, the Na™ channel
activates in the range of submilliseconds. The O to C
transitions of the Na® channel frequently happen
though the membrane is still depolarized. It also hap-
pens when membrane repolarizes.
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FIGURE 4.20 Characteristics of the elementary delayed rectifier current.

Same experimental design as in Figure 4.19. The patch of membrane contains a single delayed rectifier chan-
nel. (a) Successive sweeps of outward current responses to depolarizing steps from —60mV to 0mV (C for
closed state, O for open state of the channel). (b) Averaged current from 70 elementary currents as in (a). (c)
Amplitude histogram of the elementary outward currents recorded at test potential 0mV. The mean elemen-
tary current amplitude observed most frequently is 0.8 pA. (d) Single channel current-voltage relation (ix — V).
Each point represents the mean amplitude of at least 20 determinations. The slope is v = 9.3 pS. The reversal

potential E,., =

—89mV. From Stithmer W, Stocker M, Sakmann B et al. (1988) Potassium channels expressed

from rat brain cDNA have delayed rectifier properties. FEBS Lett. 242, 199206, with permission.

4.3.4 The K* channel has a constant unitary
conductance ~g

In Figure 4.21a, unitary currents are shown in
response to increasing depolarizing steps from —50 to
+20mV from a holding potential of —80mV. We
observe that both the amplitude of the unitary current
and the time spent by the channel in the open state
increase with depolarization.

When the mean amplitude of the unitary K™ current
is plotted versus membrane test potential, a linear iy / V'
relation is obtained (Figures 4.20d and 4.21b). This linear
ix/V relation (between —50 and +20mV) is described
by the equation ix = ~(V — Ex), where V is the mem-
brane potential, Ey is the reversal potential of the K*
current, and ~ is the conductance of the single delayed
rectifier K™ channel, or unitary conductance. Linear
back-extrapolation gives a reversal potential value
around —90/—-80mV, a value close to Ex calculated
from the Nernst equation. This means that from —80mV

to more depolarized potentials, which correspond to
the physiological conditions, the K current is out-
ward. For more hyperpolarized potentials, the K* cur-
rent is inward.

The value of ~ is given by the slope of the linear
ix/V curve. It has a constant value at any given
membrane potential. This value varies between 10 and
15pS depending on the preparation (Figures 4.20d
and 4.21b).

4.3.5 The macroscopic delayed rectifier K*
current (Ix) has a delayed voltage
dependence of activation and inactivates
within tens of seconds

Whole cell currents in Xenopus oocytes expressing
delayed rectifier channels start to activate at potentials
positive to —30mV and their amplitude is clearly voltage-
dependent. When unitary currents recorded from 70
successive depolarizing steps to 0mV are averaged
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FIGURE 4.21 The single-channel current/voltage (ix/V) relation is linear.

Delayed rectifier K* channels from rat brain are expressed in a myoblast cell line. (a) The activity of a single
channel is recorded in patch clamp (cell-attached patch). Unitary currents are recorded at different test poten-
tials (from —50mV to +20mV) from a holding potential at —80 mV. Bottom trace is the voltage trace. (b) ix—V
relation obtained by plotting the mean amplitude of ix at the different test potentials tested. ix reverses at
V = =75mV and ~g = 14pS. Intrapipette solution (in mM): 145 NaCl, 5.5 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES.
Adapted from Koren G, Liman ER, Logothetis DE et al. (1990) Gating mechanism of a cloned potassium chan-
nel expressed in frog oocytes and mammalian cells. Neuron 2, 39-51, with permission.

(Figure 4.20b), the macroscopic outward current
obtained has a slow time to peak (4ms) and lasts the
entire depolarizing step. It closely resembles the whole
cell current recorded with two electrode voltage clamps
in the same preparation (rat brain delayed rectifier
channels expressed in oocytes; see Figure 4.22a).
The whole-cell current amplitude at steady state (once
it has reached its maximal amplitude) for a given
potential is:

Ix = Np,ix

where N is the number of delayed rectifier channels
in the membrane recorded, p, the open probability at
steady state and i the elementary current. The num-
ber of open channels Np, increases with depolarization
(to a maximal value) and so does Ix.

The Ix/V relation shows that the whole cell current
varies linearly with voltage from a threshold potential

which in this preparation is around —40mV (Figure
4.22b). When the membrane is more hyperpolarized
than the threshold potential, very few channels are
open and I is equal to zero. For membrane potentials
more depolarized than the threshold potential, I
depends on p, and the driving force state (V — Ey)
which augments with depolarization. Once p, is max-
imal, Ix augments linearly with depolarization since it
depends only on the driving force.

The delayed rectifier channels are selective to
K" ions

Ion substitution experiments indicate that the rever-
sal potential of Iy depends on the external K™ ions con-
centration as expected for a selective K™ channel. The
reversal potential of the whole cell current is measured
as in Figure 4.22b in the presence of different external
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FIGURE 4.22 Characteristics of the macroscopic delayed rectifier
K* current.

The activity of N delayed rectifier channels expressed from rat brain
cDNA in oocytes recorded in double-electrode voltage clamp. (a) In
response to depolarizing steps of increasing amplitude (given every 2s)
from a holding potential of —80mV (upper traces), a non-inactivating
outward current of increasing amplitude is recorded (lower traces).
(b) The amplitude of the current at steady state is plotted against test
potential. The potential threshold for its activation is —40mV. (c) The
value of the reversal potentials of the macroscopic current is plotted
against the extracellular concentration of K* ions on a semi-logarithmic
scale. The slope is —=55mV. From Stithmer W, Stocker M, Sakmann B
et al. (1988) Potassium channels expressed from rat brain cDNA have
delayed rectifier properties. FEBS Lett. 242, 199-206, with permission.

concentrations of K* ions. These experimental values
are plotted against the external K* concentration,
[K*],, on a semi-logarithmic scale. For concentrations
ranging from 2.5 (normal frog Ringer) to 100mM, a lin-
ear relation with a slope of 55mV for a 10-fold change
in [K*], is obtained (not shown). These data are well
fitted by the Nernst equation. It indicates that the chan-
nel has a higher selectivity for K™ ions over Na* and
Cl™ ions.

The delayed rectifier channels are blocked by mil-
limolar concentrations of tetraethylammonium (TEA)
and by Cs™ ions. Ammonium ions can pass through
most K* channels, whereas its quaternary derivative
TEA cannot, resulting in the blockade of most of the
voltage-gated K* channels: TEA is a small open chan-
nel blocker. Amino acids in the carboxyl half of the
region linking segments S5 and S6 (i.e. adjacent to S6)
influence the sensitivity to pore blockers such as TEA.

4.3.6 Conclusion: during an action potential
the consequence of the delayed opening
of K* channels is an exit of K* ions,
which repolarizes the membrane to
resting potential

Owing to their delay of opening, delayed rectifier
channels open when the membrane is already depolar-
ized by the entry of Na™ ions through open voltage-
gated Na* channels (Figure 4.23). Therefore, the exit of
K™ ions does not occur at the same time as the entry of
Na™ ions (see also Figure 4.24). This allows the mem-
brane to first depolarize in response to the entry of
Na* ions and then to repolarize as a consequence of
the exit of K* ions.

4.4 SODIUM-DEPENDENT ACTION
POTENTIALS ARE INITIATED AT
THE AXON INITIAL SEGMENT
IN RESPONSE TO A MEMBRANE
DEPOLARIZATION AND THEN
ACTIVELY PROPAGATE ALONG
THE AXON

Na*-dependent action potentials, because of their
short duration (1-5ms), are also named spikes. Na*
spikes, for a given cell, have a stable amplitude and
duration; they all look alike, and are binary, all-or-
none. The pattern of discharge (which is often different
from the frequency of discharge) and not individual
spikes, carries significant information.

4.4.1 Summary on the Na*-dependent action
potential

The depolarization phase of Na* spikes is due to the
rapid time to peak inward Na™ current which flows
into the axon initial segment or node. This depolariza-
tion is brief because the inward Na™ current inactivates
in milliseconds (Figure 4.24b).

In the squid giant axon or frog axon, spike repolar-
ization is associated with an outward K* current
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FIGURE 4.23 States of the delayed rectifier K* channels in relation to the different phases of the

Na*-dependent action potential.

C, closed state; O, open state; 1, driving force for K* ions.

through delayed rectifier channels (Figures 4.24 and
4.25) since TEA application dramatically prolongs the
action potential (see Figure 4.4b). As pointed out by
Hodgkin and Huxley: ‘The rapid rise is due almost
entirely to Na* conductance, but after the peak, the K*
conductance takes a progressively larger share until,
by the beginning of the hyperpolarized phase, the Na™
conductance has become negligible. The tail of raised
conductance that falls away gradually during the
positive phase is due solely to K™ conductance, the
small constant leak conductance being of course present
throughout.’

In contrast, in rat or rabbit myelinated axons the
action potential is very little affected by the application
of TEA. The repolarization phase in these preparations
is largely associated with a leak K* current. Voltage

clamp studies confirm this observation. When the leak
current is subtracted, almost no outward current is
recorded in rabbit node (Figure 4.25b).

However, squid and rabbit nerve action potentials
have the same duration (Figure 4.25a). In this prepar-
ation, the normal resting membrane potential is around
—80mV, which suggests the presence of a large leak K*
current. Moreover, test depolarizations evoke large out-
ward K™ currents insensitive to TEA (Figure 4.26). How
does the action potential repolarize in such prepar-
ations? First the Na™ currents in the rabbit node inacti-
vate two to three times faster than those in the frog node.
Second, the large leak K* current present at depolarized
membrane potentials repolarizes the membrane. The
amplitude of the leak K* current augments linearly with
depolarization, depending only on the K* driving force.
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FIGURE 4.24 Gating of Na* and K* channels during the Na*-dependent action potential.

(a) Interpretation of the manner in which the conductances to Na* and K* contribute to the action potential.
(b) State of the Na* and K* voltage-gated channels during the course of the action potential. O, channels open;
I, channels inactivate; C, channels close or are closed. Trace (a) adapted from Hodgkin AL and Huxley AF
(1952) A quantitative description of membrane current and its application to conduction and excitation in

nerve. |. Physiol. 117, 500-544, with permission.

4.4.2 Depolarization of the membrane to the
threshold for voltage-gated Na™ channel
activation has two origins

The inward current which depolarizes the mem-
brane of the initial segment to the threshold potential
for voltage-gated Na* channel opening is one of the
following:

¢ A depolarizing current resulting from the activity of
excitatory afferent synapses (see Chapters 8 and 10)
or afferent sensory stimuli. In the first case, the
synaptic currents generated at postsynaptic sites in
response to synaptic activity summate, and when the
resulting current is inward it can depolarize the mem-
brane to the threshold for spike initiation. In the sec-
ond case, sensory stimuli are transduced in inward
currents that can depolarize the membrane to the
threshold for spike initiation.

* An intrinsic regenerative depolarizing current
such as, for example, in heart cells or invertebrate
neurons.

4.4.3 The site of initiation of Na*-dependent
action potentials is the axon initial
segment

The site of initiation was suggested long ago to occur
in the axon initial segment since the threshold for spike
initiation was the lowest at this level. However, this has
only recently been directly demonstrated with the
double-patch clamp technique. First the dendrites and
soma belonging to the same Purkinje neuron of the cere-
bellum are visualized in a rat brain slice. Then the activ-
ity is recorded simultaneously at both these sites with
two patch electrodes (whole-cell patches). To verify that
somatic and dendritic recordings are made from the
same cell, the Purkinje cell is filled with two differently
coloured fluorescent dyes: Cascade blue at the soma and
Lucifer yellow at the dendrite. To determine the site of
action potential initiation during synaptic activation of
Purkinje cells, action potentials are evoked by stimula-
tion of afferent parallel fibres which make synapses on
distal dendrites of Purkinje cells (see Figures 6.8 and 6.9).
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FIGURE 4.25 The currents underlying the action potentials of
the rabbit and frog nerves.

(a) The action potentials are recorded intracellularly at 14°C. Bottom
trace is the current of stimulation injected in order to depolarize the
membrane to initiate an action potential. (b) The currents flowing
through the membrane at different voltages recorded in voltage
clamp. In the rabbit node, very little outward current is recorded after
the large inward Na* current. In the frog nerve, a large outward K*
current is recorded after the large inward Na™ current. Leak current
is subtracted from each trace and does not appear in these recordings.
Adapted from Chiu SY, Ritchie JM, Bogart RB, Stagg D (1979) A quan-
titative description of membrane currents in rabbit myelinated nerve.
J. Physiol. 292, 149-166, with permission.

In all Purkinje cells tested, the evoked action poten-
tial recorded from the soma has a shorter delay and a
greater amplitude than that recorded from a dendrite
(Figure 4.27a). Moreover, the delay and the difference
in amplitude between the somatic spike and the den-
dritic spike both augment when the distance between
the two patch electrodes is increased. This suggests
that the site of initiation is proximal to the soma.

Simultaneous whole-cell recordings from the soma
and the axon initial segment were performed to estab-
lish whether action potential initiation is somatic or
axonal in origin. Action potentials clearly occurs first
in the axon initial segment (Figure 4.27b). These
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FIGURE 4.26 TEA-resistant outward current in a mammalian
nerve.

The currents evoked by depolarizing steps from —60 to +60mV from
a holding potential of —80mV are recorded in voltage clamp in a node
of Ranvier of an isolated rat nerve fibre. Control inward and outward
currents (a), after TTX 25nM (b), and after TTX 25nM and TEA 5mM
(c) are added to the extracellular solution. The outward current
recorded in (c) is the leak K* current. The delayed outward K* current
is taken as the difference between the steady-state outward current in
(b) and the leak current in (c). Adapted from Brismar T (1980) Potential
clamp analysis of membrane currents in rat myelinated nerve fibres.
J. Physiol. 298, 171-184, with permission.

results suggest that the actual site of Na*-dependent
action potential initiation is in the axon initial segment
of Purkinje cells. Experiments carried out by Sakmann
et al. in other brain regions give the same conclusion
for all the neurons tested. This may be due to a higher
density of sodium channels in the membrane of the
axon initial segment.

The action potential, once initiated, spreads pas-
sively back into the dendritic tree of Purkinje cells
(passively means that it propagates with attenuation
since it is not reinitiated in dendrites). Simultaneously
it actively propagates into the axon (not shown here;
see below). In some neurons, for example the pyrami-
dal cells of the neocortex, the action potential actively
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FIGURE 4.27 The Na*-dependent action potential is initiated
in the axon initial segment in Purkinje cells of the cerebellum.
The activity of a Purkinje cell recorded simultaneously at the level of
the soma and (a) 117 pm away from the soma at the level of a dendrite,
or (b) 7 pm away from the soma at the level of the axon initial segment,
with the double-patch clamp technique (whole-cell patches). Afferent
parallel fibres are stimulated by applying brief voltage pulses to an
extracellular patch pipette. In response to the synaptic excitation, an
action potential is evoked in the Purkinje cell and recorded at the two
different neuronal sites: soma and dendrite (a) or soma and axon (b).
Adapted from Stuart G and Hauser M (1994) Initiation and spread of
sodium action potentials in cerebellar Purkinje cells. Neuron 13,
703-712, with permission.

backpropagates into the dendrites, but this is not a
general rule.

4.4.4 The Na*-dependent action potential
actively propagates along the axon to
axon terminals

Voltage-gated Na™ channels are present all along
the axon at a sufficient density to allow firing of axon
potentials.

The propagation is active

Active means that the action potential is reinitiated at
each node of Ranvier for a myelinated axon, or at each
point for a non-myelinated axon. The flow of Na™ ions
through the open Na™ voltage-gated channels of the
axon initial segment creates a current that spreads pas-
sively along the length of the axon to the first node of
Ranvier (Figure 4.28). It depolarizes the membrane of
the first node to the threshold for action potential initi-
ation. The action potential is now at the level of the

first node. The entry of Na™ ions at this level will
depolarize the membrane of the second node and open
the closed Na™ channels. The action potential is now at
the level of the second node.

The propagation is unidirectional owing to
Na™ channel inactivation

When the axon potential is, for example, at the level
of the second node, the voltage-gated Na* channels
of the first node are in the inactivated state since
they have just been activated or are still in the open
state (Figure 4.28). These Na* channels cannot be
reactivated. The current lines flowing from the second
node will therefore activate only the voltage-gated
Na™ channels of the third node towards axon termin-
als, where the voltage-gated Na™ channels are in the
closed state (Figure 4.28). In the axon, under physio-
logical conditions, the action potential cannot back-
propagate.

The refractory periods between two action
potentials

After one action potential has been initiated, there is
a period of time during which a second action poten-
tial cannot be initiated or is initiated but has a smaller
amplitude (Figure 4.29): this period is called the
‘refractory period’ of the membrane. It results from
Na™ channel inactivation. Since the Na* channels do
not immediately recover from inactivation, they can-
not reopen immediately. This means that once the pre-
ceding action potential has reached its maximum
amplitude, Na* channels will not reopen before a cer-
tain period of time needed for their deinactivation
(Figure 4.24b). This represents the absolute refractory
period which lasts in the order of milliseconds.

Then, progressively, the Na™ channels will recover
from inactivation and some will reopen in response to
a second depolarization: this is the relative refractory
period. This period finishes when all the Na™ channel
at the initial axonal segment or at a node are de-inacti-
vated. This actually protects the membrane from being
depolarized all the time and enables the initiation of
separate action potentials.

4.4.5 Do the Nat and K* concentrations
change in the extracellular or
intracellular media during
firing?

Over a short timescale, the external or internal Na™ or
K* concentrations do not change during the emission
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FIGURE 4.28 Active propagation of the Na*-dependent action potential in the axon and axon collaterals.
Scheme provided by Alberts B, Bray D, Lewis ] ef al. (1983) Molecular Biology of the Cell, New York: Garland

Publishing.

of action potentials. A small number of ions are in fact
flowing through the channels during an action poten-
tial and the Na—K pump re-establishes continuously the
extracellular and intracellular Na™ and K™ concentra-
tions at the expense of ATP hydrolysis. Over a longer
timescale, during high-frequency trains of action

potentials, the K" concentration can significantly
increase in the external medium. This is due to the very
small volume of the extracellular medium surrounding
neurons and the limited speed of the Na—K pump. This
excess of K" ions is buffered by glial cells which are
highly permeable to K™ ions (see Section 2.1.3).
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FIGURE 4.29 The refractory periods.

A first action potential is recorded intracellularly in the squid axon in
vitro in response to a small depolarizing stimulus (a). Then a second
stimulus with an intensity six times greater than that of the first is
applied 4, 5, 6 or 9ms after. The evoked spike is either absent (b and
¢; only the stimulation artifact is recorded) or has a smaller amplitude
(d to f). Finally, when the membrane is back in the resting state, the
evoked action potential has the control amplitude (g). Adapted from
Hodgkin AL and Huxley AF (1952) A quantitative description of
membrane current and its application to conduction and excitation in
nerve. J. Physiol. 117, 500-544, with permission.

4.4.6 Characteristics of the Na*-dependent
action potential are explained by the
properties of the voltage-gated Na™
channel

The threshold for Na*-dependent action potential
initiation results from the fact that voltage-gated Na*
channels open in response to a depolarization positive
to =50/ —40mV.

The Na"-dependent action potential is all or none
because voltage-gated Na™ channels self-activate (see
Figure 4.17). It propagates without attenuation since the
density of voltage-gated Na* channels is constant
along the axon or at nodes of Ranvier. It propagates
unidirectionally because of the rapid inactivation of
voltage-gated Na* channels. The instantaneous fre-
quency of Na"-dependent action potentials is limited
by the refractory periods, which also results from voltage-
gated Na* channel inactivation.

4.4.7 The role of the Na*-dependent action
potential is to evoke neurotransmitter
release

The role of the Na*-dependent action potential is to
propagate, without attenuation, a strong depolariza-
tion to the membrane of the axon terminals. There, this
depolarization opens the high-threshold voltage-gated

Ca?" channels. The resulting entry of Ca®* ions into
axon terminals triggers exocytosis and neurotransmit-
ter release. The probability value of all these phenom-
ena is not 1. This means that the action potential can
fail to invade an axon terminal, the Ca®* entry can fail
to trigger exocytosis, etc. Neurotransmitter release is
explained in Chapter 7.
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APPENDIX 4.1 CURRENT CLAMP
RECORDING

The current clamp technique, or intracellular record-
ing in current clamp mode, is the traditional method
for recording membrane potential: resting membrane
potential and membrane potential changes such as
action potentials and postsynaptic potentials. Membrane
potential changes result from intrinsic or extrinsic cur-
rents. Intrinsic currents are synaptic or autorhythmic
currents. Extrinsic currents are currents of known ampli-
tude and duration applied by the experimenter through
the intracellular recording electrode, in order to mimic
currents produced by synaptic inputs.

Current clamp means that the current applied through
the intracellular electrode is clamped to a constant
value by the experimenter. It does not mean that the
current flowing through the membrane is clamped to a
constant value.

How to record membrane potential

The intracellular electrode (or the patch pipette) is
connected to a unity-gain amplifier that has an input
resistance many orders of magnitude greater than that
of the micropipette plus the input resistance of the cell
membrane (R, + Ry,). The output of the amplifier fol-
lows the voltage at the tip of the intracellular electrode
(V) (Figure A4.1). By definition, membrane potential
Vm is equal to V; — V, (i for intracellular and e for
extracellular). In Figure A4.1, V; — V. =V, = Vi, =
Vo = Veround =Vp — 0 = V.. When a current [ is simul-

p
taneously passed through the electrode, V, = V},, as

chd

Recording g
electrode P

FIGURE A4.1 A unity gain amplifier A1 and a current source
made by adding a second amplifier A2.

The micropipette voltage V}, is measured by Al. The command voltage
Vema and V, are the inputs of A2 (V}, and Vg are added). The current [
applied by the experimenter in order to induce V,, changes, flows
through R, and is equal to I = V,/R, since the voltage across the output
resistor R, is equal to Vg regardless of V. I flows through the
micropipette into the cell then out through the cell membrane into the
bath grounding electrode. I is here an outward current. Capacitances
are ignored. Adapted from The Axon Guide, Axon Instruments Inc., 1993.

long as the current I is very small in order not to cause
a significant voltage drop across R, (see the last section
of this appendix).

How to inject current through the
intracellular electrode

In a current injection circuit is connected to the input
node, the current injected (I) flows down the electrode
into the cell (Figure A4.1). This current source allows a
constant (DC) current to be injected, either outward to
depolarize the membrane or inward to hyperpolarize the
membrane (Figure A4.2). When the recording electrode is
filled with KCl, a current that expells K* ions into the cell
interior depolarizes the membrane (V,,, becomes less neg-
ative) (Figure A4.2a), whereas a current that expels CI~
ions into the cell interior hyperpolarizes the membrane
(Vin becomes more negative) (Figure A4.2b).

Outward means that the current is flowing through
the membrane from the inside of the cell to the bath;
inward is the opposite

The current source can also be used to inject a short-
duration pulse of current: a depolarizing current pulse
above threshold to evoke action potential(s) or a low-
amplitude depolarizing (Figure A4.3) or hyperpolarizing
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FIGURE A4.2 (a) When the recording electrode is filled with
KCl, a current expels K™ ions into the cell interior to depolarize the
membrane (V,,, becomes less negative). (b) A current expels C1™~ ions
into the cell interior to hyperpolarize the membrane (V,, becomes
more negative).
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FIGURE A4.3 Injection of a suprathreshold (left) and sub-
threshold (right) depolarizing pulse.
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current pulse to measure the input membrane resistance
R, since AV, = R, X AL

How to measure the membrane potential when a
current is passed down the electrode

The injected current (I) causes a corresponding volt-
age drop (IR;) across the resistance of the pipette (R}). It
is therefore difficult to separate the potential at the tip
of the electrode (V, = V) from the total potential
(Vp + IR;). For example, if R, = 50MQ and I = 0.5nA,
IR, = 25mV, a value in the V', range. A special compen-
sation circuitry can be used to eliminate the micropipette
voltage drop IR,

APPENDIX 4.2 VOLTAGE CLAMP
RECORDING

The voltage clamp technique (or intracellular record-
ing in voltage clamp mode) is a method for recording
the current flowing through the cell membrane while
the membrane potential is held (clamped) at a constant
value by the experimenter. In contrast to the current
clamp technique (see Appendix 4.1), voltage clamp
does not mimic a process found in nature. However,
there are several reasons for performing voltage clamp
experiments:

* When studying voltage-gated channels, voltage
clamp allows control of a variable (voltage) that
determines the opening and closing of these
channels.

* By holding the membrane potential constant, the
experimenter ensures that the current flowing
through the membrane is linearly proportional to
the conductance G (G = 1/R) being studied. To
study, for example, the conductance Gy, of the total
number (N) of voltage-gated Na* channels present
in the membrane, K* and Ca?* voltage-gated chan-
nels are blocked by pharmacological agents, and
the current Iy, flowing through the membrane,
recorded in voltage clamp, is proportional to Gyg:

INa = ViGna = kGpa, since V,, is constant.

How to clamp the membrane potential at a known
and constant value

The aim of the voltage clamp technique is to adjust
continuously the membrane potential V,, to the com-
mand potential V4 fixed by the experimenter. To do so,
Vm is continuously measured and a current I is passed
through the cell membrane to keep V,, at the desired

value or command potential (V ,q). Two voltage
clamp techniques are commonly used. With the two-
electrode voltage clamp method, one electrode is used
for membrane potential measurement and the other
for passing current (Figure A4.4). The other method
uses just one electrode, in one of the following ways:

* The same electrode is used part time for membrane
potential measurement and part time for current
injection (also called the discontinuous single-
electrode voltage clamp technique, or dSEVC). This
is used for cells that are too small to be impaled
with two electrodes; it will not be explained here.

e In the patch clamp technique the same electrode
is used full time for simultaneously measuring
membrane potential and passing current (see
Appendix 4.3).

In the two-electrode voltage clamp technique, the
membrane potential is recorded by a unity gain ampli-
fier Al connected to the voltage-recording electrode
E1. The membrane potential measured, V;,, (or V,; see
Appendix 4.1) is compared with the command potential
Vemd in a high-gain differential amplifier A2. It sends a
voltage output V,, proportional to the difference between
Vi and Vipg. V, forces a current I to flow through the
current-passing electrode E2 in order to obtain
Vi — Vema = 0. The current I represents the total cur-
rent that flows through the membrane. It is the same at
every point of the circuit.

Example of a voltage-clamp recording experiment

Two electrodes are placed intracellularly into a neu-
ronal soma (an invertebrate neuron for example)
(Figure A4.5). The membrane potential is first held at
—80mV. In this condition an outward current flows

p2
/

Current passing

electrode E,

Voltage recording
electrode E;

electrode

Rm%\(/
—\/\/\/‘—| |l Reference
_—
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FIGURE A4.4 Two-electrode voltage clamp.
Adapted from The Axon Guide, Axon Instruments Inc., 1993.
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FIGURE A4.5 Various currents.
(1 =1a + 1b + 1c) evoked by a voltage step to —20mV (V3 = —80mV)
in the presence of K* and Ca?* channel blockers.

through the membrane in order to maintain the mem-
brane potential at a value more hyperpolarized than
Viest- This stable outward current [_g, flows through
the membrane as long as V g = —80mV.

Avoltage step to —20mV is then applied for 100 ms.
This depolarizing step opens voltage-gated channels.
In the presence of K™ and Ca®" channel blockers, only
a voltage-gated Na* current is recorded. To clamp the
membrane at the new Vg = —20mV, a current Iy
is sent by the amplifier A2. On the rising phase of the
step this current is equal to the capacitive current I,
necessary to charge the membrane capacitance to its
new value plus the leak current I flowing through
leak channels (lines 1a and 1b). Since the depolarizing
step opens Na™ voltage-gated channels, an inward
current Iy, flowing through open Na® channels will
appear after a small delay (line 1c). Normally, this inward
current flowing through the open Na* channels, Iy,,
should depolarize the membrane but in voltage clamp
experiments it does not: a current constantly equal to

Ina but of opposite direction is continuously sent (in
the microsecond range) in the circuit to compensate In,
and to clamp the membrane to V4. Therefore, once
the membrane capacitance is charged, [|_5p) = I}, + INa-
Usually on recordings, Ic is absent owing to the possi-
bility of compensating for it with the voltage clamp
amplifier.

Once the membrane capacitance is charged, the
total current flowing through the circuitis I = I} + In,
(I. = 0). Therefore, in all measures of Iy, the leak cur-
rent Iy must be deduced. To do so, small-amplitude
hyperpolarizing or depolarizing steps (AV,, = %5 to
+20mV) are applied at the beginning and at the end of
the experiment. These voltage steps are too small to
open voltage-gated channels in order to have Iy, =0
and [ = I;. If we suppose that I} is linearly propor-
tional to AV, then I} for a AV, of +80mV (from —80
to 0mV) is eight times the value of I} for AV, = +10mV
(see Figure 3.9d).

Is all the membrane surface clamped?

In small and round cells such as pituitary cells, the
membrane potential is clamped on all the surface. In
contrast, in neurons, because of their geometry, the
voltage clamp is not achieved on all the membrane
surface: the distal dendritic and axonal membranes are
out of control because of their distance from the soma
where the intracellular electrodes are usually placed.
Such space clamp problems have to be taken into
account by the experimenter in the analysis of the
results. In the giant axon of the squid, this problem is
overcome by inserting two long axial intracellular elec-
trodes into a segment of axon in order to control the
membrane potential all along this segment.

APPENDIX 4.3 PATCH CLAMP
RECORDING

The patch clamp technique is a variation of the volt-
age clamp technique. It allows the recording of current
flowing through the membrane: either the current
flowing through all the channels open in the whole cell
membrane or the current flowing through a single
channel in a patch of membrane. In this technique,
only one electrode is used full time for both voltage
recording and passing current (it is a continuous single-
electrode voltage clamp technique, or ¢SEVC). The
patch clamp technique was developed by Neher and
Sakmann. By applying very low doses of acetylcholine
to a patch of muscle membrane they recorded for the first
time, in 1976, the current flowing through a single



APPENDIX 4.3 PATCH CLAMP RECORDING

77

The patch pipette contains

N

T
The extracellular solution

Cell-attached patch e

¥

air-liquid

i
Excised patch
inside-out

The intracellular solution

Whole-cell patch\

.

e

Excised patch
outside-out

— ichannel or unitary current
through a Na™ channel

Perforated whole-cell patch

FIGURE A4.6 Configurations of patch clamp recording.

nicotinic cholinergic receptor channel (nAChR), the
unitary nicotinic current.

Some of the advantages of the patch clamp tech-
nique are that (i) with all but one configuration (cell-
attached configuration) the investigator has access to
the intracellular environment (Figure A4.6); (ii) it
allows the recording of currents from cells too small
to be impaled with intracellular microelectrodes; and
(iii) it allows the recording of unitary currents (current
through a single channel).

A4.3.1 The various patch clamp recording
configurations

First a tight seal between the membrane and the tip of
the pipette must be obtained. The tip of a micropipette

that has been fire polished to a diameter of about 1 um is
advanced towards a cell until it makes contact with its
membrane. Under appropriate conditions, a gentle suc-
tion applied to the inside of the pipette causes the for-
mation of a very tight seal between the membrane and
the tip of the pipette. This is the cell-attached configur-
ation (Figure A4.6). The resistance between the interior of
the pipette and the external solution can be very large,
of the order of 10G2 (10°€2) or more. It means that the
interior of the pipette is isolated from the extracellular
solution by the seal that is formed.

This very large resistance is necessary for two reasons
(Figure A4.7):

e [t allows the electrical isolation of the membrane
patch under the tip of the pipette since practically
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FIGURE A4.7 Good and bad seals.

From The Axon Guide, Axon Instruments Inc., 1993.

no current can flow through the seal. This is import-
ant because if a fraction of the current passing
through the membrane patch leaks out through the
seal, it is not measured by the electrode.

¢ It augments the signal-to-noise ratio since thermal
movement of the charges through a bad seal is a
source of additional noise in the recording. A good
seal thus enables the measurement of the current
flowing through one single channel (unitary current)
which is of the order of picoamperes.

From the ‘cell-attached’ configuration (the last to be
explained), one can obtain other recording configur-
ations. In total, three of them are used to record unitary
currents, and one (whole-cell) to record the current
flowing through all the open channels of the whole cell
membrane.

Whole-cell configuration

This configuration is obtained from the cell-attached
configuration. If a little suction is applied to the inter-
ior of the pipette, it may cause the rupture of the
membrane patch under the pipette. Consequently,
the patch pipette now records the activity of the whole
cell membrane (minus the small ruptured patch of
membrane). Rapidly, the intracellular solution equili-
brates with that of the pipette, the volume of the latter
being many times larger. This is especially true for
inorganic ions.

This configuration enables the recording of the cur-
rent flowing through the N channels open over the
entire surface of the cell membrane. Under conditions
where all the open channels are of the same type (with
the opening of other channels being blocked by pharma-
cological agents or the voltage conditions), the total

current flowing through a population of identical
channels can be recorded, such that at steady state:

I = Np,i,

where N is the number of identical channels, p, the
probability that these channels are in the open state,
Np, the number of identical channels in the open state,
and 7 the unitary current.

The advantages of this technique over the two-
electrode voltage clamp technique are: (i) the recording
under voltage clamp from cell bodies too small to be
impaled with two electrodes and even one; and (ii) there
is a certain control over the composition of the internal
environment and a better signal-to-noise ratio. The
limitation of this technique is the gradual loss of intra-
cellular components (such as second messengers), which
will cause the eventual disappearance of the responses
dependent on those components.

Perforated whole-cell configuration

This is a variation of the whole-cell configuration, and
also allows the recording of current flowing through the
N channels open in the whole membrane but avoids
washout of the intracellular solution. This configuration
is obtained by introducing into the recording pipette a
molecule such as nystatin, amphotericin or gramicidin,
which will form channels in the patch of membrane
under the tip of the electrode. To record in this configu-
ration, first the cell-attached configuration is obtained
and then the experimenter waits for the nystatin chan-
nels (or amphotericin or gramicidin channels) to form
without applying any suction to the electrode. The
channels formed by these molecules are mainly per-
meable to monovalent ions and thus allow electrical
access to the cell’s interior. Since these channels are not
permeant to molecules as large or larger than glucose,
whole-cell recording can be performed without remov-
ing the intracellular environment. This is particularly
useful when the modulation of ionic channels by second
messengers is studied.

In order to evaluate this problem of ‘washout’, we
can calculate the ratio between the cell body volume
and the volume of solution at the very end of a pipette.
For example, for a cell of 20 pm diameter the volume is:
(4/3)m(10 X 10703 =4 X 1071° litres. If we consider
1mm of the tip of the pipette, it contains a volume of the
solution approximately equal to 107'*1, which is 100
times larger than the volume of the cell body:.

Excised patch configurations

If one wants to record the unitary current i flowing
through a single channel and to control simultaneously
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the composition of the intracellular environment, the
so-called excised or cell-free patch configurations have
to be used. The outside-out configuration is obtained
from the whole-cell configuration by gently pulling
the pipette away from the cell. This causes the mem-
brane patch to be torn away from the rest of the cell at
the same time that its free ends reseal together. In this
case the intracellular environment is that of the pipette,
and the extracellular environment is that of the bath.
This configuration is used when rapid changes of the
extracellular solution are required to test the effects of
different ions or pharmacological agents when applied
to the extracellular side of the membrane.

The inside-out configuration is obtained from the cell-
attached configuration by gently pulling the pipette
away from the cell, lifting the tip of the pipette from
the bath in the air and putting it back into the solution
(interface of air-liquid). In this case, the intracellular
environment is that of the bath and the extracellular
one is that of the pipette (the pipette is filled with a
pseudo-extracellular solution). This configuration is
used when rapid changes in the composition of the intra-
cellular environment are necessary to test, for example,
the effects of different ions, second messengers and
pharmacological agents in that environment.

Cell-attached configuration

The intracellular environment is that of the cell itself,
and the extracellular environment of the recorded
membrane patch is the pipette solution. This configura-
tion enables the recording of current flowing through
the channel or channels present in the patch of mem-
brane that is under the pipette and is electrically isolated
from the rest of the cell. If one channel opens at a time,
then the unitary current i flowing through that channel
can be recorded. The recordings in cell-attached mode
present two limitations: (i) the composition of the intra-
cellular environment is not controlled; and (ii) the value
of the membrane potential is not known and can only
be estimated.

Let us assume that the voltage in the interior of the
patch pipette is maintained at a known value V,
(p = pipette). Since the voltage across the membrane
patchis Vi, = V; = V. = V; = V,,, it will not be known
unless V;, the voltage at the internal side of the mem-
brane, is also known. V; cannot be measured directly.
One way to estimate this value is to measure the rest-
ing potential of several identical cells under similar
conditions (with intracellular or whole-cell record-
ings), and to calculate an average V; from the individ-
ual values. Sometimes, however, V; can be measured
when the cell is large enough to allow a two-electrode
voltage clamp recording to be made simultaneously

with the patch clamp recording (with a Xenopus oocyte,
for example). Another method consists of replacing the
extracellular medium with isotonic K* (120-150 mM).
The membrane potential under these conditions will
be close to OmV.

To leave the intracellular composition intact while
recording the activity of a single channel is particularly
useful for studies of the modulation of an ionic channel
by second messengers.

A4.3.2 Principles of the patch clamp
recording technique

In the patch clamp technique, as in all voltage clamp
techniques, the membrane potential is held constant
(i.e. clamped) while the current flowing through a
single open channel or many open channels (Np,,) is
measured (Figure A4.8). In the patch clamp technique
only one micropipette is used full time for both voltage
clamping and current recording. How at the same time
via the same pipette can the voltage of the membrane
be controlled and the current flowing through the mem-
brane be measured?

When an operational amplifier Al is connected as
shown in Figure A4.8a with a high megohm resistor R;
(f = feedback), a current-to-voltage converter is obtained.
The patch pipette is connected to the negative input
and the command voltage (V ,q) to the positive one.
The resistor R¢ can have two values: R; = 1 G2 in the
whole-cell configuration and 10GS) in the excised
patch configurations.

How the membrane is clamped at a
voltage equal to V4

R, represents the electrode resistance and R, the
membrane input resistance (Figure A4.8a). Suppose
that the membrane potential is first clamped to —80mV
(Vema = —80mV), then a voltage step to —20mV is
applied for 100ms (V pg = —20mV for 100ms). The
membrane potential (Vy,) has to be clamped quickly to
—20mV (V, = Ving = —20mV) whatever happens to
the channels in the membrane (they open or close). The
operational amplifier A1 is able to minimize the volt-
age difference between two inputs to a very small
value (0.1pV or so). Al compares the value of V 4
(entry +) to that of V, (entry —). It then sends a voltage
output (V,) in order to obtain V,, = Vg = —20mV
(Figure A4.8b).

What is this value of V,? Suppose that the at time ¢
of its peak the Na™ current evoked by the voltage step
to —20mV is Iy, = 1nA. V, will force a current [ =
—1nAto flow through R = 10°  in order to clamp the
membrane potential: V, = R¢I = 10° Xx107? = 1 V. It is
said that V, = 1V/nA or ImV/pA.
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(@)

Patch pipette

IIIReference electrode

FIGURE A4.8 Example of a patch clamp recording in the
whole-cell configuration.

(@) The amplifier compares V,, to the new V.4 = —20mV. (b) The
amplifier sends V, so that V,;, = V,¢ = —20mV. Owing to the depolar-
ization to —20mV, the Na* channels open and unitary inward currents
ip flow through the N open channels (Ni, = I,). (c) The whole-cell
current I, flows through the circuit and is measured as a voltage change.

The limits of V,, in patch clamp amplifiers are +15V
and —15V. This means that V,, cannot be bigger than
these values, which is largely compatible with biologi-
cal experiments where currents through the membrane
do not exceed 15nA.

The amplifier A1 compares V,, with V.4 and sends
V, at a very high speed. This speed has to be very high
in order to correct V,, according to V4 very quickly.
The ideal clamp is obtained at the output of the circuit
via R¢ (black dot V. on the scheme of Figure A4.8b). As
in the voltage clamp technique, a capacitive current is
present at the beginning and at the end of the voltage
step on the current trace and a leak current during the
step, but they are not re-explained here.

A4.3.3 The unitary current i is a rectangular
step of current (see Figures 4.8a and ¢)

We record, for example, in the outside-out patch clamp
configuration to activity of a single voltage sensitive
Na* channel. When a positive membrane potential step
is applied to depolarize the patch of membrane from
—90mV to —40mV, an inward current iy, flowing
through the open Na™ channel is recorded (inward cur-
rent means a current that flows across the membrane
from the outside to inside). By convention, inward cur-
rents are represented as downward deflections and
outward currents as upward deflections.

The membrane depolarization causes activation of
the voltage-dependent Na™ channel, and induces its
transition from the closed (C) state (or conformation)
to the open (O) state, a transition symbolized by:

C=0,

where C is the closed state of the channel (at —90mV)
and O is the open state of the channel (at —40mV).

While the channel is in the O conformation
(at —40mV), Na* ions flow through the channel and
an inward current caused by the net influx of Na* ions
is recorded. This current reaches its maximum value
very rapidly. Thus, the maximal net ion flux is estab-
lished almost instantaneously given the timescale
of the recording (of the order of microseconds). The
development of the inward current thus appears as a
vertical downward deflection.

A delay between the onset of the voltage step and
the onset of the current i is observed. This delay has a
duration that varies from one depolarizing test pulse
to another and also according to the channel under
study. This delay is due to the conformational change
or changes of the protein. In fact, such changes previ-
ous to opening can be multiple:

C,=C,=C =0

Notice that the opening delay does not correspond
to the intrinsic duration of the process of conforma-
tional change, which is extremely short. It corresponds
to the statistical nature of the equilibrium between the
2, 3, N closed and open conformations. The opening
delay therefore depends on the time spent in each of
the different closed states (C;, C,, C3).

The return of the current value to zero corresponds
to the closing of the channel. This closure is the result
of the transition of the channel protein from the open
state (O) to a state in which the channel no longer con-
ducts (state in which the aqueous pore is closed). It can
be either a closed state (C), an inactivated state (I) or a
desensitized state (D). In the case of the Na™ channel,
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the return of the current value to zero is due mainly to
the transition of the protein from the open state to the
inactivated state (O — I). Before closing for a long time,
the channel can also flicker between the open and
closed state (C = O):

C I

t |

Just as the current reaches its maximum value
instantaneously during opening, it also returns instan-
taneously to its zero value during closing of the pore.
Because of this, the unitary current i has a step-like
rectangular shape.

A4.3.4 Determination of the conductance
of a channel

If we repeat several times the experiment shown in
Figure 4.8a, we observe that for a given voltage step
AV, ivaries around an average value. The current fluc-
tuations are measured at regular intervals before, dur-
ing and immediately after the depolarizing voltage
pulse. The distribution of the different i values during
the voltage pulse describes a Gaussian curve in which
the peak corresponds to the average i value (Figure 4.8d).
There is also a peak around OpA (not shown on the
figure) which corresponds to the different values of
i when the channel is closed. Since the channel is in
the closed state most of the time, where i has values
around 0pA, this peak is higher than the one corre-
sponding to ichannel (@around —2pA). The width of the
peak around 0 pA gives the mean value of the fluctua-
tions resulting from noise. Therefore, the two main rea-
sons for these fluctuations of i4nnel are: the variations
in the noise of the recording system and the changes in
the number of ions that cross the channel during a unit
of time At.

Knowing the average value of i and the reversal
potential value of the current (E.), the average con-
ductance value of the channel under study, ~, can be
calculated: v = i/ (Vi — Erev)-

However, there are cases in which the distribution
of i for a give membrane potential shows several peaks.
Different possibilities should be considered:

® Only one channel is being recorded from but it
presents several open conformational states, each
one with different conductances. The peaks corre-
spond to the current flowing through these different
substrates.

e Two or more channels of the same type are present
in the patch and their activity recorded. The peaks
represent the multiples of i (2i, 31, etc.).

6 -a—--o-v ST
1pA|_
20 ms
S | 1 1 Y
- -

FIGURE A4.9 Example of the patch clamp recording of a single
voltage-dependent Ca* channel.

In response to a voltage step to +20mV from a holding potential of
—40mV, the channel opens and closes several times during each of the
six trials. Adapted from Fox AP, Nowyky MC, Tsien RW (1987) Single-
channel recordings of three types of calcium channels in chick sen-
sory neurones. J. Physiol. (Lond.) 394, 173-200, with permission.

* Two or more channels of different types are present
in the patch and their activity is simultaneously
recorded. The peaks correspond to the current
through different channel types.

A4.3.5 Mean open time of a channel

An ionic channel fluctuates between a closed state
(C) and an open state (O):

p

C O

[}

where « is the closing rate constant or, more exactly,
the number of channel closures per unit of time spent
in the open state O. (3 is the opening rate constant or the
number of openings per unit of time spent in the
closed state R (o« and (3 are expressed in s }).

Once activated, the channel remains in the O state
for a time t,, called open time. When the channel
opens, the unitary current i is recorded for a certain
time t,. f, for a given channel studied under identical
conditions varies from one recording to another
(Figure A4.9). t, is an aleatory variable of an observed
duration. When the number of times a value of ¢, (in
the order of milli- or microseconds) is plotted against
the values of ¢, one obtains the open time histogram;
i.e. the distribution of the different values of ¢, (Figure
A4.10). This distribution declines and the shorter open
times are more frequent than the longer ones.
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FIGURE A4.10 Determination of the mean open time of a
channel.

Trial 2 of Figure A4.9 is selected and all the openings are aligned at
time 0. 7, = 1.2 ms.

Why does the distribution of t, decrease?

The histogram is constructed as follows. At time
t = 0, all the channels are open (the delay of opening is
ignored, all the openings are aligned at time 0; Figure
A4.10). As time t increases, the number of channels that
remain open can only decrease since channels progres-
sively close. This can also be expressed as follows: the
longer the observation time, the lower the probability
that the channel is still in the open state. Or, alterna-
tively, the longer the observation time, the closer the
probability will be to 1 that the channel will shut (1 is the
maximum value used to express a probability). It is not
a Gaussian curve because the delay of opening is
ignored and all the openings begin at t = 0.

Why is the decrementing distribution of t,
exponential?

A channel open at t = 0 has a probability of closing at
t + At. It has the same probability of closing if it is still

open at the beginning of any subsequent observation
interval At. This type of probability is described mathe-
matically as an exponential function of the observation
time. Thus, when the openings of a homogeneous pop-
ulation of channels are studied, the decrease in the
number of events is described by a single exponential.

Experimental determination of 1, the mean open
time of a channel

The mean open time 7, is the time during which a
channel has the highest probability of being in the open
state: it corresponds to the sum of all the values that £,
may take, weighted by their corresponding probability
values. This value is easy to calculate if the distribution
is described by a single exponential. In order to verify
that the histogram is actually described by a single
exponential, one has to first build the histogram by
plotting the number of times a value of ¢, is observed as
a function of t,; i.e. number of events = f{t,).

The exponential that describes the histogram has
the form y = y,e~ /™, where y is the number of events
observed at each time t. This curve will be linear on
semi-logarithmic coordinates if it is described by a sin-
gle exponential. The slope can be measured with a
regression analysis. It corresponds to the mean open
time T, of the channel. 7, is the value of t, for a number
of events equal to 1/e. It is the ‘expected value’ of ¢,.
The expected value of ¢, is the sum of all the values of
t, weighted to their corresponding probabilities.

In the case of the conformational changes C = O,
the value of 7, provides an estimate of the closure rate
constant o, because at steady state 7, = 1/ . For exam-
ple, from the open time histogram of the nicotinic recep-
tor channel, we can determine its mean open time T,.
Knowing that in conditions where the desensitization of
the channel is negligible 7, =1/, we can calculated
from 1, the closing rate constant of the channel. If
T, = 1.1ms, o = 900s~!. The channel closes 900 times
for each second spent in the open state. In other words
there is an average of 900 transitions of the channel to
the closed state for each second spend in the open state.
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5

The voltage-gated channels of Ca’*
action potentials: Generalization

Chapter 4 explained the Na*-dependent action
potential propagated by axons. There are two other
types of action potentials: (i) the Na*/Ca?*-dependent
action potential present in axon terminals or heart
muscle cells (Figure 4.2d), for example, where it is
responsible for Ca*" entry and an increase of intracel-
lular Ca®* concentration, a necessary prerequisite for
neurotransmitter release (secretion) or muscle fibre
contraction; and (ii) the Ca®*-dependent action poten-
tial (in which Na™ ions do not participate) in dendrites
of Purkinje cells of the cerebellum (see Figure 17.9) and
in endocrine cells (Figure 5.1a). In Purkinje cell den-
drites, it depolarizes the membrane and thus modu-
lates neuronal integration; in endocrine cells it
provides a Ca®" entry to trigger hormone secretion.

5.1 PROPERTIES OF Ca?*-DEPENDENT
ACTION POTENTIALS

In some neuronal cell bodies, in heart ventricular
muscle cells and in axon terminals, the action poten-
tials have a longer duration than Na* spikes, with a
plateau following the initial peak: these are the
Na*/Ca?"-dependent action potentials (see Figure
4.2b-d). In some neuronal dendrites and some
endocrine cells, action potentials have a small ampli-
tude and a long duration: these are the Ca®*-dependent
action potentials (Figure 5.1). All action potentials are
initiated in response to a membrane depolarization.
Na®, Na*/Ca?* and Ca*"-dependent action potentials
differ in the type of voltage-gated channels responsible
for their depolarization and repolarization phases. We
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will examine the properties of a Ca?"-dependent
action potential.

5.1.1 Ca’* and K* ions participate in the
action potential of endocrine cells

The activity of pituitary endocrine cells that release
growth hormone is recorded in the perforated whole-
cell configuration (current clamp mode; see Appendix
4.1). They display a spontaneous activity. When these
cells are previously loaded with the Ca®*-sensitive dye
Fura-2, changes of intracellular Ca2" concentration can
be also quantified (see Appendix 5.1). Simultaneous
recording of potential and [Ca?"); changes shows that
for each action potential there is a corresponding [Ca?t);
increase (Figure 5.1a). This strongly suggests that Ca>"
ions are entering the cell during action potentials.

Ca’* ions participate in the depolarization phase of
the action potential

When the extracellular solution is changed from
control Krebs to a Ca?"-free solution, or when nifedipin,
an L-type Ca?* channel blocker, is added to the exter-
nal medium (Figure 5.1b), the amplitude and risetime
of the depolarization phase of the action potential
gradually and rapidly decreases until action potentials
are no longer evoked.

K™ ions participate in the repolarization phase of
the action potential

Application of charybdotoxin (CTX) or apamin,
blockers of Ca?*-activated K™ channels, increases the
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FIGURE 5.1 The Ca*-dependent action potential of an
endocrine cell.

Growth-hormone secreting cells of the anterior pituitary in culture
are loaded with the Ca?*-sensitive dye Fura-2 and their activity is
recorded in perforated whole-cell patch configuration (current
clamp mode). (a) Simultaneous recordings of action potentials (top
trace) and cytosolic [Ca?*] oscillations (bottom trace) in control con-
ditions. (b) Nifedipin, an L-type Ca?* channel blocker, is applied for
20s. (¢) Action potential in the absence and presence of blockers of
Ca?*-activated K* channels, charybdotoxin (CTX, 1) and apamin (2).
Adapted from Kwiecien R, Robert C, Cannon R et al. (1998)
Endogenous pacemaker activity of rat tumour somatotrophs. J.
Physiol. 508, 883-905, with permission.

peak amplitude and prolongs the duration of action
potentials (Figure 5.1c). Note that apamin also blocks
the after-spike hyperpolarization (Figure 5.1c, right).

5.1.2 Questions about the Ca?*-dependent
action potential

* What are the structural and functional properties of
the Ca?" and K" channels involved? (Sections 5.2
and 5.3)?

5. THE VOLTAGE-GATED CHANNELS OF Ca’" ACTION POTENTIALS: GENERALIZATION

* What represents the threshold potential for Ca**-
dependent action potential initiation? Where are
Ca?*-dependent action potentials initiated? (Section
5.4)

5.2 THE TRANSIENT ENTRY OF Ca?*
IONS THROUGH VOLTAGE-GATED Ca**
CHANNELS IS RESPONSIBLE FOR THE
DEPOLARIZING PHASE OR THE PLATEAU
PHASE OF Ca?*-DEPENDENT ACTION
POTENTIALS

The voltage-gated Ca®* channels involved in these
action potentials are high threshold-activated (HVA)
Ca”* channels. There are three main types of such chan-
nels: the L-type (L for long lasting), the N-type (N for
neuronal or for neither L nor T) and the P-type (P for
Purkinje cells where they have been first described).

5.2.1 The voltage-gated Ca®* channels are a
diverse group of multisubunit proteins

They are composed of a pore-forming «;-subunit of
about 2000 amino acid residues (190-250 kDa), with an
amino acid sequence and a predicted transmembrane
structure like the previously characterized pore form-
ing a-subunit of Na* channels: four repeated domains
(I to IV), each of which contains six transmembrane
segments (1 to 6) and a membrane-associated loop
between transmembrane segments S5 and S6 of each
domain (Figure 5.2a). It incorporates the conduction
pore, the voltage sensor and gating apparatus and the
known sites of channel regulation by second messen-
gers, drugs and toxins. Auxiliary subunits can include
a transmembrane disulphide-linked complex of o, and
d-subunits, a 3-subunit and in some cases a transmem-
brane ~-subunit. The 3-subunit has predicted a-helices
but no transmembrane segments and is thought to be
intracellular. They play a role in the expression and
gating properties of the Ca’>" channels by modulating
various properties of the ay-subunit.

The pharmacological and electrophysiological
diversity of Ca*" channels primarily arises from the
diversity of oy-subunits. The primary structure of the
different oy-subunits has been defined by homology
screening and their function characterized by expres-
sion in mammalian cells or Xenopus oocytes. The recent
nomenclature divides the Ca®* channels in three struc-
turally and functionally related families (Ca,1, Ca,2,
Ca,3) to indicate the principal permeating ion (Ca) and
the principal physiological regulator (v for voltage),
followed by a number that indicates the gene subfamily
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FIGURE 5.2 Subunits of voltage-gated Ca®* channels.

(a) Membrane topology for the al-subunit of a cardiac L-type Ca** channel (P: the P loops). (b) Evolutionary tree
of voltage-gated o -subunit of Ca?* channels. Low voltage-activated Ca?" channels (LVA) appear to have
diverged from an ancestral Ca?* channel before the bifurcation of the high voltage-activated (HVA) channels in
Ca,1 and Ca,2 subfamilies. (a) Adapted from Sather WA (2003) Permeation and selectivity in calcium channels.
Annu. Rev. Physiol. 65,133-159. (b) Adapted from Perez-Reyes E, Cribbs LL, Daud A et al. (1998) Molecular char-
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acterization of a neuronal low voltage-activated T-type calcium channel. Nature 391, 896-900.

(1, 2 or 3). The number following the decimal point
identifies the specific channel isoform (e.g. Ca,1.1)
(Figure 5.2b). High-threshold Ca?* channels comprise
L (Ca,l1), P/Q (Ca,2.1), N (Ca,2.2) and R (Ca,2.3)-type
Ca?* channels.

How to record the activity of Ca?™ channels in
isolation

This needs to block the voltage-gated channels that
are not permeable to Ca*" ions. Different strategies can
be used: in whole-cell or intracellular recordings, TTX
and TEA are added to the extracellular solution and K*
ions are replaced by Cs* in the intrapipette solution, in
order to block voltage-gated Na* and K* channels. In
cell-attached recordings the patch pipette is filled with
a solution containing Ca®* or Ba?" ions as the charge
carrier. When Ba*" substitutes for Ca?" in the extracel-
lular solution, the inward currents recorded in response
to a depolarizing step are Ba’" currents. Ba?* is often
preferred to Ca®" since it carries current twice as effec-
tively as Ca’>" and poorly inactivates Ca?* channels

(see Section 5.2.3). As a consequence, unitary Ba?* cur-
rents are larger than Ca®* ones and can be studied more
easily.

Another challenge is to separate the various types
of Ca?" channels in order to record the activity of only
one type (since in most of the cells they are
co-expressed). These different Ca?* channels are the
high voltage-activated L, N and P channels (this chap-
ter) and the low-threshold T channel. T-type Ca®*
channels are low threshold-activated channels, also
called subliminal Ca%" channels, that can be identified
by their low threshold of activation and their rapid
inactivation. They are studied with other subliminal
channels in Section 14.2.2.

HVA Ca?" channels exhibit overlapping electro-
physiological profiles. It is important to separate them
in order to study their characteristics and to identify
their respective roles in synaptic integration (dendritic
Ca’?" channels), in transmitter release (Ca?" channels
of axon terminals), hormone secretion (Ca’?* channels
of endocrine cells), muscle contraction (Ca®>* channels of
smooth, skeletal or cardiac muscle cells).
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HVA Ca?* channels can be separated by using Ca®*
channel blockers, which can be subdivided in three
general classes: small organic blockers; peptide toxins;
and inorganic blockers. Small organic blockers include
the dihydropyridines (DHP) that selectively block
L-type channels (these channels are also selectively
opened by Bay K 8644). Peptide toxins include an
w-conotoxin of the marine snail Conus geographicus that
selectively blocks N-type channels and a purified
polyamine fraction of the funnel-web spider (Agelenopsis
aperta) venom (FIX) or a peptide component of the
same venom, w-agatoxin IVA (w-Aga-IVA) that selec-
tively block P-type channels. Inorganic blockers include
divalent or trivalent metal ions such as cadmium,
nickel, but they are not selective and are thus not used
to separate the different types of HVA channels.

5.2.2 The L, N and P-type Ca?* channels
open at membrane potentials positive
to —20mV; they are high-threshold
Ca’" channels

The L-type Ca’* channel has a large conductance
and inactivates very slowly with depolarization

The activity of single L-type Ca’" channels is
recorded in sensory neurons of the chick dorsal root
ganglion in patch clamp (cell-attached patch with Ba**
as the charge carrier). In response to a test depolariza-
tion to +20mV from a depolarized holding potential
(—40 to 0mV), unitary inward Ba>* currents are evoked
and recorded throughout the duration of the depolariz-
ing step (Figure 5.3a).

The voltage-dependence of activation is studied
with depolarizations to various test potentials from a
holding potential of —40mV (Figure 5.4). With test
depolarizations up to +10mV, openings are rare and of
short duration. Activation of the channel becomes sig-
nificant at +10mV: openings are more frequent and of
longer duration. At all potentials tested, openings are
distributed relatively evenly throughout the duration
of the depolarizing step (Figures 5.3a and 5.4a).
At —20mV, the mean single-channel amplitude of the L
current (ip) is around — 2 pA. ii amplitude diminishes
linearly with depolarization: the 7 /V relation is linear
between —20 and +20mV. Between these membrane
potentials, the unitary conductance, ~, is constant and
equal to 20-25pS in 110 mMBa** (Figure 5.4c).

The main characteristics of L-type channels are
(i) their very slow inactivation during a depolarizing
step; (ii) their sensitivity to dihydropyridines; and
(iii) their loss of activity in excised patches. Bay K 8644
is a dihydropyridine compound that increases dramat-
ically the mean open time of an L-type channel without
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FIGURE 5.3 Single-channel recordings of the high-threshold
Ca?* channels: the L, N and P channels.

The activity of (a) single Land (b) N Ca*" channels is recorded in patch
clamp (cell-attached patches) from dorsal root ganglion cells and that of
a single P channel (c) is recorded from a lipid bilayer in which a P chan-
nel isolated from cerebellum has been incorporated. All recordings are
performed with Ba®* (110 or 80 mM) as the charge carrier. In response
to a test depolarizing step to +20mV (a, b) or at a depolarized holding
potential of —15mV (c), unitary inward currents are recorded. Upper
traces are voltage and the corresponding unitary current traces are the
bottom traces (5-10 trials). Vi = —20mV in (a), —80mV in (b) and
—15mVin (c). In (a) and (b) the intrapipette solution contains: 110 mM
BaCl,, 10mM HEPES and 200pM TTX. The extracellular solution
bathing the membrane outside the patch contains (in mM): 140K aspar-
tate, 10K-EGTA, 10HEPES, 1MgCl, in order to zero the cell resting
membrane potential. In (c) the solution bathing the extracellular side of
the bilayer contains (in mM): 80 BaCl,, 10 HEPES. The solution bathing
the intracellular side of the bilayer in (c) contains (in mM): 120 CsCl,
1MgCl,, 10HEPES. Parts (a) and (b) adapted from Nowycky MC, Fox
AP, Tsien RW (1985) Three types of neuronal calcium channel with dif-
ferent calcium agonist sensitivity. Nature 316, 440-443, with permission.
Part (c) adapted from Llinas R, Sugimori M, Lin JW, Cherksey B (1989)
Blocking and isolation of a calcium channel from neurons in mammals
and cephalopods utilizing a toxin fraction (FTX) from funnel web spi-
der poison. Proc. Natl Acad. Sci. USA 86, 1689-1693, with permission.

changing its unitary conductance (Figure 5.5). It has no
effect on the other Ca®* channel types (see Figure 5.9).
Bay K 8644 binds to a specific site on the aj-subunit of
L channels and changes the gating mode from brief
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FIGURE 5.4 Voltage dependence of the unitary L-type Ca®* current.

(@) The activity of L channels (the patch of membrane contains more than one L channel) is recorded in patch
clamp (cell-attached patch) in a sensory dorsal root ganglion neuron. The patch is depolarized to —30, —10, 0, +10
and +20mV from a holding potential of —40mV. (b) Macroscopic current traces obtained by averaging at least 80
corresponding unitary current recordings such as those in (a). The probability of the L channels being in the open
state increases with the test depolarization so that at +20mV, openings of the 4-5 channels present in the patch
overlap, leading to a sudden increase in the corresponding macroscopic current. (¢) The unitary L current ampli-
tude (i) is plotted against membrane potential (from —20 to +20mV) in the absence (+, square) or presence (4,
lozange) of Bay K 8644 in the patch pipette. The amplitude of i; decreases linearly with depolarization between
—20 and +20mV with a slope ~ =25pS. The intrapipette solution contains (in mM): 110 BaCl,, 10 HEPES. The
extracellular solution bathing the extracellular side of the membrane outside of the recording pipette contains (in
mM): 140 K-aspartate, 10 K-EGTA, 1 MgCl,, 10 HEPES. A symmetric K* solution is applied in order to zero the cell
resting potential. Adapted from Fox AF, Nowycky MC, Tsien RW (1987) Single-channel recordings of three types
of calcium channels in chick sensory neurons. J. Physiol. 394, 173-200, with permission.

openings to long-lasting openings even at weakly
depolarized potentials (V, = —30mV). Other dihy-
dropyridine derivatives such as nifedipine, nimodip-
ine and nitrendipine selectively block L channels (see
Figure 5.16).

The loss of activity of an L channel in excised patch
can be observed in outside-out patches. In response to
a test depolarization to +10mV the activity of an L
channel rapidly disappears (Figure 5.6). To determine
the nature of the cytoplasmic constituent(s) necessary
to restore the activity of the L channel, inside-out
patches are performed, a configuration that allows a

change of the medium bathing the intracellular side of
the membrane.

The activity of a single L channel is first recorded in
cell-attached configuration in response to a test depolar-
ization to 0mV (Figure 5.7). Then the membrane is pulled
out in order to obtain an inside-out patch. The L-type
activity rapidly disappears and is not restored by adding
ATP-Mg to the intracellular solution. In contrast, when
the catalytic subunit of the cAMP-dependent protein
kinase (PKA) is added, the L-channel activity reappears
(the catalytic subunit of PKA does not need the presence
of cAMP to be active). This suggests that PKA directly
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Control Bay K
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FIGURE 5.5 Bay K 8644 promotes long-lasting openings of L-type
Ca** channels.

The activity of three L channels is recorded in patch clamp (cell-
attached patch). Top traces: a depolarizing step to +10mV from a hold-
ing potential of —40mV is applied at a low frequency. Middle traces (1
to 5): five consecutive unitary current traces recorded in the absence
(left) and presence (right) of 5uM Bay K 8644 in the bathing solution.
Recordings are obtained from the same cell. Dashed line indicates the
mean amplitude of the unitary current (—1.28 pA) which is unchanged
in the presence of Bay K. Bottom traces: macroscopic current traces
obtained by averaging at least 80 corresponding unitary current
recordings. Adapted from Fox AP, Nowycky MC, Tsien RW (1987)
Single-channel recordings of three types of calcium channels in chick
sensory neurones. |. Physiol. 394, 173-200, with permission.

L 1 min

phosphorylates the L channel thus allowing its activation
by the depolarization. It means that, in physiological con-
ditions, the activity of L channels requires the activation
of the following cascade: the activation of adenylate
cyclase by the a-subunit of the G protein, the formation of
cAMP and the subsequent activation of protein kinase A.
Other kinases might also play a role. That is how neuro-
transmitters and a wide variety of hormones modulate L-
type Ca®* currents in neurons but also in endocrine cells
and in smooth, skeletal and cardiac muscle.

The N-type Ca’* channel inactivates with
depolarization in the tens of milliseconds range
and has a smaller unitary conductance than the
L-type channel

The activity of single N-type channels is recorded in
the same preparation in patch clamp (cell-attached
patch, with Ba?" as the charge carrier). In contrast to
the L channels, N channels inactivate with depolariza-
tion. Therefore their activity has to be recorded in
response to a test depolarization from a hyperpolarized
holding potential (—80 to —60mV) (Figure 5.3b). At
holding potentials positive to —40mV (e.g. —20mV;
Figure 5.3a), the N channel(s) is inactivated and its
activity is absent in the recordings.

N-channel activity differs from that of the L channel
in several aspects:

* N channels often open in bursts and inactivate with
time and voltage (see Section 5.2.3).
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FIGURE 5.6 In excised patches, the activity of L channels disappears within minutes.

The activity of an L and N channel is recorded in patch clamp (outside-out patches from a pituitary cell line in
culture) in response to a depolarizing pulse to +10mV from a holding potential of —80mV. Left: One minute
after forming the excised patch, the two types of channels open one at a time or their openings overlap (line 3,
*). Five minutes after, only the activity of the N-type is still present. The activity of the L-type will not reappear
spontaneously. The extracellular solution contains (in mM): 90 BaCl,, 15TEACI, 2 X 10~° TTX, 10 HEPES. The
intrapipette solution contains (in mM): 120 CsCl, 40 HEPES. Adapted from Armstrong D and Eckert R (1987)
Voltage-activated calcium channels that must be phosphorylated to respond to membrane depolarization.

Proc. Natl Acad. Sci. USA 84, 2518-2522, with permission.
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FIGURE 5.7 Phosphorylation reverses the loss of activity of the L channels in an inside-out patch.

The activity of an L-type channel is recorded in patch clamp (inside-out patch from a pituitary cell line in cul-
ture) in response to a depolarizing pulse to 0mV from a holding potential of —40 mV. The horizontal traces are
the unitary current traces and the vertical histogram represents the average number of channel openings per
trace, determined over 30 s intervals and plotted versus time of the experiment (0-40min). After 5min of
recording in the cell-attached configuration, the activity of the channel is recorded in the inside-out configura-
tion. See text for further explanations. The intrapipette solution contains (in mM): 90BaCl,, 15TEAC],
2 X 1073 TTX, 10 HEPES. The solution bathing the intracellular side of the patch contains (in mM): 120 CsCl,
40 HEPES. From Armstrong D and Eckert R (1987) Voltage-activated calcium channels that must be phospho-
rylated to respond to membrane depolarization. Proc. Natl Acad. Sci. USA 84, 2518-2522, with permission.

* Measured at the same test potential, the mean ampli-
tude of the N unitary current is smaller than that of
L (e.g. iy = =122 £ 0.03pA and iy = —2.07 = 0.09
at —20mV; Figure 5.3a, b) which makes its mean
unitary conductance also smaller (yy =13pS in
110mM Ba?*; Figure 5.8b).

e N channels are insensitive to dihydropyridines but
are selectively blocked by w-conotoxin GVIA.

e N channels do not need to be phosphorylated to
open (Figure 5.6).

The P-type Ca’* channel differs from the N channel
by its pharmacology

The activity of a single P-type channel is recorded
from lipid bilayers in which purified P channels from

cerebellar Purkinje cells have been incorporated. Ba**
ions are used as the charge carrier. The activity of the P
channel is recorded at different steady holding poten-
tials. At —15mV, the channel opens, closes and reopens
during the entire depolarization, showing little time-
dependent inactivation (Figure 5.3c). The mean unitary
conductance, ~p, is 10-15pS in 80mM Ba?". Recordings
performed in dendrites or the soma of cerebellar
Purkinje cells with patch clamp techniques (cell-attached
patches) gave similar values of the unitary conductance
("p =9-19 pS in 110 mM Ba*"), but for undetermined rea-
sons the threshold for activation is at a more depolar-
ized potential (—15mV) than for isolated P channels
inserted in lipid bilayers (—45mV). When the funnel
web toxin fraction (FTX) is added to the recording patch
pipette (the intrapipette solution bathes the extracellular
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side of the patch), only rare high-threshold unitary cur-
rents are recorded from Purkinje cell dendrites or soma
at all potentials tested (Bay K 8644 or w-conotoxin have
no effect). These results suggest that the P channel is the
predominant high-threshold Ca?* channel expressed by
Purkinje cells. They also show that the use of selective
toxins allows the differentiation between P, N and L
channels.

Cell-attached
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FIGURE 5.8 Voltage dependence of the unitary N current, iy.
(a) The activity of an N channel is recorded in patch clamp
(cell-attached patch) in a granule cell of the hippocampus. The patch
is depolarized to —25, =20 and —10mV from a holding potential
of —80mV. The amplitude of the unitary current at these voltages
is indicated at the end of each recording. (b) The unitary N current
amplitude (iy) is plotted against membrane potential (from —60
to +20mV). The amplitude of iy, decreases linearly with depolariza-
tion between —60 and +20mV with a slope ~yNy=14pS (n = 14
patches). Adapted from Fisher RE, Gray R, Johnston D (1990)
Properties and distribution of single voltage-gated calcium channels
in adult hippocampal neurons. . Neurophysiol. 64, 91-104, with
permission.

5.2.3 Macroscopic L, N and P-type Ca?*
currents activate at a high threshold and
inactivate with different time courses

The macroscopic L, N and P-type Ca®* currents
(Ica), at time t during a depolarizing voltage step, are
equal to: I, = Npiic, where N is the number of L, N or
P channels in the membrane, p; is their probability of
being open at time ¢ during the depolarizing step, Np;
is the number of open channels at time ¢ during the
depolarizing step and ic, is the unitary L, N or P cur-
rent. At steady state, I, = Npyica, Where p,, is the prob-
ability of the channel being open at steady state.

The I}V relations for L, N and P-type Ca’* currents
have a bell shape with a peak amplitude at positive
potentials

The I/V relation of the different types of high thresh-
old Ca*" currents is studied in whole-cell recordings in
the presence of external Ca®" as the charge carrier. To
separate the L, N and P currents, specific blockers are
added to the external medium or the membrane poten-
tial is clamped at different holding potentials. With this
last procedure, the L current can be separated from
other Ca”* currents since it can be evoked from depo-
larized holding potentials. As shown in Figure 5.9, the L
and N currents averaged from the corresponding uni-
tary currents recorded in 110mM Ba?* clearly differ in
their time course. The averaged N current decays to
zero level in 40 ms while the averaged L current remains
constant during the 120ms depolarizing step to
+10mV. As already observed (Figures 5.3a, b), by

Control

5 uM Bay K

N
Vi —80
Viiep+10
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FIGURE 5.9 Averaged N- and L-type Ca®* currents.

Single-channel N current averages (top traces) and L current aver-
ages (bottom traces) from cell-attached recordings of dorsal root
ganglion cells with Ba?" as the charge carrier (see also Figure 5.3a,b).
Currents are averaged before (left) and after (right) exposure to 5pM
Bay K 8644. Voltage steps from —80mV to +10mV (top traces) and
from —40 to +10mV (bottom traces). From Nowycky MC, Fox AP,
Tsien RW (1985) Three types of neuronal calcium channel with differ-
ent calcium agonist sensitivity. Nature 316, 440-443, with permission.
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holding the membrane at a depolarized potential, the N
current inactivates and the L current can be studied in
isolation.

The macroscopic N- and L-type Ca*" currents are stud-
ied in spinal motoneurons of the chick in patch clamp
(whole-cell patch) in the presence of Na* and K* chan-
nel blockers and in the presence of a T-type Ca’* chan-
nel blocker. In response to a depolarizing voltage step to
+20mV from a holding potential of —80mV, a mixed N
and L whole-cell current is recorded (Figure 5.10a).
When the holding potential is depolarized to OmV, a
voltage step to +20mV now only evokes the L current

(a) N + L (from —80 to +20)

Whole-cell

(b) L (from 0 to +20) € 2ca?t
(c) N

50 ms
(d) (e)
-50 +50 —50 Ym(MV) 5o
<
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FIGURE 5.10 N- and L-type macroscopic Ca®* currents.

(a) The mixed N and L macroscopic current is recorded with Ca?" as
the charge carrier (whole-cell patch) from chick limb motoneurons in
culture in response to a voltage step from —80 to +20mV. (b) The
macroscopic L current is recorded in isolation by changing the hold-
ing potential to 0mV. (c) The difference current obtained by sub-
tracting the L current (b) from the N and L current (a) is the N
current. (d) I/V relation for the L current recorded as in (b). (e) I/V
relation for the N current obtained as the difference current. The
intrapipette solution contains (in mM): 140Cs aspartate, 5 MgCl,,
10Cs EGTA, 10HEPES, 0.1 Li;GTP, 1 MgATP. The bathing solution
contains (in mM): 146NaCl, 2CaCl,, 5KCI, 1MgCl,, 10HEPES.
Adapted from McCobb DP, Best PM, Beam KG (1989) Development
alters the expression of calcium currents in chick limb motoneurons.
Neuron 2, 1633-1643, with permission.

(Figure 5.10b). The difference current obtained by sub-
tracting the L current from the mixed N and L current
gives the N current (Figure 5.10c). The I/V relations of
these two Ca®" currents have a bell shape with a peak
around +20mV (Figures 5.10d, e). For comparison the
peak amplitude of the macroscopic Na® current is
around —40mV (see Figure 4.12a).

The macroscopic P-type Ca*" current is studied in
cerebellar Purkinje cells. These neurons express T, P
and few L-type Ca®" channels. In the presence of Na*
and K* channel blockers and by choosing a holding
potential where the low threshold T current is inacti-
vated, the macroscopic P current can be studied. The
Ip/V relation has a bell shape. The maximal amplitude
is recorded around —10mV (Figure 5.11).
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FIGURE 5.11 P-type macroscopic Ca* current.

The whole-cell P current recorded from acutely dissociated Purkinje
cells (whole-cell patch) with Ca>" as the charge carrier. (a) Whole-
cell P current recorded in response to a depolarizing pulse to
—20mV from a holding potential of —80mV. (b) I/V relation of the P
current. In the recordings the low threshold T-type Ca®* current was
either absent, inactivated or subtracted. The intrapipette solution
contains (in mM): 120 TEA glutamate, 9 EGTA, 4.5MgCl, 9 HEPES.
The bathing solution contains (in mM): 5CaCl,, 154TEACI,
0.2MgCl,, 10 glucose, 10HEPES. Adapted from Reagan LJ (1991)
Voltage-dependent calcium currents in Purkinje cells from rat cere-
bellar vermis. J. Neurosci. 7, 2259-2269, with permission.
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The bell shape of all the I,/ V relations is explained
by the gating properties of the Ca?* channels and the
driving force for Ca®" ions. The peak amplitude of I¢,
increases from the threshold potential to a maximal
amplitude (Figures 5.10d,e, 5.11b and 5.12a) as a result
of two opposite factors: the probability of opening
which strongly increases with depolarization (Figure
5.12b) and the driving force for Ca?>* which linearly
decreases with depolarization (ic, linearly diminishes).
After a maximum, the peak amplitude of I, decreases
owing to the progressive decrease of the driving force
for Ca?* ions and the increase of the number of inacti-
vated channels. Above +30/+40mV, the probability of
opening (p,) no longer plays a role since it is maximal
(Figure 5.12b). I, reverses polarity between +50mV
and +100mV, depending on the preparation studied.
This value is well below the theoretical E,.

This discrepancy is partly due to the strong asym-
metrical concentrations of Ca*" ions. To measure the
reversal potential of I-,, the outward current through
Ca?* channels must be measured. This outward cur-
rent, caused by the extremely small intracellular con-
centration of Ca?" ions, is carried by Ca*" ions but also
by internal K* ions, which are around 10° times more
concentrated than internal Ca®* ions. This permeability

of Ca®* channels to K* ions “pulls down’ the reversal
potential of I, towards Ex.

Activation—inactivation properties

Activation properties are analyzed by recording the
macroscopic L, N or P currents in response to increas-
ing test depolarizations from a fixed hyperpolarized
holding potential (—80mV, Figures 5.13b, 5.14b and
5.15b). In dorsal ganglion neurons, the L and N cur-
rents are half activated around O0mV (Figures 5.13c and
5.14c) while in Purkinje cells the P current is half acti-
vated around —20mV (Figure 5.15c).

Voltage-gated Ca’™ channels show varying
degrees of inactivation

Inactivation properties are analyzed by recording the
macroscopic L, N or P-type Ca®" currents evoked by a
voltage step to a fixed potential from various holding
potentials (with Ca" as the charge carrier). The L current
is half inactivated around —40mV (Figures 5.13a, c), the
N current around —60mV (Figures 5.14a, c) and the P
current around —45mV (Figures 5.153, c).

Macropatch
(cell-attached)

FIGURE 5.12 The peak opening probability of the N current.

The macroscopic N current is recorded in a dorsal root ganglion neuron from a cell-attached patch containing
hundreds of N channels (macropatch). (a) Current recordings (bottom traces) in response to test potentials
(t.p.) ranging from —30mV to +20mV from a holding potential (h.p.) of —80mV (upper traces). (b) Voltage-
dependence of the peak opening probability (p,) from data obtained in (a). Values of p, are obtained by divid-
ing the peak current I by the unitary current iy obtained at each test potential and by an estimate of the
number of channels in the patch (599): p,= I/Niy. N was determined by comparison with the single-channel
experiment in Figure 5.3b, which shows that in response to a depolarization to +20mV from a holding poten-
tial of —80mV, p, =0.32 and iy = 0.76 pA. I, the peak current evoked by the same voltage protocol, is 145pA.
N =1/p, in =145/(0.32 X 0.76) = 599 channels. The intrapipette solution contains (in mM): 100 CsCl, 10Cs-
EGTA, 5MgCl,, 40 HEPES, 2 ATP, 0.25 cAMP; pH =7.3. The extracellular solution contains (in mM): 10 CaCl,,
135 TEACI, 10 HEPES, 0.2 X 1073 TTX; pH =7.3. From Nowycky MC, Fox AP, Tsien RW (1985) Three types of
neuronal calcium channel with different calcium agonist sensitivity. Nature 316, 440-443, with permission.
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FIGURE 5.13 Voltage dependence of activation and inactivation of the L-type Ca’* current.

The macroscopic L current is recorded in a cell with very little T or N current. (a) Inactivation of the L current with
holding potential: a test depolarization to +10mV is applied from holding potentials (h.p.) varying from —70 to
—10mV. (b) Activation of the L current with depolarization: test depolarizations (t.p.) to —30, —20, —10, 0, +10
and +20mV are applied from a holding potential of —40mV. (c) Activation-inactivation curves obtained from
the data in (b) and (a), respectively. The peak Ca?" current amplitudes (I) are normalized to the maximal current
(Imax = 1) obtained in each set of experiments and plotted against the holding (inactivation curve, m) or test
potential (activation curve, ®). For the activation curve, data are plotted as I = I,,,{1 +exp [(V1,, - V)/k]} ! and
for the inactivation curve as I = L., {1 exp [(V - V7 ,5)/k]} 1. V5 is the voltage at which the current I is half-acti-
vated (I = Iyax/2 when V7, = 2mV) or half-inactivated (I = I, /2 when V; 5, = — 40mV). All the recordings are
performed in the presence of 10mM Ca®" in the recording pipette solution which bathes the extracellular side of
the channels. Adapted from Fox AP, Nowycky M, Tsien RW (1987) Kinetic and pharmacological properties dis-
tinguishing three types of calcium currents in chick sensory neurones. J. Physiol. 394, 149-172, with permission.

In summary, L channels generate a large Ca?* current
that is activated by large depolarizations to 0/+10mV
and inactivates with a very slow time course during a
step. N and P channels generate smaller Ca>* currents
that are activated with depolarization to —30/0mV and
inactivate or not during a depolarizing step.

The inactivation process of Ca?* channels can be voltage-
dependent, time-dependent and calcium-dependent.
Voltage-dependent inactivation is observed by changing
the holding potential (see Figures 5.13a, 5.14a and 5.15a).
Time-dependent inactivation is observed during a long
depolarizing step, in the presence of Ba>" as the change
carrier (Figure 5.16). Ca’*-dependent inactivation depends
on the amount of Ca?* influx through open Ca?* channels.
It can be considered as a negative feedback control of
Ca?* channels by Ca*" channels.

Calcium-dependent inactivation

Several lines of evidence point to the existence of a
Ca?*-induced inactivation of Ca?* currents:

* The degree of inactivation is proportional to the
amplitude and frequency of the Ca?" current.

* Intracellular injection of Ca*" ions into neurons
produces inactivation.

 Intracellular injection of Ca*" chelators such as
EGTA or BAPTA reduces inactivation (Figure 5.17).

* Substitution of Ca?* ions with Sr** or Ba>* reduces
inactivation.

* Very large depolarizations to near Ec,, where the
entry of Ca®* ions is small, produce little inactivation.

Recordings of L and N channels in Figures 5.13 and
5.14 were obtained with Ca®" as the charge carrier and
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FIGURE 5.14 Voltage dependence of activation and inactivation of the N-type Ca?* current.

The macroscopic N current is recorded in cell-attached patches containing hundreds of channels (macropatch).
(a) Inactivation of the N current with holding potential: test depolarization to +10mV is applied from holding
potentials (h.p.) varying from —70 to —10mV. (b) Activation of the N current with depolarization: test depolar-
izations (t.p.) to —30, —20, —10, 0, +10 and +20mV are applied from a holding potential of —80mV. (c)
Activation-inactivation curves obtained from the data in (b) and (a), respectively. The peak Ca?" current ampli-
tudes (I) are normalized to the maximal current (I ,,,, =1) obtained in each set of experiments and plotted against
the holding (inactivation curve, m) or test potential (activation curve, ®). For the activation curve, data are plot-
ted as I = I {1 +exp [(Vi/2 - V)/k]} ! and for the inactivation curve as I = {1 +exp [(V - V;2/k]} L. V) is the
voltage at which the current I is half-activated (I = I, /2 when V;; =1.5mV) or half-inactivated (I = I,y /2
when V; , = — 61.5mV). The number of channels is estimated as in Figure 5.12. Adapted from Fox AP, Nowycky
MC, Tsien RW (1987) Single-channel recordings of three types of calcium channels in chick sensory neurones. J.

Physiol. 394, 173-200, with permission.

that of P channels in Figure 5.15 with Ba>" as the charge
carrier. Therefore, the inactivation seen in Figures 5.13
and 5.14, results from three parameters: voltage, time
and increase of intracellular Ca®* concentration. In con-
trast, the inactivation of the P current observed in
Figure 5.15 is a voltage- and time-dependent process.
The macroscopic Ca?* current of Aplysia neurons is
recorded in voltage clamp. During depolarizing voltage
steps, the Ca?* current increases to a peak and then
declines to a steady state Ca®* current (a non-inactivating
component of current). The buffering of cytoplasmic
free Ca>" ions with EGTA increases the amplitude of the
peak current and that of the steady-state current (Figure
5.17). This shows that the increase of intracellular Ca?*
ions resulting from Ca”" entry through Ca®* channels
causes Ca”" current inactivation. It also shows that the

peak current is probably already decreased in ampli-
tude owing to early development of inactivation.

5.3 THE REPOLARIZATION PHASE OF
Ca?*.DEPENDENT ACTION POTENTIALS
RESULTS FROM THE ACTIVATION OF K*

CURRENTS Ix AND Ixc,

The K™ currents involved in calcium spike repolariza-
tion are the delayed rectifier (Ix) studied in Chapter 4
and the Ca®"-activated K™ currents (Ixc,). Meech and
Strumwasser in 1970 were the first to describe that a
microinjection of Ca®" ions into Aplysia neurons activates
a K* conductance and hyperpolarizes the membrane.
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FIGURE 5.15 Voltage dependence of activation and inactivation
of the P-type Ca®* current.

The macroscopic P current is recorded in Purkinje cells (whole-cell
patch). The T-type Ca?" current present in these cells is either absent or
subtracted. (a) Inactivation of the P current with holding potential: a test
depolarization to +20mV is applied from holding potentials varying
from —80 to 0mV. (b) Activation of the P current with depolarization:
test depolarizations (V) to —40 and —20mV are applied from a hold-
ing potential of —110mV. (c¢) Activation—inactivation curves obtained
from the data obtained in (b) and (a), respectively. The peak Ca?* current
amplitudes (/) are normalized to the maximal current (I,,,x =1) obtained
in each set of experiments and plotted against the holding (inactivation
curve, m) or test potential (activation curve, ®). For the activation curve,
data are plotted as I = I, {1 +exp [(V 1/, - V)/k]} ! and for the inacti-
vation curve as I = I, {1 +exp [(V = Vy0)/k]} "L V5 is the voltage at
which the current I is half-activated (I = I,,,/2 when V7, = —22mV) or
half-inactivated (I = I;,ox /2 when V3, = —34mV). In all recordings, the
extracellular solution contains 5mM Ba?*. Adapted from Regan L (1991)
Voltage-dependent calcium currents in Purkinje cells from rat cerebellar
vermis. J. Neurosci. 11, 22592269, with permission.

On the basis of these results, the authors postulated the
existence of a Ca*"-activated K" conductance. The
amount of participation of Ca*"-activated K™ currents in
spike repolarization depends on the cell type.

5.3.1 The Ca?*-activated KT currents are
classified as big K (BK) channels and
small K (SK) channels

Big K channels have a high conductance (100250 pS
depending on K* concentrations) and are sensitive to

both voltage and Ca®" ions so that their apparent sensi-
tivity to Ca®* ions is increased when the membrane is
depolarized. Their activity is blocked by TEA and
charybdotoxin, a toxin from scorpion venom. Small K
channels have a smaller conductance (10-80 pS depend-
ing on K" concentrations) and are insensitive to TEA
and charybdotoxin but sensitive to apamin, a toxin from
bee venom. It is a heterogeneous class containing both
voltage-dependent and voltage-independent channels.
Big K and small K channels are very selective for K*
ions over Na* ions and are activated by increases in the
concentration of cytoplasmic Ca" ions.

The channels originally termed ‘big’ potassium (BK)
channels, are also called maxi-K channels or SLO fam-
ily channels, a name derived from the conserved gene
that encodes this channel, which was first cloned in
Drosophila melanogaster. Voltage-clamp recordings of
currents in the flight muscles of a Drosophila mutant
with a severely lethargic phenotype, named slowpoke,
revealed that the calcium-dependent component of the
outward K* current was absent, implicating the slow-
poke (slo) gene as the structural locus encoding the
channel protein. The mammalian slo orthologue Slo1
was cloned by low-stringency DNA hybridization of a
mammalian ¢cDNA library using the Drosophila slo
cDNA. The conserved protein domains of SLO1 seem
to reflect separate mechanisms for voltage and Ca®*
sensing. The primary sequence consists of two distinct
regions. The ‘core’ region (which includes hydropho-
bic segments S0-S6) resembles a canonical voltage-
gated K" channel except for the inclusion of the
additional SO segment (Figure 5.20a). The distal part of
the carboxyl region (containing S9-510), termed the
tail, includes the region that is most highly conserved
among SLO1 proteins from different species, the cal-
cium bowl. The gating of SLO1 channels by both volt-
age and the binding of intracellular Ca>" suggests that
the two independent sensing mechanisms converge
near the gates of the pore.

The genes that encode the SK channels belong to the
KCNN gene family. SK channels have a similar topol-
ogy to members of the voltage-gated (Kv) K* channel
superfamily. They consist of six transmembrane seg-
ments (51-56), with the pore located between S5 and
S6. The S4 segment, which confers voltage sensitivity
to the Kv channel, shows in SK channels a reduced
number and a disrupted array of positively charged
amino acids. The SK channels retain only two of the
seven positively charged amino acids that are found in
the 54 segment of Kv channels, and only one of these
residues corresponds to the four arginine residues that
carry the gating charges in Kv channels. These differ-
ences in the primary sequence could represent the
molecular framework for the observed voltage inde-
pendence of SK channels.
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FIGURE 5.16 Pharmacology of L-, N- and P-type Ca’* channels.

The macroscopic mixed Ca®* currents are recorded in different neurons with Ba?" as the charge carrier (whole-
cell patch). High-threshold Ca** currents are evoked by depolarizations to —30 or —10mV from a holding
potential of —90 or —80mV. Various blockers or toxins are applied in order to block selectively one type of high-
threshold Ca?" current at a time: w-conotoxin (CgTx, 3uM) selectively blocks N current, nitrendipine or
nimodipine (nitr., nimod., 2-4 M) selectively blocks L current, and w-agatoxin (w-Aga-IVA, 50-200nM) selec-
tively blocks P current. In hippocampal cells of the CA1 region and in spinal cord interneurons, the high-thresh-
old Ca?* current is a mixed N, L and P current. In sympathetic neurons it is almost exclusively N and in Purkinje
cells almost exclusively P. The intrapipette solution contains (in mM): 108 Cs methanesulphonate, 4 MgCl,,
9EGTA, 9HEPES, 4MgATP, 14 creatine phosphate, 1GTP; pH = 7.4. The extracellular solution contains (in
mM): 5BaCl,, 160 TEACI, 0.1 EGTA, 10HEPES; pH = 7.4. Adapted from Mintz IM, Adams ME, Bean B (1992)
P-type calcium channels in rat central and peripheral neurons. Neuron 9, 85-95, with permission.

5.3.2 Ca’" entering during the depolarization
or the plateau phase of Ca’?*-dependent

action potentials activates K¢, channels

To study Ca®*-activated K* channels from rat brain
neurons, plasma membrane vesicle preparation is
incorporated into planar lipid bilayers. In such condi-
tions, the activity of four distinct types of Ca?*-activated
K* channels is recorded. We will look at one example
of a big K and one example of a small K channel. This
preparation allows the recording of single-channel
activity (Figure 5.18).

The current—voltage relations obtained in the pres-
ence of two different extracellular K™ concentrations
show that the current reverses at Ey, the theoretical
reversal potential for K™ ions as expected for a purely
K*-selective channel. The Ca**-dependence is studied

by raising the intracellular Ca?* concentration in the
range of 0.1-10pM. Channels are activated by micro-
molar concentrations of Ca?*. The open probabilities
of the big K and small K channels are largely increased
when the medium bathing the intracellular side of the
membrane contains 0.4pM Ca?" instead of 0.1pM
(Figures 5.19a, b). For comparison the Ca®*-sensitivity of
big K channels from cultured rat skeletal muscle is
shown in Figure 5.19c. The rat brain big K channels are
sensitive to nanomolar concentrations of charybdo-
toxin (CTX) and millimolar concentrations of extracel-
lular TEA ions (Figure 5.20).

The macroscopic Ca®*-activated K* currents are
recorded from a bullfrog sympathetic neuron in single-
electrode voltage clamp mode (Vg = —28mV). The
iontophoretic injection of Ca?* ions via the recording
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FIGURE 5.17 Intracellular EGTA slows Ca?*-dependent inacti-
vation of Ca®* channels.

The macroscopic Ca?" current is recorded in axotomized Aplysia
neurons in double-electrode voltage clamp (axotomy is performed
in order to improve space clamp). Control Ca’" currents are
recorded in response to step depolarizations to —20, —10 and 0mV
from a holding potential of —40mV (control traces). Iontophoretic
ejection of EGTA (300-500nA for 4-8 min) increases the peak ampli-
tude of the Ca?" current and slows its inactivation at all potentials
tested (EGTA traces). The amplitude of the non-inactivating compo-
nent of the current is measured at the end of the steps (arrow).
Adapted from Chad ], Eckert R, Ewald D (1984) Kinetics of calcium-
dependent inactivation of calcium current in voltage-clamped neu-
rones in Aplysia californica. ]. Physiol. (Lond.) 347, 279-300, with
permission.

electrode triggers an outward current (Figure 5.21a).
Its amplitude increases when the iontophoretic current
is increased; i.e. when the amount of Ca®" ions injected
is increased. To study the voltage-dependence and the
kinetics of activation of this Ca®*-activated outward
current, depolarizing steps from a holding potential of
—50mV are applied in the presence of 2mM of Ca** in
the extracellular medium (Figure 5.21b, 2Ca). Sup-
pression of Ca*" entry by removal of Ca*" ions from
the extracellular medium (0Ca) eliminates an early
Ca®*-activated outward current. In the Ca-free
medium, only the sigmoidal delayed rectifier K* cur-
rent Iy is recorded. In the presence of external Ca*"

ions, both Ix and a Iy, are recorded (Figure 5.21b,
right). The recorded Iy c,) corresponds to a big K cur-
rent also called I in some preparations. It has activa-
tion kinetics sufficiently rapid to play a role in spike
repolarization (Figure 5.22).

In nerve terminals at the motor end plate, big K
channels are co-localized with voltage-dependent
Ca?" channels. They play an important role in repolar-
izing the plasma membrane following each action
potential. This repolarization resulting from the
increased activity of Ca?"-activated K* channels closes
voltage-dependent Ca?* channels and constitutes an
important feedback mechanism for the regulation of
voltage-dependent Ca’" entry. K¢, current thereby
lowers intracellular Ca®>" concentration and dampens
neurotransmitter secretion. Conversely when it is
strongly reduced by TEA or apamin, transmitter
release is increased.

5.4 CALCIUM-DEPENDENT ACTION
POTENTIALS ARE INITIATED IN AXON
TERMINALS AND IN DENDRITES

5.4.1 Depolarization of the membrane to
the threshold for the activation of

L-, N- and P-type Ca™ channels has
two origins

L-, N- and P-type Ca?* channels are high-threshold
Ca?" channels. This means that they are activated in
response to a relatively large membrane depolariza-
tion. In cells (e.g. neurons, heart muscle cells) where the
resting membrane potential is around —80/—60mV, a
40-60mV depolarization is therefore needed to activate
the high-threshold Ca*" channels. Such a membrane
depolarization is too large to result directly from the
summation of excitatory postsynaptic potentials
(EPSPs). It usually results from a Na* spike. In heart
Purkinje cells, Na™ entry during the sudden depolar-
ization phase of the action potential depolarizes the
membrane to the threshold for L-type Ca*" channel
activation: the Na*-dependent depolarization phase is
immediately followed by a Ca?*-dependent plateau
(see Figure 4.2d). In axon terminals, the situation is
similar: the Na*-dependent action potential actively
propagates to axon terminals where it depolarizes the
membrane to the threshold potential for N- or P-type
Ca?* channel activation: a Na*/Ca?*-dependent action
potential is initiated (see Figure 4.2c).

In cerebellar Purkinje neurons the situation is some-
how different: dendritic P-type Ca?* channels are
opened by the large EPSP resulting from climbing fibre
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FIGURE 5.18 Two types of rat brain Ca?*-activated K* channels incorporated into lipid bilayers.

(a, b) Left: Single-channel recordings in symmetrical K (the extracellular and intracellular solutions contain
150 mM KCl) at Vi =40mV. For all traces channel openings correspond to upward deflections. The recording
length of upper traces is 6.4s and each lower trace is expanded to show a 640 ms recording. Right: I/V rela-
tions for the big K channel and the small K channel in symmetrical K* (150 mM, circles) and 150 mM KCl
inside, 50mM KCI outside (triangles). The slope conductance for each of these channels in symmetrical
150mM KCl is 232 pS (big K channel) and 77 pS (small K channel). All the recordings are performed in the
presence of 1.05mM CaCl, in the intracellular solution. Adapted from Reinhart PH, Chung S, Levitan IB
(1989) A family of calcium-dependent potassium channels from rat brain. Neuron 2, 1031-1041, with permis-

sion. (a) Big K (rat brain neurons).

EPSP. As a result, Ca*"-dependent action potentials are
initiated and actively propagate in dendrites (see
Figure 4.2b; also see Sections 16.2 and 17.3).

The cells that do not express voltage-gated Na*
channels and initiate Ca?*-dependent action potentials
(endocrine cells for example; see Figure 5.1) usually
present a depolarized resting membrane potential

(—50/—40mV) close to the threshold for L-type Ca**
channel activation. In such cells, the activation of high-
threshold Ca*" channels results from a depolarizing
current generated by receptor activation or from an
intrinsic pacemaker current (for example, activation of
the T-type 2* current — see Section 14.2.2 — or the turn-
ing off of a leak K™ current).
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FIGURE 5.19 Ca?*-dependence of Ca**-activated K* channels.

(a, b) Single-channel activity of Ca?*-activated channels from the rat brain. The activity of the 232 pS big K chan-
nel and that of the 77 pS small K channel is recorded in the presence of 0.1 pM Ca®" (upper traces) and 0.4 M Ca?*
(lower traces) in symmetrical 150 mM KCl (Vi = + 20mV). (¢) Single-channel activity of a big K channel from rat
skeletal muscle recorded at three different Ca>" concentrations in symmetrical 140 mM KCI (V; = + 30mV). O,
open state; C, closed state. Part (a) from Chad J, Eckert R, Ewald D (1984) Kinetics of calcium-dependent inactiva-
tion of calcium current in voltage-clamped neurones in Aplysia californica. J. Physiol. (Lond.) 347, 279-300, with per-
mission. Part (b) adapted from McManus OB and Magleby KL (1991) Accounting for the calcium-dependent
kinetics of single large-conductance Ca**-activated K* channels in rat skeletal muscle. J. Physiol. 443: 739-777,

with permission.

5.4.2 The role of the calcium-dependent
action potentials is to provide a local and
transient increase of [Ca?*]; to trigger
secretion, contraction and other Ca*™*-
gated processes

In some neurons, Ca?* entry through high-threshold
Ca* channels participates in the generation of various
forms of electrical activity such as dendritic Ca®* spikes
(Purkinje cell dendrites) and activation of Ca?*-sensitive
channels such as Ca?*-activated K™ or ClI~ channels.
However, the general role of Ca’*-dependent action
potentials is to provide a local and transient increase of
intracellular Ca®* concentration. Under normal condi-
tions, the intracellular Ca*" concentration is very low,
less than 1077 M. The entry of Ca*" ions through Ca®*
channels locally and transiently increases the intracellu-
lar Ca** concentration up to 10~* M. This local [Ca*"];
increase can trigger Ca?*-dependent intracellular events
such as exocytosis of synaptic vesicles, granules or
sliding of the myofilaments actin and myosin. It thus

couples action potentials (excitation) to secretion (neu-
rons and other excitable secretory cells, see Chapter 7) or
it couples action potentials to contraction (heart muscle
cells). The influx of Ca*" also couples neuronal activity
to metabolic processes and induces long-term changes in
neuronal and synaptic activity. During development,
Ca’* entry regulates outgrowth of axons and dendrites
and the retraction of axonal branches during synapse
elimination and neuronal cell death.

5.5 A NOTE ON VOLTAGE-GATED
CHANNELS AND ACTION POTENTIALS

Voltage-gated Na*, K™ and Ca?* channels of action
potentials share a similar structure and are all activated
by membrane depolarization. The Na*, Na*/Ca®" and
Ca?* action potentials have a similar pattern: the depo-
larization phase results from the influx of cations, Na™
and/or Ca?*, and the repolarization phase results from
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FIGURE 5.20 The big K channel.

(a) Schematic representation of SLO1 a-subunit. SLO1 subunit has an additional SO membrane-spanning
domain compared to delayed rectifier K* channels and also includes an extensive cytosolic carboxy-terminal
extension containing sites that sense cytosolic factors, such as the calcium bowl. RCK, regulators of conduc-
tance of K* domain. (b) Single-channel activity of the big K channel (232 pS channel) in symmetrical 150 mM
KCl at two different time bases (Vi = + 40mV). From top to bottom: Control conditions. In the presence in the
extracellular solution of, respectively, 10nM charybdotoxin (CTX), 100nM apamin, and 0.2mM tetraethylam-
monium chloride (TEA). All the recordings are performed in the presence of 1.05mM Ca2+in the intracellular
solution. Part (a) from Salkoff L, Ferreira G, Santi C, Wei A (2006) High-conductance potassium channels of the
SLO family Nature reviews. Neuroscience 5, 921-931. Part (b) from Chad J, Eckert R, Ewald D (1984) Kinetics
of calcium-dependent inactivation of calcium current in voltage-clamped neurones in Aplysia californica.
J. Physiol. (Lond.) 347, 279-300, with permission.

the inactivation of Na* or Ca*" channels together with the general role of providing a local, gradual and tran-
the efflux of K™ ions. However, these action potentials sient Ca®* entry.

have at least one important difference. The Na*-depend-

ent action potential is all-or-none. In contrast the Ca**-

dependent action potential is gradual. This reflects FURTHER READING

different functions. The Na"-dependent action potential
propagates Ove.r .10ng dls.tances uﬂthout. a? t.e uation in Catterall WA (2000). Structure and regulation of voltage-gated Ca®"
order to transmit information from soma-initial segment channels. A, Rev. Cell De. Biol. 16, 521-555.

. . 2
to axon terminals where they trigger Ca +-dependent Coetzee WA, Amarillo Y, Chiu J et al. (1999) Molecular diversity of
action potentials. Ca**-dependent action potentials have K* channels. Ann. NY Acad. Sci. 868, 233-285.
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FIGURE 5.21 The macroscopic Ca**-activated K* current of bullfrog sympathetic neurons.

(a) Outward currents recorded in single-electrode voltage clamp at a holding potential of —28 mV. In response
to increasing 0.4s intracellular iontophoretic injections of Ca*" from a microelectrode containing 200 mM
CaCl,, increasing outward currents are recorded. (b) Outward currents recorded during voltage steps to —20,
—10, 0 and +20mV from a holding potential of —50mV in the presence of 2mM external Ca?" (2Ca) and a Ca-
free external medium (0 Ca). The leak current is subtracted. The two superimposed current traces recorded at
the same potential in the presence (+Ca) or absence (—Ca) of external Ca?" ions show that an early compo-
nent of the outward current is present (Ixc,)) in the presence of Ca2* ions. Adapted from Brown DA, Constanti
A, Adams PR (1983) Ca®*-activated potassium current in vertebrate sympathetic neurons. Cell Calcium 4,
407-420, with permission.
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FIGURE 5.22 States of voltage-gates Na®, Ca?* and K* channels.
Different states in relation to the various phases of the Na* /Ca?"-dependent action potential. Example of the
action potential recorded in olivary neurons of the cerebellum.
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APPENDIX 5.1 FLUORESCENCE
MEASUREMENTS OF INTRACELLULAR
Ca?* CONCENTRATION

A5.1.1 The physical basis of fluorescence
The interaction of light with matter

Light is electromagnetic radiation that oscillates
both in space and time, and has electric and magnetic
field components that are perpendicular to each other.
If for the sake of simplicity one focuses only on the elec-
tromagnetic component, it can be seen that the mole-
cule, which is much smaller than the wavelength of
light, will be perturbed by light because its electronic
charge distribution will be altered by the oscillating
electric field component of the light. Without resorting
to complicated quantum mechanical calculations we can
say that light will interact with matter via a resonance

phenomenon; i.e. the matter will absorb light only if the
energy of the incoming photon is exactly equal to the
difference between the potential energy of the lowest
vibrational level of the ground state and that of one of
the vibrational levels of the first excited state (Figure
A5.1). The absorption of light therefore occurs in dis-
crete amounts termed quanta. The energy E in a quan-
tum of light (a photon) is given by:

E=hv=hc/\,

where & is Planck’s constant, v and A are the frequency
and wavelength of the incoming light, and c is the
speed of light in a vacuum. When a quantum of light
is absorbed by a molecule, a valence electron will be
boosted into a higher energy orbit, called the excited state.
This phenomenon will take place in 10”7 s, resulting in
conservation of the molecular coordinates. For the sake
of simplicity the rotational energy levels are not taken
into account and it is assumed that at room temperature
the electrons will be at their lowest vibrational energy
level.

The difference of energy between the vibrational lev-
els being typically in the order of 10 kcal mol !, there is
not enough thermal energy to excite a transition to
higher vibrational levels at room temperature. One
might thus assume that most of the electrons will lie at
the lowest vibrational level of the ground state S, = 0
(S for singlet, as the electrons spins are antiparallel).
Because absorptive transitions occur to one of the vibra-
tional levels of the excited state, had there been no inter-
action with the solvent molecules one could have
measured the energy difference between the ground
state and each of the vibrational levels of the excited

Vibrational levels
S* (excited singlet)

Absorption Inter system crossing

/

Non-radiative transition
T* triplet state

Fluorescence
Phosphorescence
S, ground state

Potential energy

Inter-nuclear distance

FIGURE A5.1 Pathways to excitation and de-excitation of an
electron.

The rotational levels between the vibrational levels and higher
excited states are not shown for the sake of simplicity.
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state. This type of spectra can only be obtained for
chemical compounds in the gaseous state. The absorp-
tion spectra under those circumstances would resemble
narrowly separated bands; however, the interaction of
the orbital electrons with solvent molecules will
broaden those peaks, producing the absorption spectra
of the more familiar form.

The return from the excited state

The electrons that have been promoted to one of the
vibrational levels of the excited state will lose their
vibrational energy through interaction with solvent
molecules by a process known as vibrational relaxation.
This process has a timescale much shorter than the life-
time of the electrons in the excited state (10™° to 107 s
for aromatic molecules). The electrons that have been
promoted to the excited state will return to the ground
state from the lowest-lying excited vibrational state, by
one of the following ways.

Fluorescence emission

Some of the electrons in the excited state will return
to one of the vibrational levels of the ground state by a
radiative transition, whose frequency will be a function
of the energy difference separating these levels. If one
simply assumes that the energy spacing the vibrational
levels of the excited and ground states are similar, one
expects the fluorescence emission spectrum to be a mir-
ror image of the absorption spectrum (Figure A5.2).

A further expectation will be that the S, to 5*,—
absorption will be at the same frequency as the 5*,— to
S,—o emission; however, this is rarely the case, as
the absorption process takes place in about 1071 s. The
orientation of the solvent molecules with respect to the
electronic states will be conserved as well as the quan-
tum coordinates of the molecule; however, as the

Stokes
| e |
shift

Relative intensity

Wavelength

FIGURE A5.2 Excitation (left) and emission (right) spectra of a
hypothetical molecule.

The excitation spectrum has the same peaks as the absorption spec-
trum; the separation between the individual peaks reflects the poten-
tial energy differences between the vibrational levels.

excited level lifetimes are rather long, the solvent mole-
cules will reorient favourably about the electronic lev-
els, resulting in a difference in the zero-zero frequencies.
This difference between S, to 5%,y absorption and
S*,-0 to S,—( emission is termed the Stoke’s shift.

Non-radiative transition

In this process the excitation energy will be lost
mainly by interactions with solvent molecules, result-
ing in some of the electrons of the excited state return-
ing to the ground state with a non-radiative transition.
This process is favoured by an increase in temperature,
and can explain why increasing the temperature
causes a decrease in fluorescence intensities.

Quenching of the excited state

The excitation energy might be lost through interac-
tions, in the form of collisions of quenchers with the
electrons in the excited orbital. Typical quenchers such
as O,, I and Mn*" ions will quench every time they
collide with an excited singlet.

Intersystem crossing

Intersystem crossing is a mechanically forbidden
quantum process that occurs by a spin exchange of the
electron of the excited singlet state, resulting in an
excited triplet state T* (Figure A5.1). As this process
involves a forbidden transition its probability of occur-
rence will be extremely low; nevertheless it will occur
because the potential energy of the excited triplet is
usually lower than that of the excited singlet state. The
electron in the excited triplet state can then become de-
excited by a non-radiative transition, quenching, or by
a radiative transition called phosphorescence (the light
emitted will be of longer wavelength than fluorescence
because of the lower potential energy of the excited
triplet). One should note that the return to the ground
state necessitates a novel forbidden transition T*,_ to
S,—x (x for any vibrational level of the ground state).
The probability of this transition will be extremely low,
for the same reasons given above, resulting in a long
lifetime of the excited triplet state (seconds to days).
This long-lived triplet state will result in a very weak
intensity of radiation, will be prone to quenching
by collisions with quenchers, and the non-radiative
processes will compete well with the phosphorescence.
Phosphorescence in solution will rarely be observed. In
order to observe phosphorescence at all, one must rig-
orously remove oxygen from the medium, and should
use rigid glasses at very low temperatures, in order to
minimize the competing non-radiative processes.

Some of the electrons that have undergone intersys-
tem crossing, and therefore are in the T*, _ ; state, may
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undergo a novel intersystem crossing to the S* level by
the thermal energy provided by the solution, provided
the energy difference between the T* and S* states is
small; the return from the 5*,_( to S* ,_, level by fluo-
rescence emission is called delayed fluorescence and has
the effect of lengthening the fluorescence lifetime of
the molecule beyond what is expected in normal fluo-
rescence emissions.

Photolysis: bleaching and toxicity

The molecules in the excited state undergo certain
chemical reactions resulting in the loss of fluorescence;
this is called photobleaching. It is estimated that a good
organic fluorophore can be excited about 10* to 10°
times before it bleaches. Some of the reaction products
might be damaging for the cell, resulting in phototoxi-
city. One of the important ingredients in bleaching is
the interaction between the triplet state of the fluo-
rophore (Figure A5.1) and molecular oxygen (O,). The
triplet state can transfer its energy to oxygen and bring
it to its singlet excited state. Singlet oxygen is a reactive
molecule that participates in many kinds of chemical
reactions with organic molecules. As a result, the fluo-
rophore looses its ability to fluoresce (it bleaches). In
addition, the singlet oxygen can interact with other
organic molecules causing phototoxicity for living cells.
The minimal intensity of excitation and the minimal
exposure time must be used in order to keep photo-
bleaching and phototoxicity to a minimum.

A5.1.2 Fluorescence measurements: general
points

Advantages

In the absence of fluorophore, provided there is no
background fluorescence, the level of the signal is zero,
so that even a very small change of fluorescence of the
fluorophore is detected. This might need a large ampli-
fication, itself limited by the noise level of the amplifier
chain.

Observation of fluorescence emission

The best fluorimeter should maximize collection of
the fluorescence emission and minimize collection of
excitation light. This is usually achieved by selecting a
band of excitation wavelengths located outside the
emission spectrum using filters (interference or combi-
nation filters), or monochromator on the excitation
side and highpass or bandpass filters on the emission
side. The emission-side filters pass wavelengths longer
than the excitation wavelengths (remember the Stoke’s
shift).

Intensified camera

Fluorescence
light

Field lens

Emission filter

&)

Light
source

Dichroic mirror
Excitation

filter
. Objective
Specimen

FIGURE A5.3 Epi-illumination microscopy.

For the measurement of fluorescence from individ-
ual cells, epi-illuminated fluorescence microscopes are
used. The epiluminescence technique means that both
the excitation and emission light have a common opti-
cal path through the objective. The key element of epi-
illumination is the dichroic mirror; an interference
mirror formed by successive depositions of dielectric
layers on a transparent substrate. The dichroic mirror
reflects the wavelengths below its cutoff frequency and
transmits those that are above the cutoff. This cutoff
frequency is chosen so that it reflects all of the excita-
tion wavelengths, and transmits most of the emission
wavelengths. The Stoke’s shift is an aid in this respect.
It is also possible to find polychroic mirrors that allow
the simultaneous detection of many chromophores
(Figure A5.3).

Confocal and multiphoton microscopry

The principle of confocal imaging was developed by
Marvin Minsky in the mid-1950s. In a conventional
(i.e., wide-field) fluorescence microscope, the entire
specimen is flooded in light from a light source. All
parts of the specimen throughout the optical path are
excited and the fluorescence detected by a photodetec-
tor or a camera. The confocal microscope uses a laser to
provide the excitation light (in order to get very high
intensity of excitation and high resolution). The laser
beam reflected from the dichroic beam splitter hits two
mirrors which are mounted on motors and scan the
sample. Dye in the sample fluoresces and the emitted
light captured by the objective lens (epi-fluorescence)
gets de-scanned by the same moving mirrors. The
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FIGURE A5.4 Comparison of one-photon and two-photon
absorption.

(a) Two photons in the red (right) combine their energies to get
absorbed as a one blue photon (left). The energies of the photons can
be thought as equal to the amplitude of the vectors. The two photons
that get absorbed need not have equal energies. (b) Fluorescence
emission profile produced by one-photon absorption occurs
throughout the laser beam focused in a fluorescent solution by the
objective on the right. With the two-photon scheme, excitation is
limited to the focal point of the objective on the left (shown by the
arrow) providing inherent 3-dimensional resolution.

fluorescence passes through the dichroic and is
focused onto the pinhole in an optically conjugate
plane. The pinhole in front of the detector eliminates
out-of-focus light. Only the fluorescence within the
focal plane is detected by the detector, i.e. a photomul-
tiplier tube. In fact, there is not a complete image of the
sample at any given instant; only one point of the sam-
ple is observed (laser scanning confocal microscopy:
LSCM). The detector is connected to a computer which
builds up the image, one pixel at a time. In practice,
this can be done around twice per second for a
512 X 512 pixel image. The time limitation is due to the
scanning mirrors. Several new features have been

recently developed to improve speed performance
(spinning nipkow disc, multibeam excitation, linned
‘pinhole’ etc).

The resolution improvement due to confocal micro-
scopy, either in xy or in z dimension, and the general use
of laser as light source, represent a real revolution in
imaging biological material. Despite these benefits, the
confocal approach presents some limitations for specific
applications such as deep imaging or long duration
experiments in living tissue. Indeed, biological tissues
strongly scatter visible light and prevent more than
100 pm depth images by defect of excitation light. On the
other hand, increasing the laser power is not the solution
because thermal and photolysis effects will definitively
affect the sample. Despite the fact that laser beam excites
only the fluorophores in its path, scanning the sample
induces a large photobleaching effect in the entire light
cone (Figure A5.4b). One has to deal with the laser
power for the preservation of the sample.

In order to alleviate some of these limitations Denk
et al. in 1990 took advantage of an old physical theoretic
prediction and of new powerful pulsed lasers to
develop multiphoton microscopy. In 1931, Maria
Goeppert-Mayer predicted the possibility of simultane-
ous absorption by a molecule of two photons of long
wavelength, combining their energies to cause the tran-
sition of the molecule to the excited state (remember
that the energy of a photon is inversely proportional to
its wavelength X : E = hc/X). This can be viewed as two
IR (near infrared) photons being absorbed simultane-
ously by a molecule normally excited by UV (Figure
Ab5.4a). This technique, however, did not find practical
use until the advent of very short pulse-width lasers for
the following reasons.

The probability of two-photon absorption is ~10%
times lower than the probability of one-photon absorp-
tion, and therefore does not occur under normal illumi-
nation conditions. Typical cross-sections for one-photon
absorption are of the order of 107 cm?; for the two-
photon case they are 107* cm*s™!. The two-photon
cross-sections are cited in GM (Goeppert-Mayer) units,
with 1GM being 107> cm* s ™. In order for this absorp-
tion to occur, very high density photon fluxes confined
to a small volume are needed. This was made possible
by the advent of pulsed lasers, which typically generate
pulses of 70 to 100 femtoseconds (1 fs = 107 1° s) width,
each at power levels of 500kW (1-3W in average) and
repetition rates of 80 MHz. For fluorescence measure-
ments of biological samples, 10mW laser intensity on
the specimen plane are typically used. Under these con-
ditions the excitation is confined to the focal volume
only, as the necessary photon flux can only be reached at
this plane. This has two very important implications:
(i) as the excitation is limited to the focal plane, the
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emission is also limited to this plane (Figure A5.4b),
resulting in an intrinsic ‘confocal’ image. At this time,
image reconstruction does not need any pinhole and
allows the use of ‘non-descanned” detectors placed just
after the condenser or the objective (transmission or epi-
fluorescence). This short-length optical tract is several
times more efficient than the confocal one to collect
emitted fluorescence and greatly improves recorded
signals; (ii) other chromophores in the light cone are not
excited, so photodamage and phototoxicity resulting
from photolysis of the chromophore are greatly
reduced. Light at long wavelengths is less prone to scat-
tering and better penetrates biological tissue, enabling
researchers to measure Ca’* dynamics in a non-invasive
way and from deeper locations. It is possible to measure
Ca’* signals from rat brain at a depth of 800pm from
the surface. Absorption is not limited to two photons
only. Triple-photon absorption by UV dyes (DAPI...) or by
nucleic acids with cross-sections as large as 10~ °cm® s ™2
has been reported. This technique currently has the
drawback of requiring rather expensive lasers, but one
can expect prices to come down in the future, allowing
their routine use.

A5.1.3 Measurement of ion concentration by
fluorescence techniques

The main requirement for an indicator to report the
concentration of an ion is a change in its optical proper-
ties, and at the same time it must be highly specific for
the ion in question, at physiological pH values. Further-
more, its binding and release from the ion must be faster
than the kinetics of the intracellular ionic changes. Its
affinity to that ion should be compatible with physio-
logical conditions and prevent buffering effect. One
can therefore envisage the production of probes that
will change their absorption, bioluminescence (such as
aequorin) or fluorescence properties as a function of ion
concentration. Fluorescence is the technique of choice
because of its higher sensitivity. In fluorescence mea-
surements, the change in optical property sought to
report an ionic concentration might be a change in
quantum yield, excitation spectra or emission spectra.

Indicators for Ca’*

Richard Tsien and colleagues have developed many
probes sensitive to the free Ca** ions concentration.
The common property of these probes is that they are
all fluorescent derivatives of the calcium chelator
BAPTA, which in turn is an aromatic analogue of the
commonly used calcium chelator (EGTA, ethylenegly-
col bis (13-aminoether) -N,N,N’,N’ tetra-acetic acid)
(Figure A5.5). The probes form an octahedral complex,
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FIGURE A5.5 Chemical structure of Fura-2.

Note the similarities between Fura-2 and the acetoxymethylester
variety Fura-2AM and EGTA. The AM variety is membrane perme-
ant, and is de-esterified by intracellular esterases, liberating Fura-2,
formaldehyde and acetate ions.

with the calcium ion at the centre of the plane formed
by the COO™ groups of the carboxylic acid. The bind-
ing and unbinding of the ion induces a strain or relax-
ation on the electron cloud of the aromatic groups,
which in turn results in changes of the spectral proper-
ties of the reporter chromophore.

Once these probes synthesized, several strategies
were developed to make them penetrate in the cell,
including direct injection of the chromophore salt
through the patch clamp pipette allowing Ca?* meas-
urement combined with electrophysiological monitoring
from a single neuron. Another way is to neutralize
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carboxylic groups with ester residues to form acetoxy-
methylester variety (AM). This neutral molecule diffuses
through the plasma membrane and is de-esterified
enzymatically to produce functional chromophore
(Figure A5.5), this is convenient to load a population of
cell either in vivo or in vitro.

Three such reporter chromophores have found much
use in the measurement of intracellular free Ca>* con-
centrations, namely INDO, Fura-2, and FLUO-3. Each of
these probes has a certain number of advantages over
the others, depending on the measurement technique
sought. INDO and Fura-2 are ratiometric probes; i.e. the
change in spectral properties occur at two different
wavelengths, and by measuring the fluorescence inten-
sities at these two wavelengths and taking their ratio;
one can calculate the absolute value of the free Ca** ion
concentration within the cytosol, given by the following
formula (see Grynkiewicz et al., 1985):

[Ca**] = Ki{(R ~ Ryyin) / (Rimax = R)},

where R, is the ratio at two wavelengths at zero ion
concentration, R, is the ratio at ‘infinite’ ion concen-
tration, R is the ratio of the measurements, and K; is
constant unifying instrumental parameters together
with the Kp, of the chromophore for calcium. The major
advantage of ratiometric probes is the fact that they are
insensitive to the intensity of the emitted light, which
changes from the centre to the periphery of most of the
cells. This is because of differences in thickness at the
centre and towards the edges, so there are more chro-
mophores in the centre than at the edges.

INDQO’s emission properties at 405nm and 480nm
change upon binding to Ca*" (\ex. = 350nm). The two
emission intensities can easily be measured by using a
beam splitter, two interference filters and two photomul-
tipliers; it is fairly difficult to envisage the use of two
intensified cameras to form an image unless one uses a
specifically split CCD array. Therefore INDO has been
applied in processes that require either rapid determina-
tion of the free calcium concentration (i.e. cell sorting), or
where the kinetics of the free calcium change are fast.

Fura-2, upon binding to calcium, undergoes a change
in its absorption spectrum and therefore in its excitation
spectrum; namely the emission intensity (collected at
Xem = 510nm and higher) increases at Ao, = 340nm and
decreases at Ao, = 380nm (Figure A5.6). A typical prop-
erty of all the indicators that undergo either an excitation
or emission shift is the presence of an ‘isosbestic point’,
namely the presence of a “unique point’ in the spectrum
when the parameter concentration is changed (Ca*" in
the case of Fura-2). The isosbestic point is only present
when two species are in equilibrium (in our case calcium-
bound and free forms of Fura-2 or of INDO). The

Isosbestic point

250 300 350 400 450

FIGURE A5.6 Excitation spectral changes of Fura-2 as a func-
tion of Ca”* concentration.

Each curve represents the intensity of fluorescence emitted by Fura-2
(at X = 510 nm) as a function of the wavelength of excitation (from
250 to 450nm) and for a given Ca** concentration (from 0 to 43.5 m).
Knowing that Fura-2 + Ca?* = Fura-2-Ca, the curve obtained in the
presence of the maximal Ca?* concentration (43.5 M) represents the
excitation spectrum of the bound form of Fura (Fura-2-Ca). In con-
trast, the curve obtained for the minimal CA?* concentration (0 jm)
represents the excitation spectrum of the free form of Fura (Fura-2).
It appears clearly that measured at X\ =340/350nm and at
X = 380nm, the intensity of fluorescence emitted by Fura-2 varies
with the ratio free/bound forms of Fura; i.e., with Ca?* concentration.

absence of this point can be taken as an indicator for the
contamination by an other ion. This point appears at
360nm for Fura-2 (Figure A5.6). As Fura-2 undergoes a
change in its absorption properties, alternating the exci-
tation filters at the two chosen wavelengths, mostly at
340 and 380nm, and collecting the emission above
510nm with an intensified camera, one can construct
the free calcium image, or the time series of the changing
free Ca" concentration in a living cell, by calculating the
free Ca®* concentration at each pixel (picture element).
One is not limited to these two wavelengths; it might
even be advantageous to take the images at longer wave-
lengths than 340 nm as most of the optical path of old flu-
orescence microscopes is opaque to this wavelength.
With the advent of confocal microscopy, an indicator
with absorption properties in the visible part of the
spectrum was needed (confocal microscopes use laser
scanning, and ultraviolet lasers have been recently
developed but are still too expensive). FLUO-3, Calcium
Green and Oregon Green were developed to respond to
this need. The main disadvantage of these probes is that
their quantum efficiency changes at one wavelength
only (~530nm, when excited at the 488nm line of the
argon laser) upon binding to Ca®>" ions. It is therefore
not possible to measure absolute values of Ca*" concen-
trations directly; nevertheless, if the resting level of the
free Ca?" concentration in the cell is known, the values
obtained before stimulation can be used to calculate the
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approximate value of the free Ca®* concentration under
stimulation.

Experience shows that fluorescence intensity
always seems too low, and it is tempting to increase the
concentration of the reporter molecule inside the cell to
overcome this problem. In the case of Ca?>" measure-
ments this will have the adverse effect of buffering free
Ca" ions and to prevent its rise (BAPTA-like back-
bone). Itis necessary to find a compromise between the
signal-to-noise level and the buffering of the ion in
general, the best approach being the use of the least
amount of indicator required for the job.

Indicators for Mg?* and other divalents

Mag-Fura and Magnesium Green are Mg*" indica-
tors. They are designed around the same EGTA chelator
structure as for Ca*" indicators. Mg?" indicators are
designed to respond maximally to the Mg?* concentra-
tions commonly found in cells — typically 0.1-6 mM.
They also bind Ca?* with a low affinity. Typical physio-
logical Ca®* concentrations (10nM-1M) do not usu-
ally interfere with Mg?* measurements. Although Ca**
binding to Mg?* indicators can be a complicating factor
in Mg?* measurements, this property can also be explo-
ited for measuring high Ca?* concentrations (1-100 pM)
such as those seen in the mitochondria. Mag-Fura and
Magnesium Green do have similar spectral properties
as their calcium counterparts.

Most of the reporter molecules synthesized for Ca**
or Mg?" also interact with other polyvalent ions such
as Tb>*, Cd**, Hg?*, Ni*" and Ba®*, and in some cases
with better quantum yields. This annoying property
can be turned into advantage, when one wants to
measure changes in the concentrations of those ions.

Indicators for Na™ and K*

SBFI and PBFI are designed around a crown ether
chelator to which benzofuranyl chromophores are
linked, conferring to those molecules the same spectro-
scopic properties as Fura. Hence the same filter sets can
be used as for Fura. The cavity size of the crown ether is
the factor which determines the specificity of the mole-
cule for Na™ or K*. The specificities of both SBFI and
PBFI for their respective ions is much smaller than that
of Fura for Ca?*, and the Kp changes as a function of the
concentration of the other ion, the ionic strength, pH
and temperature.

Sodium Green is designed around a crown ether
chelator to which two dichlorofluorescein chro-
mophores are linked, resulting in similar spectroscopic
properties as Calcium Green (i.e. excited at 488 nm). The
cavity size of the crown ether results in a greater selec-
tivity for Na* over K* compared with SBFI - 41 versus

18 times, respectively. The spectral properties, however,
result in emission changes at one wavelength only, so
ratiometric measurements with this reporter molecule
are not possible.

All of the cation reporter molecules suffer Ky changes
as a result of intracellular interactions as mentioned
above, so they need to be calibrated in situ using pore-
forming antibiotics like gramicidin and loading the cells
with known ionic conditions. Another point which must
be borne in mind is the fact that protein dye interactions
might dampen or completely eliminate the signals.

Indicators for Cl™

All of the chloride indicators are based on
methoxyquinolinium derivatives and report the chlo-
ride by the diffusion-limited collisional quenching of
the chromophore in the excited state interacting with
the halide ion. The quenching is not accompanied by
spectral shifts, so ratiometric measurements are not pos-
sible. As the quenching depends on collisional encoun-
ters of the halide ion, it is very sensitive to intracellular
viscosity and temperature. The quenching efficiency is
greater for the other halides such as Br~ and I".

Voltage-sensitive dyes

Voltage-sensitive dyes enable us to measure mem-
brane potential in cells or organelles that are too small for
microelectrode impalement. Moreover, these probes can
map variations of membrane potential with spatial reso-
lution and sampling frequency that are difficult to
achieve using microelectrodes, such as cells micro-
domains or full network studies. Potentiometric probes
include many chemical structures (styryl, carbocyanines
and rhodamines, oxonols derived ... as examples), the
existence of numerous dyes analogs reflects the observa-
tion that no single dye provides the optimal response
under all experimental conditions. Selecting the best
voltage-sensitive probe might be empirical and the
choice of the class of dye is determined by different fac-
tors such as accumulation in cells, response mechanisms,
toxicity or kinetics of the electrical events observed.
Voltage-sensitive dyes are divided into two categories
concerning this last parameter: (i) fast-response probes
that are sufficiently fast to detect transient (millisecond)
potential changes in excitable cells. However, the magni-
tude of their potential-dependent fluorescence change is
often small; they typically show a 2-10% fluorescence
change per 100mV; (ii) slow-response probes; the mag-
nitude of their optical responses is much larger than that
of fast-response probes (typically a 1% fluorescence
change per mV). Slow-response probes are suitable for
detecting changes in average membrane potentials of
non-excitable cells caused by respiratory activity, ion-
channel permeability, drug binding and other factors.
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APPENDIX 5.2 TAIL CURRENTS

Tail currents are observed in voltage or patch clamp
experiments. ‘Tail’ means that the voltage-gated cur-
rent is observed at the end of a depolarizing voltage
step, upon sudden removal of the depolarization of the
membrane. Tail currents do not exist in physiological
conditions; they are ‘experimental artifacts’. However,
there are several reasons for studying tail currents:
they are tools for determining characteristics of cur-
rents such as reversal potential and inactivation rate
constants. Tail currents were first described by
Hodgkin and Huxley (1952) in the squid giant axon.

Single-channel tail current

In patch clamp recordings of the activity of a single
voltage-gated channel, a unitary current of much larger
amplitude is occasionally observed at the end of the
voltage step (Figure A5.7). It corresponds to the current
flowing through a channel that is not yet closed at the
end of the depolarizing step. Therefore tail currents are
recorded for voltage-gated channels that do not rapidly
close or inactivate during a depolarizing step, such as
delayed rectifier K* or L-type Ca*" channels.

The activity of an L-type Ca®* channel is recorded in
patch clamp (cell-attached patch) in the presence of the
selective agonist Bay K 8644. On stepping back the
membrane to the holding potential, the L-type Ca®*
channel opened by the preceding depolarization does

|

Single-channel
tail current

FIGURE A5.7 Activity of an L-type Ca** channel.

Recorded in patch clamp (cell-attached patch) in the presence of
110mM external Ba?". In response to a depolarizing step in the pres-
ence of 5pM Bay K 8644, a single-channel current of larger amplitude is
recorded upon repolarization. It is a single-channel Ca?" tail current.

not immediately close since the transition O = C is not
immediate. The inward unitary Ca®" current recorded
at this moment is larger (Figure A5.7) because of the
larger driving force upon removal of depolarization
than during the depolarizing step: during the depolar-
izing step to 0mV, ic, = ~Nca (Vin — Eca) = Vca (0-50) =
—50c,, upon removal of depolarization ic, = ~c,
(Vin— ECa) = '\{Ca(_60 -50) = —110~ca

Then, after a few milliseconds, owing to closing of
the channel, the tail current returns to zero (the voltage-
gated channel closes in response to the repolarization
of the membrane).

Whole-cell tail current

In voltage or whole-cell patch clamp recordings (in
the presence of Na* and K* channel blockers), a volt-
age step to 0mV from a holding potential of —40mV
activates a number N of L-type Ca?* current is
recorded. At the end of the voltage step a Ca*" current
of larger amplitude and small duration is always
recorded: the tail Ca?* current (Figure A5.8). Then the
amplitude of this tail current progressively diminishes.
The peak of the whole-cell tail current has a larger

Control
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L 60

-90 —

FIGURE A5.8 Activity of a dorsal root ganglion neuron.
Recorder in single-electrode voltage clamp in the presence of Na™
and K* channel blockets and 2mM external Ba*". A depolarization
to —10mV followed by a repolarization to —60mV is applied to the
membrane from a holding potential Vi; = —90mV. The depolarizing
step evokes an inward Ba** current followed by an inward Ba*" tail
current (control, open circle). The presence of 1 ym Bay K 8644
increases the amplitude of the Ba?" current during the step. It also
prolongs the Ba®* tail current (black circle). Adapted from Carbone
E, Formenti A, Pollo A (1990) Multiple actions of Bay K 8644 on
high-threshold Ca channels in adult rat sensory neurons. Neurosci.
Lett. 111, 315-320, with permission.
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FIGURE A5.9 Activity of a chick dorsal root ganglion cell.
Recorded in single-electrode voltage clamp, in the presence of 1 ym
TTX and 10mM CO?* to block, respectively, Ca>* and Na* channels.
Depolarizations to +10mV from a holding potential of —50mV
followed by successive repolarizations to —50, —60, —70, —80 and
—90mV are applied (V traces). Bottom I traces show the K* tail currents
at the corresponding membrane potentials (the outward K* current
during the step is not shown). The reversal potential of the K™ tail cur-
rent is —70mV. It indicates the value of Ex in these cells. To separate
the ionic tail current from the capacitive current, the latter was sub-
tracted from the total current by digital summation of the currents
elicited with identical depolarizing and hyperpolarizing test pulses.
Adapted from Dunlap K, Fischbach GD (1981) Neurotransmitters
decrease the calcium conductance activated by depolarization of
embryonic chick sensory neurones. J. Phsiol. 317, 519-535, with
permission.

amplitude than that of the whole-cell current recorded
during the voltage step since the driving force for Ca**
ions is larger upon removal of depolarization than dur-
ing the depolarization, as explained above.

The tail current diminishes progressively owing to
the progressive closure of the N open Ca?* channels:
the channels do not all close at the same time once the
membrane is repolarized. The whole-cell tail current of
Figure A5.8 represents the summation of hundreds to
thousands of recordings of single-channel tail currents.

In Figures A5.7 and A5.8, the tail currents are inward.
The direction of a tail current (as for any type of current)
depends on the sign of the driving force; i.e. the value of
membrane potential upon repolarization (V) and that
of the reversal potential of the current (E.,) which
depends on the ions flowing through the open channels.
By varying the voltage at the end of the depolarizing
step the tail current varies in amplitude and direction
(inward to outward or the reverse) and it is possible to
determine the reversal potential of the tail current under
study: when Vi = E,., the tail current is equal to zero
(Figure A5.9). This values of E,, is the same for the tail

current and the current recorded during the voltage step
since it concerns the same channels.

The voltage protocol of Figure A5.9 allows the deter-
mination of E., and consequently identification of the
type of ions that carry the current E ., can also be deter-
mined directly by changing the voltage-step value.
However, for K* channels for example, E., is near
—100mV, a membrane potential where the open proba-
bility of voltage-gated channels is very low. By using tail
currents, this problem is overcome.
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CHAPTER

The chemical synapses

In 1888, Ramon y Cajal suggested that the contacts
between the axon terminals of a neuron and the den-
drites or the perikaryon of another neuron are the points
at which information flows from one neuron to the
other: ‘Les articulations ou contacts utiles et efficaces
entre neurones ne s’effectuent qu’entre cylindre-axiles,
collatérales ou terminales d"un neurone et les prolonge-
ments ou le corps cellulaire d’un autre neurone.” The
term synapse was introduced by Sherrington (1897) to
describe these zones of contact between neurons, spe-
cialized in the transmission of information.

In fact, the term ‘synapse’ is not used exclusively to
describe connections between neurons (interneuronal
connections) but also those between neurons and
effector cells such as muscular and glandular cells
(neuroeffector synapses) and those between receptive
cells and neurons (Figure 6.1). These contacts are the
points where the information is transmitted from one
cell to the other: synaptic transmission.

According to morphological and functional criteria,
there are various types of synapses, including chemi-
cal, electrical and mixed types.

Chemical synapses

These are characterized morphologically by the
existence of a space between the plasma membranes of
the connected cells. These spaces are called synaptic
clefts. In this case, a molecule — the neurotransmitter —
conveys information between the presynaptic cell
and the postsynaptic cell. Chemical synapses will be
described in this chapter (Figure 6.2a). Some of the
chemical synapses have particular characteristics:

® Reciprocal synapses are formed by the juxtaposition
of two chemical synapses oriented in the reverse
direction to each other (Figure 6.2d).

® Glomeruli are formed by a group of chemical
synapses. In some cases a group of dendrites form

chemical synapses with the axon they surround
(Figure 6.2e). In other cases, numerous axon termin-
als form synapses with the dendrite they surround.

Axon
Interneuronal

Axon
Myelin sheath

Neuromuscular
junction Interneuronal
Muscle Recurrent  synapse

cell axon collateral
— Direction of the nerve impulse

(b) .
Cilia <

Ciliary auditive
cell (sensory
receptor)

Synapse between
a sensory receptor
and a neuron

/

A
Xxon 4
=
Cell body

FIGURE 6.1 Types of cells connected by chemical synapses.

(a) Interneuronal synapses and neuromuscular junction. Example of
synapses between a motoneuron (Golgi type I neuron that inner-
vates striated muscle fibres) and a Renshaw cell (a Golgi type Il neu-
ron in the spinal cord) and between a motoneuron and a striated
muscle cell. (b) Synapse between a sensory receptor and a neuron.
Example of synapses between an auditory receptive cell (ciliary cell
in the cochlea) and a primary sensory neuron whose cell body is
located in the spiral ganglion. This neuron is free of dendrites and
has a T-shaped axon that drives sensory information from the
periphery to the central nervous system. Drawing (a) from Eckert R,
Randall D, Augustine G (1988) Animal Physiology, New York: W. A.
Freeman, with permission.
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Chemical synapse

(b) (d)

Dendrite

o@ Dendrite
@y
Reciprocal synapse
dendro-dendrite

Electrical synapse

MF mossy fibre
GO golgi cell
GR granule cell

FIGURE 6.2 Types of synapses.

Axons (GO)

Dendrite (GR)

Dendrite (GO)

Axon (MF)

Axon Dendrite (GR)

Glomerulus
(ex. cerebellar cortex)

Direction of the synaptic transmission (a,b,c,d) or
direction of the postsynaptic potential propagation (e)

See text for explanations. ME, mossy fibre; GO, Golgi cell; GR, granule cell. Parts (a)-(d) from Bodian D (1972)
Neuronal junctions: a revolutionary decade. Anat. Rec., 174, 73-82, with permission. Drawing (e) from Steiger
U (1967) Uber den Feinbau des Neuropils im Corpus pedunculatum des Waldaneise. Z. Zelforsch. 81, 511-536,

with permission.

e Electrical synapses or gap junctions are characterized
by the apposition of the plasma membranes of the
connected cells. In this case the ions flow directly from
one cell to the other without the use of a chemical
transmitter. Gap junctions also allow the exchange
of small-diameter intracellular molecules such as
second messengers and metabolites (Figure 6.2b).
These synapses are common between glial cells in
the mammalian central nervous system.

® Mixed synapses are formed by the juxtaposition of a
chemical synapse and a gap junction (Figure 6.2c).
In mammals, between neurons, these synapses are
more common than the electrical synapses.

6.1 THE SYNAPTIC COMPLEX’S THREE
COMPONENTS: PRESYNAPTIC
ELEMENT, SYNAPTIC CLEFT AND
POSTSYNAPTIC ELEMENT

This section takes as an example the interneuronal
chemical synapses. Under an electron microscope, a
section of brain tissue taken from a region of the central
nervous system rich in cell bodies and dendrites (grey
matter) reveals many synaptic contacts at the surface of
a dendritic shaft or of a dendritic spine (Figure 6.3,
arrows). One of these synaptic contacts represents a
synaptic complex (Figure 6.4a). The synaptic complex

FIGURE 6.3 Axo-spinous synapses.

One of which (centre) is a ‘perforated’ synapse. Microphotography
of a section of the hippocampus (molecular layer of the fascia den-
tata) observed under the electron microscope. Two synaptic boutons
(Ax Term.) filled with synaptic vesicles and forming one or two asym-
metric synaptic contacts (arrows) with dendritic spines (S) of pyrami-
dal neurons can be visualized. M: mitochondries, Bar: 1 micrometre
(Microphotography Alfonso Represa).

includes three components: the presynaptic element,
the synaptic cleft and the postsynaptic element. The
synaptic complex is the non-reducible basic unit of each
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(a) Voltage-sensitive

t Postsynaptic element
Ca“* channels

(dendrite)

|

Receptor channel
closed

(6)
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(axon terminal)

Receptor channels
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containing the
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Coated vesicle
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(a) Schematic of the synaptic transmission (AP, action potential; see text for explanation). (b) Electron pho-
tomicrographs of transverse sections at the level of synaptic complexes. Left: A figure of exocytosis (long
arrow) between two dense presynaptic projections. A coated vesicle (crossed arrow) characteristic of the recy-
cling of the membrane is also seen (inhibitory synapse afferent to the Mauthner cell in the fish). Right:
Postsynaptic localization of the glycine receptors, visualized with gold particles associated to a specific mono-
clonal antibody (single arrow). These are lined up at distance from the membrane; this space originates mainly
from the aggregation of the antibodies used to label indirectly the receptors (inhibitory synapse afferent to a
motoneuron in the spinal cord of the rat). Part (b, left) from Triller A and Korn H (1985) Activity-dependent
deformations of presynaptic grids at central synapses. . Neurocytol. 14, 177-192, with permission. Part (b,
right) from Triller A, Cluzeaud F, Pfeiffer F, Korn H (1986) Distribution and transmembrane organization of
glycine receptor at central synapses: an immunocytochemical touch. In Levi-Montalcini R et al. (eds) Molecular
Aspects of Neurobiology, Berlin: Springer Verlag, with permission.
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chemical synapse since it includes the minimal require-
ment for efficient chemical synaptic transmission.

6.1.1 The pre- and postsynaptic elements are
morphologically and functionally
specialized

The presynaptic element is characterized by the pres-
ence of numerous mitochondria and synaptic vesicles

which store the neurotransmitter (Figures 6.3 and 6.4).
Two types of synaptic vesicles are described: the clear
vesicles (40-50nm in diameter) and the dense-core ves-
icles or dense granules, which have an electron-dense
core (40-60nm in diameter). Occasionally, under the
presynaptic membrane can be seen an electron-dense
zone with a geometry more or less distinguishable, the
presynaptic grid (see Figure 6.10). It corresponds to a
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particular organization of the cytoskeleton which is
related to the exocytotic machinery.

The postsynaptic element in the interneuronal synap-
ses is characterized by a submembranous electron-dense
zone, which most probably corresponds to the region
where the postsynaptic receptors are anchored. In cases
where the postsynaptic element is non-neuronal, we shall
see that various other postsynaptic specializations exist.

The synaptic complex displays a particular asym-
metric structure, the synaptic vesicles being present
only in the presynaptic element. This structural asym-
metry suggests a functional asymmetry.

6.1.2 General functional model of the
synaptic complex

A general functional model of chemical synaptic trans-
mission is as follows. The newly synthesized neuro-
transmitter molecules are stored in the synaptic vesicles
present in the presynaptic element. In a non-depolarized
presynaptic element, the voltage-sensitive Ca®* channels
are closed and Ca?* ions cannot enter the intracellular
space. The exocytosis of synaptic vesicles is normally
triggered by an increase of the intracellular Ca®* con-
centration. Then, while the presynaptic membrane is at
rest (i.e. as long as it is not depolarized by the arrival of
an action potential), the probability of exocytosis of a
synaptic vesicle and the release of its content into the
synaptic cleft is very low: the neurotransmitter mole-
cules are not released in significant quantities into the
synaptic cleft. There is no synaptic transmission.

Now, when Na*-dependent action potentials (AP)
propagate to axon terminals, they induce a depolariza-
tion of the presynaptic membrane (Figure 6.4a, 1). This
results in opening of the voltage-sensitive Ca?* chan-
nels present in the presynaptic membrane (2). Ca?*
entry through the opened channels evokes an increase
of the intracellular Ca®* concentration ([Ca®"],) a factor
required for triggering exocytosis of synaptic vesicles.

Thus, the probability of exocytosis of synaptic ves-
icles is strongly increased. This results in fusion of a
docked vesicle(s) with the presynaptic plasma mem-
brane (3) and release of the neurotransmitter mol-
ecules in the synaptic cleft (extracellular medium; 4).
Once released into the synaptic cleft, neurotransmitter
molecules bind to an ensemble of receptors: postsy-
naptic receptors (5a; receptor-channels and G-protein
coupled receptors), presynaptic receptors (G-protein
coupled receptors, 5b neurotransmitter transporters),
glial receptors (5c; neurotransmitter transporters), and
in some synapses enzymes (5d) that degrade the neuro-
transmitter molecules present in the synaptic cleft.

All these receptors are proteins that bear specific
receptor sites to the neurotransmitter. By binding to

postsynaptic receptor-channels (5a) or to postsynaptic
receptors coupled to G-proteins, the neurotransmitter
will induce the movement of ions through postsynaptic
channels (6) and a postsynaptic current. At that stage, the
synaptic transmission is completed. By binding to trans-
porters present in the neuronal and glial membranes or
in the cleft, the neurotransmitter is rapidly eliminated
from the synaptic cleft. In the presynaptic element, the
neurotransmitter is taken back into vesicles or degraded.
The membrane is recycled by an endocytotic process
(5e). All the events here called (5) are simultaneous.

To refill the synaptic vesicles, the neurotransmitter
has also to be synthesized de novo. Neurotransmitters
are generally synthesized in axon terminals from a pre-
cursor present in the axon terminals or taken up from
blood. The enzymes necessary for its synthesis are syn-
thesized in the soma and carried via the anterograde
axonal transport to the axon terminals (see Section 1.3.2).
However, neurotransmitter peptides are synthesized as
an inactive precursor form in the neuronal soma, and are
carried to the axonal terminals via anterograde axonal
transport (see Figure A6.1).

This general scheme is of course oversimplified. For
example, the presynaptic element can contain more
than a single neurotransmitter; the intracellular con-
centration of Ca?" ions can be increased also by the
release of such ions from intracellular stores; and the
role of presynaptic receptors has been ignored, for
which there is evidence in the majority of synapses.

As we have seen, the presynaptic element contains the
machinery for the synthesis, storage, release and inacti-
vation of neurotransmitter(s). The presynaptic active
zone is the complex formed by the synaptic vesicles
and the region of the presynaptic membrane where
exocytosis occurs (Figure 6.4b). Various methods can
be used to characterize the neurotransmitter(s) present in
a presynaptic element: immunohistochemical methods
that identify the synthesis enzyme of the neurotrans-
mitter in various parts of the neuron, and the in situ
hybridization technique that identifies the mRNA
coding for the synthesis enzyme of the neurotrans-
mitter (see Appendix 6.2). However, identification of a
substance as a neurotransmitter requires experimental
proof of a number of other criteria (see Appendix 6.1).
If these criteria have not been satisfied, the substance is
called a putative neurotransmitter.

The postsynaptic element is specialized to receive
information. Its plasma membrane contains proteins
that are receptors for the neurotransmitter: receptor
channels (Figure 6.4c) and G-protein linked receptors.
Various methods can be used to characterize the recep-
tors present in the postsynaptic membrane: radioauto-
graphic techniques with monoclonal antibodies, or
more rarely anti-idiotype antibodies.
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In most cases synaptic transmission is unidirectional
(or polarized): it propagates only from the presynaptic
element, which contains the neurotransmitter, to the
postsynaptic element at the surface of which are recep-
tors for the neurotransmitter (Figure 6.4a). In the case
of dendro-dendritic synapses (olfactory bulb of the rat),
we recognize two juxtaposed synaptic complexes that
work in opposite polarities; these are the reciprocal
synapses (Figure 6.2d). However, it is worth noting
that, here also, the synaptic transmission is polarized in
each of the synaptic complexes.

6.1.3 Complementarity between the
neurotransmitter stored and released by
the presynaptic element and the nature of
receptors in the postsynaptic membrane

In all synapses, receptors present in the postsynaptic
membrane are those that specifically recognize the
neurotransmitter released from the corresponding presy-
naptic element. For example, in glutamatergic synapses,
glutamate receptors are found highly concentrated in
the membrane of the corresponding postsynaptic elem-
ent. Efficient synaptic transmission requires, in fact,
specific localization of receptors on the postsynaptic
membrane apposed to the transmitter release site. This
is the case even in synapses where the pre- and postsy-
naptic cells have different embryonic origin (as in a
nerve-muscle junction, for example). This pre—post
complementarity requires, at least, the following steps
to be completed: targeting, anchoring and clustering of
postsynaptic receptors.

Targeting of receptors to a specific postsynaptic
membrane

How do neurons target specific proteins to special-
ized neuronal subdomains? We shall take the example
of metabotropic glutamate receptors (G-protein linked
receptors of glutamate). They are a homologous family
of differentially targeted receptors. Among mGluRs (see
Chapter 12), mGluR1a and mGluR?2 are targeted to den-
drites and excluded from axons, whereas mGIuR?7 is tar-
geted to dendrites and axons. In order to study the
peptide sequence that could be responsible for this dif-
ferential targeting, native or chimeric mGIuRs are
expressed, one at a time, in cultured hippocampal
neurons, from viral vectors. The distribution of these
expressed mGluRs is then checked by labelling mGIluR
with a specific antibody coupled to a fluorescent marker
(Texas Red) and by labelling axon with a tau antibody
(green) or dendrites with a MAP2 antibody (green).

First, the distribution of expressed mGluRs is
checked. The selective distribution of endogenous

mGluRs is reproduced for expressed mGluRs: axon
exclusion of mGluR1a and mGIuR2 and axon targeting
for mGluR7 (all three are also targeted to dendrites).
What mediates the axon exclusion of mGluRla and
mGluR2? The working hypothesis is that, since the
C-terminal cytoplasmic domain of these receptors is
the most divergent region of the primary sequence of
mGluRs, it is involved in targeting. To answer this
question, the distribution of chimeric mGluRs, such as
mGluR2tail7 and mGluR7tail2 constructs, is studied
(Figure 6.5a). To be sure that tails are intact in the con-
structs, antibodies against tail2 or tail7 are tested. As
they still recognize the tails, the C-terminal epitope of
chimeric mGluR forms correctly from the transfected
chimeric cDNA.

(@) myc myc

FIGURE 6.5 Differential targeting of mGluR chimera.

(a) Schematics of mGluR chimera (mGluR2tail7 and mGluR7tail2)
primary structures with mGluR2 structure shown in black and
mGluR? structure shown in green. The myc ten aminoacid epitope
tag (arrow) is inserted in the N-terminal extracellular domains, three
amino acids past the signal sequence. (b) Left: Expressed myc-
mGluR2tail7 recognized by surface labelling with the myc antibody
(1) and labelling after permeabilization with an antibody against the
C-terminus of mGluR?7 (2). Both epitopes give the same distribution
pattern, with labelling the full extent of the transfected neuron on
the right and the axon of the transfected neuron in contact with a
non-transfected neuron on the left. Right: expressed myc mGluR7tail2
was recognized by surface labelling with the myc antibody (3) and
labelling after permeabilization with an antibody against the
C-terminus of mGluR2 (4). Again, both epitopes give the same dis-
tribution pattern, with labelling of the somatodendritic domain of
the transfected neuron on the right. Scale bar, 50mm. From Nash
Stowell J and Craig AM (1999) Axon/dendrite targeting of meta-
botropic glutamate receptors by their cytoplasmic carboxy-terminal
domains. Neuron 22, 525-536, with permission.
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Analysis of these chimeric constructs reveals that the
C-terminal cytoplasmic domain of mGluRs contains the
axon/dendrite targeting information. The mGluR2tail7—-
containing the backbone of mGluR2 up to and including
the seventh transmembrane domain followed by the C-
terminal 65-amino-acid domain of mGluR?7 - is targeted
to axons (Figure 6.5b, left column). The reciprocal
chimera mGluR7tail2 is present in dendrites but
excluded from axons (Figure 6.5b, right column). To
more narrowly define the targeting signal only the 30-
amino-acid distal part of the C-terminal domain
between mGluR2 and mGluR? is swapped. These con-
structs are not as efficiently targeted as the first ones,
showing that axon exclusion of mGluR7 versus mGIluR2
is dependent on the 65-amino-acid C-terminal sequences
primarily and not exclusively on the more distal amino
acids. The mGluR2 C-terminus is required for axon
exclusion and the mGluR7 C-terminus is required for
axon targeting of the native proteins. These are ‘axon
exclusion” and “axon targeting’ signals. The mGluR tar-
geting signals may function at any stage in targeting:
sorting into specific vesicles from the trans-Golgi net-
work, transport by association with specific motors,
selection of plasma membrane addition sites, etc. When
mGluR1a and mGIuR2 are not detected at the surface of
the axon, they are also not detected in the axoplasm.
Therefore, the mGluR targeting signals such as ‘axon
exclusion” may act at an early stage, such as sorting out
into vesicles directly targeted to dendrites.

Anchoring and clustering of receptors in the
postsynaptic membrane

A single neuron may receive input from thousands of
synaptic connections on its cell body and dendrites. To
integrate these signals rapidly and specifically, the
neuron anchors a high concentration of receptors at post-
synaptic sites, matching the correct receptor with the
neurotransmitter released from the presynaptic terminal.
The mechanism of site-specific receptor clustering has
been most thoroughly investigated at the neuromuscu-
lar junction (a cholinergic synapse; see Section 6.3).
Rapsyn is believed to be one of the molecules respon-
sible for nicotinic cholinergic receptors (nAChR) cluster-
ing. For glycine receptors (GlyR), postsynaptic clustering
is dependent on gephyrin, a 93kD channel associated
protein, that is totally unrelated to rapsyn. We shall take
here the example of the identification of anchor proteins
for an ionotropic glutamatergic receptor, the NMDA (N-
methyl-D-aspartate) receptor (see Chapter 10).

NMDARs are composed of NR1 and NR2 subunits,
which cotranslationally assemble in the endoplasmic
reticulum to form functional channels. A conspicuous fea-
ture of the NR2 subunits is their extended, intracellular
C-terminal sequence distal to the last transmembrane

region. The working hypothesis is that this region
participates in anchoring. In an attempt to identify mol-
ecules that can mediate the association between NMDA
receptors and cytoskeleton, the yeast two-hybrid system
is used to search for such gene products that bind to the
intracellular C-terminal tails of NR2 subunits at synapses.

The NR2 subunits are found to interact specifically
with a family of membrane-associated synaptic proteins.
In mammals, this family includes PSD-95, PSD-93 and
PSD-95-synapse-associated-proteins (SAP), a subfamily
of membrane-associated guanylate kinase (MAGUK).
In their N-terminal half, this family of proteins is charac-
terized by the presence of three domains with a length of
approximately 90 amino acids, termed PDZ domains;
they are therefore called PDZ-containing proteins (P for
PSD-95, D for dlg and Z for ZO-1, the first proteins to be
identified with these domains) (Figure 6.6a). PDZ repeats
are protein-binding sites that recognize a short consensus
peptide sequence of NR2 subunits (Figure 6.6b). PDZ
domains also bind to intracellular proteins (Figure 6.6b).
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FIGURE 6.6 PDZ-containing proteins and anchoring of gluta-
mate receptors.

(a) Schematic diagram of PDZ proteins. PDZ domains are often found
in scaffold proteins as multiple tandem arrays and/or linked to other
kinds of modular protein-interaction domain. PDZ domains are
shown as purple ellipses. GK, guanylate-kinase-like domain; SH3, Src
homology 3 domain. (b) Schematic of possible interactions in the post-
synaptic element between the NMDA receptor (NMDAR) and anchor
proteins: PSD-95, GKAP guanylate kinase-associated protein, Shank
SH3 and ankyrin repeat-containing protein. The metabotropic gluta-
mate receptor (mGluR) is anchored via Homer. From Kim E and
Sheng M (2004) PDZ domain proteins of synapses. Nature Rev.
Neurosci. 5,771-781.
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Synaptic NMDARs are thus concentrated in postsynaptic
densities (PSDs), where they are structurally organized
(and spatially restricted) in a large macromolecular sig-
nalling complex composed of kinases, phosphatases, and
adaptor and scaffolding proteins. Scaffolding proteins
serve to structurally organize and localize proteins to the
PSD and physically link receptors such as NMDARs in
close proximity to protein kinases, phosphatases, and
other downstream signalling proteins.

6.2 THE INTERNEURONAL SYNAPSES

6.2.1 In the CNS the most common synapses
are those where an axon terminal is the
presynaptic element

As described in Section 1.1.2, the axon terminals are
either terminal boutons (Figure 6.3a), which are terminals

Axo-somatic
Axon
terminal

(a)

Axon
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of axonal branches, or boutons en passant (Figure 6.3b),
which appear as swellings located along the non-
myelinated axons and at the nodes of Ranvier along
myelinated axons. These two types of axon terminals
form synaptic contacts with various neuronal postsy-
naptic elements: a dendrite (axo-dendritic synapse), a
soma (axo-somatic synapse) or an axon (axo-axonic
synapse) (Figure 6.7). More rarely, there are synapses in
which the presynaptic element is a dendrite (dendro-
dendritic synapse; see Figure 6.2d) or a soma (soma-
somatic or soma-dendritic synapses).

6.2.2 At low magnification, the axo-dendritic
synaptic contacts display features
implying various functions

We will consider as an example the cerebellar cortex,
a layered structure in which the cells and their affer-
ents are well characterized. The Purkinje cells are the

(b)
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FIGURE 6.7 Types of interneuronal synapses.
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(a) Terminal boutons forming axo-somatic synapses. (b) Top to bottom: Synapses between terminal boutons
and a smooth dendritic branch (axo-dendritic synapse) and two examples of indented synapses between ter-
minal boutons and a dendritic spine (axo-spinous synapses). (¢) Synapse between an axon terminal and a ter-

minal axon collateral (axo-axonic synapse). The

‘postsynaptic’ axon terminal is itself ‘presynaptic’ to a

dendrite. From Hamlyn LH (1972) The fine structure of the mossy fiber endings in the hippocampus of the

rabbit. |. Anat. 96, 112-120, with permission.



118

(a)

6. THE CHEMICAL SYNAPSES

(b)

FIGURE 6.8 Synaptic connections in the cerebellar cortex.

(a) Diagram of cells in a folium of the cerebellum. The layers are depicted: from the surface (pia-mater) to the
depth, the molecular layer (mol), the layer of Purkinje cells, the granular layer (gr) and the white matter (wm).
By comparing the drawings of the Purkinje cells in the sagittal plane with those in the transverse plane, notice
that the dendritic tree of the Purkinje cells is planar. A climbing fibre which arborizes along the dendrites of one
of the Purkinje cells is shown. It synapses directly with one Purkinje cell. Mossy fibres synapse with many gran-
ule cells. The axons of the granule cells enter the molecular layer and bifurcate in a T to form the parallel fibres
running lengthwise in the folium. Granule cell axons synapse with Purkinje cells and basket cells. (b) Schematic
representation of the principal synaptic connections within the cerebellar cortex. Inhibitory GABAergic
Purkinje cells are in green; inhibitory GABAergic interneurons are in black; excitatory neurons are stippled.
Drawing (a) from Gardner E (1975) Fundamentals of Neurology, Philadelphia: W. B. Saunders. Drawing (b) from
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Eccles JC (1973) J. Physiol. (Lond.) 299, 1-3, with permission.

single ‘output’ cells of the cerebellar cortex (Golgi type I
neurons, Figure 6.8a) which send their axons to the
deep cerebellar nuclei. They have a cell body with a
large diameter (20-30 pm) from which emerges a single
dendritic trunk that gives rise to numerous spiny den-
dritic branches which arborize in the molecular layer.
The dendritic tree is planar, and the dendritic branches
extend mainly in the transverse plane. The neurotrans-
mitter of Purkinje cells is y-aminobutyric acid (GABA).

Purkinje cells receive two types of excitatory affer-
ents: the climbing fibres (axons of the neurons in the
inferior olivary nucleus) and the parallel fibres (axons of
the granule cells in the cerebellar cortex). The inhibitory
afferents arise mainly from the numerous local circuit
neurons in this structure: the basket cells, the stellate
cells and the Golgi cells (Figure 6.8b).

A single climbing fibre innervates each single
Purkinje cell. The climbing fibre gives rise to numerous
axon collaterals that ‘fit" the shape of the postsynaptic
dendritic tree: the axon collaterals ‘climb’ along the
dendrites (Figures 6.8a and 6.9a,b) forming numerous
synaptic contacts with the soma and the dendrites of
the Purkinje cell. These contacts are axodendritic or
axospinous, the presynaptic element being a terminal
bouton. Such a synaptic organization implies that this

excitatory afferent is very efficient: a single action
potential along the climbing fibre can in fact induce a
response in the Purkinje cell.

The axons of the granule cells form very different
synaptic contacts with the Purkinje cells. The axons enter
the molecular layer where they bifurcate and extend for
2mm in a plane perpendicular to the plane of the den-
dritic tree of the Purkinje cell and form what are called
parallel fibres (Figure 6.8). Parallel fibres form a few ‘en
passant’ synapses (axospinous synapses between axonal
varicosities and distal dendritic spines), with the numer-
ous Purkinje cells (about 50). Therefore, each Purkinje
cell receives synaptic contacts from about 200,000 paral-
lel fibres. The consequence of such a synaptic organiza-
tion is as follows. Activation of a parallel fibre cannot
induce a Purkinje cell response since the activation of
one or a few of these excitatory synapses cannot trigger
postsynaptic action potentials; numerous parallel fibres
converging on to a single Purkinje cell must be activated
to induce a response in this cell.

The basket cells are local circuit neurons (Golgi type
II neurons) which inhibit the activity of Purkinje cells.
The axons of these neurons project to a large number of
Purkinje cells and give rise to numerous axon collaterals
which form ‘baskets” around the soma of Purkinje
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FIGURE 6.9 Varieties of synaptic arrangements at the level of a Purkinje cell.

Representation on a single drawing (a) and in two separated schematic drawings (b and ¢) of the synaptic
arrangements between a climbing fibre and a Purkinje cell (a and b) and between a basket cell and a Purkinje
cell (aand c). Part (a) from Chan-Palay V and Palay S (1974) Cerebellar Cortex: Cytology and Organization, Berlin:
Springer Verlag, with permission. Part (b) from Scheibel ME and Scheibel AB (1958) Electroenceph. Clin.
Neurophysiol. Suppl. 10, 43-50, with permission. Part (c) from Hamori ] and Szentagothai J (1965) The Purkinje
cell baskets: ultrastructure of an inhibitory synapse. Acad. Biol. Hung. 15, 465-479, with permission.

cells. The axonal branches extend further and termin-
ate ‘en pinceau’ around the initial segment of the
Purkinje cells” axon (Figures 6.8 and 6.9a,c). Such an
organization allows inhibition of the Purkinje cells at a
strategic point where the sodium action potentials
arise. This represents an efficient way of counteracting
the excitatory potentials propagating along the den-
dritic branches to the initial axonal segment.

6.2.3 Interneuronal synapses display
ultrastructural characteristics that vary
between two extremes: types 1 and 2

A classification of the synapses on the basis of the
form of their synaptic complex was proposed by Gray

(1959). This author described two types of synaptic
complexes in the cerebral cortex which he named types
1 and 2 (Figure 6.10).

e Type 1 synapses are asymmetrical because they
have a prominent accumulation of electron-dense
material on the postsynaptic side. These synapses
are found more often on dendritic spines or distal
dendritic branches. The presynaptic element con-
tains round vesicles and the synaptic cleft is about
30nm wide.

* Type 2 synapses are symmetrical because they have
electron-dense zones of the same size in both the
pre- and postsynaptic elements. The presynaptic
element contains oval-shaped vesicles and the
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FIGURE 6.10 Schematic representation of type 1 (asymmetric)
and type 2 (symmetric) synapses according to Gray.

synaptic cleft is narrow. These synapses are more
commonly found at the surface of dendritic trunks
and soma.

On the basis of correlations between physiological
and morphological data obtained in the cerebellar cor-
tex, Gray proposed that type 1 synapses are excitatory
whereas type 2 synapses are inhibitory.

In the central nervous system (CNS), types 1 and 2
synapses are the extremes of a morphological con-
tinuum since synaptic complexes may have intermedi-
ate forms and display features that characterize both
types of synapse; e.g. a large synaptic cleft (type 1) and
a narrow postsynaptic density (type 2). In addition, it
has been shown that the form of the synaptic vesicles is
dependent on the fixation technique used.

6.3 THE NEUROMUSCULAR JUNCTION
IS THE GROUP OF SYNAPTIC
CONTACTS BETWEEN THE TERMINAL
ARBORIZATION OF A MOTOR AXON
AND A STRIATED MUSCLE FIBRE

The motoneurons or motor neurons have their cell
body located in motor nuclei of the brainstem or in the
ventral horn of the spinal cord. The axons of these
neurons are myelinated and form the cranial and
spinal nerves that innervate the skeletal striated
muscles (see Section 1.4.1). In general, a single striated
muscle fibre is innervated by one motoneuron but a
single motoneuron can innervate many muscle fibres.
The myelin sheath of each axon is interrupted at the zone
where the axon arborizes at the surface of the muscle
fibre. At this point, the thin non-myelinated axonal
branches possess numerous varicosities which are
located in the depression at the surface of the muscle
fibre: the synaptic gutter. The axon terminals are cov-
ered by the non-myelinating Schwann cells (Figure 6.11;
see also Section 2.3.2).

axon

o g
terminal J"‘
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FIGURE 6.11 The neuromuscular junction.

Photograph of a rat neuromuscular junction observed under the scan-
ning electron microscope. The terminal part of the axon (ax) is
detached from the muscle cell (M) in order to show the synaptic gut-
ter (G); ¢, capillary; N, motor nerve; S, nucleus of a Schwann cell. From
Matsuda Y et al. (1988) Scanning electron microscopic study of dener-
vated and reinnervated neuromuscular junction. Muscle Nerve 11,
1266-1271, with permission.

6.3.1 In the axon terminals, the synaptic
vesicles are concentrated at the level of
the electron-dense bars; they contain
acetylcholine

The neuromuscular junction is formed by the juxta-
position of the terminals of a motor axon and the
corresponding sub-synaptic domains of a striated
muscle fibre, these two elements being separated by a
50-100nm-wide cleft. In a transverse section of a neuro-
muscular junction observed under electron microscopy
(Figure 6.12a) the vesicles in the presynaptic element are
small (40-60nm diameter), clear and contain acetyl-
choline, the neurotransmitter of all the neuromuscular
junctions. Larger vesicles (80-120nm diameter) that
contain an electron-dense material are also present but
in a much lower proportion (1% of the total popula-
tion). The vesicles are aggregated in the presynaptic
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FIGURE 6.12 Ultrastructure of a neuromuscular junction and the location of acetylcholinesterases.

(a) Microphotography of the neuromuscular junction of a batrachian observed under the electron microscope. In
the axon terminal can be seen mitochondria and numerous vesicles. The axonal plasma membrane displays signs
of exocytosis (active zones). The basal lamina is located in the synaptic cleft. The postsynaptic muscle cell mem-
brane has numerous folds. (b) Schematic of the asymmetric (A12) and globular (G2) forms of acetylcholinesterase
(AChE) (top). The index number of A or G indicates the number of catalytic subunits. The asymmetric forms con-
sist of a collagen tail, three peptide parts and catalytic subunits. The globular forms consist of one or more catalytic
subunits (hydrophilic domain) and a glycolipid part (hydrophobic domain) which permits their insertion in the
lipid bilayer. (c) Location of acetylcholinesterase in the neuromuscular junction. The A forms are synthesized in
the motoneurons and secreted into the synaptic cleft where they are associated with the basal lamina. The globu-
lar forms are synthesized in the motoneurons and inserted into the presynaptic plasma membrane or secreted into
the synaptic cleft. Microphotograph (a) by Pécot-Dechavassine. Drawings (b) and (c) from Berkaloff A, Naquet R,
Demaille J (eds) (1987) Biologie 1990: Enjeux et Problématiques, Paris: CNRS, with permission.

zones where an electron-dense material is present, the
dense bars. These dense bars are functionally homolo-
gous to the presynaptic grid of interneuronal synapses.
They are 100nm wide and are located perpendicularly
to the largest axis of each axonal branch. The vesicles
are aligned along each side of these bars. The complex
of dense bars and synaptic vesicles forms a presynaptic
active zone (Couteaux 1960). There are many active
zones per varicosity. They are located opposite to the
folds of the postsynaptic plasma membrane. Each active
zone with the folds of the sarcolemma in front of them
forms a synaptic complex. Therefore, the neuromuscular
junction contains numerous synaptic complexes.
Synthesis of acetylcholine takes place in the cyto-
plasm of the presynaptic element from two precursors:
choline and acetylcoenzyme A (acetyl CoA). The reaction

is catalyzed by choline acetyltransferase (CAT). Acetyl-
choline is transported actively into synaptic vesicles
where it is stored (see Figure 8.20a). The protein
responsible for this active transport is a transporter
which uses the energy of the proton (H) gradient. This
gradient of protons is established by active transport of
H* ions from the cytoplasm towards the interior of the
vesicles by a H-ATPase pump.

6.3.2 The synaptic cleft is narrow and
occupied by a basal lamina which
contains acetylcholinesterase

The postsynaptic muscular membrane (sar-
colemma) is covered, on the extracellular surface, with
a layer of electron-dense material, the basal lamina
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(Figure 6.12a, c). This lamina, which follows the folds
of the sarcolemma, is a conjunctive tissue secreted by
the non-myelinating Schwann cells covering the axon
terminals. It contains, inter alia, collagene, proteogly-
cans and laminin.

Acetylcholinesterases are glycoproteins synthesized
in the soma and carried to the terminals via antero-
grade axonal transport. They are inserted into the
presynaptic membrane and the basal lamina. They dis-
play an important structural polymorphism (Figure
6.12b): they have a globular form (G) or an asymmetric
form (A). These different forms have distinct localiza-
tions. Globular forms (G) are anchored in the pre- or
postsynaptic membrane (these are ectoenzymes) and
are secreted as a soluble protein into the synaptic cleft.
Asymmetric forms (A) are anchored in the basal lam-
ina (Figure 6.12c). The molecules of acetylcholine,
released in the synaptic cleft when the neuromuscular
junction is activated, cross the basal lamina through its
loose stitches. But a part of the acetylcholine molecules
is also degraded before being fixed to postsynaptic
receptors, by the acetylcholinesterase inserted in the
basal lamina. The other part is quickly degraded after
its fixation. Acetylcholinesterases hydrolyze acetyl-
choline into acetic acid and choline. Choline is taken
up by presynaptic terminals for the synthesis of new
molecules of acetylcholine. This degradation system of
acetylcholine is a very efficient system for inactivation
of a neurotransmitter.

6.3.3 Nicotinic receptors for acetylcholine are
abundant in the crests of the folds in the
postsynaptic membrane

The plasma membrane of muscle cells, the sar-
colemma, presents numerous folds in mammalian neu-
romuscular junctions. By using a radioactive ligand for a
type of acetylcholine nicotinic receptor, a-bungarotoxin
labelled with a radioactive isotope or a fluorescent mole-
cule, it has been shown that the radioactive material
accumulates predominantly in the crests of the folds in
the sarcolemma. Immunocytochemical techniques pro-
duce similar results. Other studies have shown that they
are anchored to the underlying cytoskeleton (see the
following section).

The nicotinic receptor is a transmembrane glycopro-
tein comprising four homologous subunits assembled
into a heterologous o, 3 ~ 6 pentamer. It is a receptor
channel permeable to cations whose activation results
in the net entry of positively charged ions and in depolar-
ization of the postsynaptic membrane. The structure
and functional characteristics of the muscular nicotinic
receptors are given in Chapter 8.

6.3.4 Mechanisms involved in the
accumulation of postsynaptic receptors
in the folds of the postsynaptic muscular
membrane

The acetylcholine nicotinic receptors are, in the
adult neuromuscular junction, present in high density
(about 10,000 molecules per pm) in the postsynaptic
regions and occur in a much lower density in the
nonsynaptic membrane (extrajunctional membrane).
Under the nerve terminal, the muscle cell is free of the
myofimanents actin and myosin. At this level, four to
eight cell nuclei are found, the fundamental nuclei
(Ranvier 1875). The myonuclei located outside the post-
synaptic region (extrasynaptic) are the sarcoplasmic
nuclei. The formation of this well organized subsynaptic
domain — which concerns not only the nicotinic recep-
tors but also the Golgi apparatus and the cytoskeleton
(it also comprises the organization of the basal lamina
and the distribution of the asymmetric form of acetyl-
cholinesterase in the synaptic cleft) — occurs in numer-
ous steps during maturation of the neuromuscular
junction (Figure 6.13a):

® There is an increase in the number of nicotinic
receptors (1 and 2) during fusion of the myoblasts
to form myotubes, owing to the neosynthesis of
these receptors. They have an even distribution
over the membrane surface. This phenomenon is
independent of the neuromuscular activity since it
is not affected by the injection in ovo of nicotinic
antagonists such as curare.

® There is formation of aggregates of nicotinic receptors
under the nerve terminal (3-5) and disappearance
of extrajunctional receptors (5). Upon innervation,
nAChR rapidly accumulates under the nerve
endings. In situ hybridization experiments with a
genomic coding probe (see Appendix 6.2) have
shown that in innervated 15-day-old chick muscle,
the nAChR a-subunit mRNAs accumulate under the
nerve endings. More precisely, accumulation of the
mRNAs increases around the sub-synaptic (funda-
mental) nuclei and decreases around the sarcoplasmic
nuclei. This can be interpreted as a differential expres-
sion of the nAChR a-subunit gene in the fundamental
and sarcoplasmic nuclei. The presence of motor nerve
and muscle activity are both crucial for the regulation
of nAChR mRNA levels in the developing fibre.

e Distribution of the Golgi apparatus, studied by
using a monoclonal antibody directed against it,
shows a similar evolution. In cultured myotubes, the
Golgi apparatus is associated with every nucleus.
Conversely, in 15-day-old innervated chick muscle,
the Golgi apparatus is now restricted to discrete,
highly focused regions that appear to co-distribute
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FIGURE 6.13 Postsynaptic differentiation at the neuromuscular junction.

(a) The different steps in postsynaptic differentiation. The black thin bars indicate the nicotinic receptor (nAChR).
(1, 2) Fusion of myoblasts to form myotubes and approach of the axon growth cone; (3) the growth cone forms
contact with the myotube and induces the clustering of nicotinic receptors at this level; (4) numerous motor ter-
minals converge towards a single aggregate of nicotinic receptors; but (5) a single terminal stabilizes and the folds
of the sarcolemma develop. (b) Injection of expression constructs that encode full-length neural agrin into single
muscle fibres in vivo (t,). After 4-6 weeks, muscle fibres have a deposit of chick neural agrin in muscle basal lam-
ina at ectopic sites. Staining of the muscle anti-chick agrin antibodies reveals the depositing of neural agrin as
visualized in optical longitudinal sections through ectopic sites (Agrin). In this area, ectopic neural agrin induces
aggregation of nAChRs (AChR) as visualized by in situ hybridization. Scale bar, 15um. Drawing (a) from
Laufer R and Changeux JP (1989) Activity-dependent regulation of gene expression in muscle and neuronal
cells. Mol. Neurobiol. 3, 1-53, with permission. Part (b) from Ruegg MA and Bixby JL (1998) Agrin orchestrates
synaptic differentiation at the vertebrate neuromuscular junction. Trend. Neurosci. 21, 2227, with permission.

with endplates (revealed by fluorescein isothio-
cyanate conjugated a-bungarotoxin, a labelled ligand
of nAChR).

® There is stabilization of nicotinic receptors in the
postsynaptic membrane (5).

These observations raise questions about the nature
of the signalling pathways which underlie such reor-
ganization. Is there activation of second messengers by
anterograde signals from the nerve endings that
would lead to positive regulation of the expression of
the nicotinic receptor in the junctional regions and
negative regulation in the extrajunctional regions? Are
there retrograde signals too?

Aggregation of proteins at the nerve-muscle contact
depends, in fact, on instructive signals that are released
by the motor axon. More than 20 years ago, McMahan
and colleagues identified the basal lamina as the carrier
of the information necessary to induce pre- and post-
synaptic specializations during neuromuscular regen-
eration. A protein, agrin, was purified from basal
lamina extracts of the cholinergic synapse of the elec-
tric organ of Torpedo californica (see Figure 8.1). When
added to cultured myotubes, soluble agrin induces
the aggregation of acetylcholine receptors. This led
McMahan to formulate the following hypothesis:
‘Agrin is released from motor neurons, binds to a recep-
tor on the muscle cell surface and induces postsynaptic
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specializations. Subsequent binding of agrin to synaptic
basal lamina will then immobilize agrin.’

The fact that neural agrin is necessary and sufficient
for postsynaptic differentiation is confirmed by the fol-
lowing experiment. Agrin is a protein of 225kD, consist-
ing of domains found in other basal lamina proteins.
The region of agrin necessary and sufficient to bind to
the basal lamina (it binds in fact to laminins) maps to the
amino-terminus end of the molecule. The most carboxy-
terminus is necessary and sufficient for its nAChR-
aggregating activity. Agrin mRNA undergoes alternative
splicing at several sites, two of which modulate agrin’s
ability to induce nAChR clustering in cultured muscle
cells. In innervated adult rat muscle, injection of expres-
sion constructs that encode full-length chick neural agrin
is sufficient to induce postsynaptic specializations: after
4-6 weeks, staining with anti-chick agrin fluorescent
antibodies reveals the deposit of neural agrin in basal
lamina at the ectopic site of injection (Figure 6.13b). In
this area, aggregation of nAChRs is observed with
immunocytochemistry. Therefore, ectopic expression of
recombinant agrin in adult muscle in vivo induces the
formation of postsynaptic-like structures that closely
resemble the muscle endplate.

Which molecule is the agrin receptor(s) and what
are the second messengers activated by agrin and
responsible for postsynaptic differentiation? Agrin ini-
tiates a signalling cascade which is still under study.
Interestingly, voltage-dependent Na™ channels are also
concentrated at the synapse where they are restricted
to the depth of postjunctional folds. This clustering
pathway also involves agrin.

6.4 THE SYNAPSE BETWEEN THE
VEGETATIVE POSTGANGLIONIC
NEURON AND THE SMOOTH
MUSCLE CELL

Smooth muscle cells are present in most of the visceral
organs (digestive system, uterus, bladder, etc.) but also
in the wall of blood vessels and around the hair fol-
licles. They are innervated by postganglionic neurons
of the autonomic nervous system (orthosympathetic
neurons and parasympathetic neurons) (Figure 6.14).

6.4.1 The presynaptic element is a varicosity
of the postganglionic axon

The axons of the postganglionic neurons are not
myelinated. Before contacting the smooth muscles, the
axons divide into numerous thin filaments 0.1-0.5 pm
in diameter which travel alone or in fascicles over long
distances along the smooth muscle cells (Figures 6.14

(a) Orthosympathetic
system

Paravertebral
chain ganglia

Varicosities (NA)

Smooth muscle
cells

Ganglion

(b) Parasympathetic

system Direction of the nerve

impulse propagation

Intramural  Varicosities
ganglion (ACh)
<z <77
Horizontal section - §>®
of the spinal cord Smooth muscle
cells

FIGURE 6.14 The orthosympathetic (a) and parasympathetic
systems (b).

The synapses between postganglionic neurons and smooth muscle
fibres are shown. The axon terminals of postganglionic neurons are
varicosities and the synaptic contacts are of the ‘boutons en passant’
type. ACh, acetylcholine; NA, noradrenaline; arrows show the direc-
tion of action potential propagation.

and 6.15a). Each of these filaments has swellings or
varicosities 0.5-2.0 pm in diameter spaced 3-5 pm apart.
The varicosities contain mitochondria and numerous
synaptic vesicles whereas the intervaricose segments
contain many elements of the cytoskeleton (Figure
6.15b). The varicosities are the presynaptic elements.
There are no electron-dense regions in the presynaptic
membrane, which suggests the absence of a preferential
zone for exocytosis (active zone) in these synapses.

The axonal varicosities contain a large number of
small granular synaptic vesicles with an electron-
dense central core (30-50 nm diameter), but also some
large granular vesicles (60-120 nm diameter) and small
agranular vesicles. The neurotransmitter of the ortho-
sympathetic postganglionic neurons is noradrenaline
(NA) (Figure 6.14a). It is stored in small and large
granular vesicles. Noradrenaline is a catecholamine (as
dopamine and adrenaline) synthesized from the amino
acid tyrosine.

The noradrenaline receptors present in the postsy-
naptic membrane of smooth muscle cells are G-protein-
coupled receptors. The inactivation of noradrenaline
released from nerve terminals is, to a large extent,
achieved by reuptake by the catecholaminergic neurons
or the nearby glial cells. It is recycled into the synaptic
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(a) Microphotograph of smooth muscle cells of the intestine (M) and postganglionic axon fascicles (parasym-
pathetic nervous system, Ax) which are half-covered by a Schwann cell (S), sectioned in the transverse plane
and observed under the electron microscope. Note the width of the synaptic cleft. (b) Longitudinal section of
a postganglionic axon showing a varicosity filled with vesicles and an intervaricose region. The postsynaptic
smooth muscle cell contains numerous mitochondria. Microphotography by Jacques Taxi.

vesicles or degraded by specific enzymes such as
the monoamine oxidase (MAQO). Some of the cate-
cholamines are degraded in the synaptic cleft by the
catechol-O-methyl-transferase (COMT).

Acetylcholine (ACh) is the neurotransmitter of the
parasympathetic postganglionic neurons (Figure 6.14b).
The varicosities of these axons contain mainly small
agranular vesicles but also large granular vesicles.
Acetylcholine is stored in small agranular vesicles. The
acetylcholine receptors present in the postsynaptic
membrane of smooth muscle cells are cholinergic mus-
carinic receptors (mAChR); they are protein-G coupled
receptors.

6.4.2 The width of the synaptic cleft is very
variable

Where the synaptic cleft is narrowest, in the vas def-
erens or in the pupil for example, it measures between
15 and 20nm. However, in the wall of blood vessels,
the closest contacts are spaced 50-100 nm apart.

6.4.3 The autonomous postganglionic synapse
is specialized to ensure a widespread
effect of the neurotransmitter

The large width of the synaptic cleft results in a
widespread effect of the neurotransmitter on the postsy-
naptic membrane compared with the neuromuscular
junction or central synapses, where secretion of the
neurotransmitter is focused on a small postsynaptic
region. Moreover, in some autonomous synapses, there
is no distinguishable specialization of the presynaptic

membrane, which suggests that the vesicles have no
preferential site for exocytosis. Formation of a dense
plexus by the postganglionic axons also contributes
to the extended diffusion of presynaptic messages.
Therefore, activation of a postganglionic neuron results
in activation of numerous postsynaptic cells. Finally,
the presence of numerous gap junctions which connect
smooth muscle cells permits spread of the synaptic
response to neighbouring muscle cells, even to those
not innervated.

6.5 EXAMPLE OF A NEUROGLANDULAR
SYNAPSE

This section considers the synapse between an
orthosympathetic preganglionic neuron and the chro-
maffin cell of the adrenal medulla (Figure 6.16).

The adrenal medulla is the central part of the adrenal
gland, the endocrine gland located above each kidney.
It is formed by secretory cells, which are called chro-
maffin cells since they are coloured by chromium salts.
The adrenal medulla is innervated by orthosympa-
thetic preganglionic neurons which have axons that
form the splanchnic nerve. When this nerve is stimu-
lated, the chromaffin cells secrete essentially adrenaline
but also noradrenaline and enkephalins (endogenous
opioid peptides). These hormones are then transported
via the blood to numerous target tissues and mainly
the heart and blood vessels.

The presynaptic element of this synapse is the axon
terminal of the splanchnic orthosympathetic preganglionic
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FIGURE 6.16 Synapses between an orthosympathetic preganglionic neuron and chromaffin cells in the

adrenal medulla.

(a) The cell bodies of preganglionic neurons are localized in the spinal cord and their axons form the
orthosympathetic splanchnic nerve. These neurons innervate the chromaffin cells. (b) Postganglionic axon ter-
minal forming numerous contacts with chromaffin cells. Drawing (b) from Coupland RE (1965) Electron
microscopic observations on the structure of the rat adrenal medulla: II. Normal innervation J. Anat. (Lond.) 99,

255-272, with permission.

neurons. Their cell bodies are located in the intermedi-
ate horn of the spinal cord. Most of the axons are non-
myelinated and are surrounded by the extensions of
the non-myelinating Schwann cells. This glial sheath is
present until the axon collaterals penetrate the junc-
tional space. The axon terminals are mainly terminal
boutons with a diameter ranging between 1 and 3 pm.
They contain clear vesicles (10-60 nm diameter) as well
as some dense-core and granular vesicles (25-115nm
diameter). Acetylcholine is the neurotransmitter of this
synapse. The terminal boutons form a large variety of
synaptic contacts with the chromaffin cells. They are
characterized by a narrow synaptic cleft (15-20nm)
and the presence of electron-dense pre- and postsy-
naptic zones similar to those observed at the level of
the central interneuronal synapses.

In the postsynaptic region, the cytoplasm of the chro-
malffin cells is free of chromaffin granules, organelles
that store hormones in the adrenal medulla. The
acetylcholine receptors present in the postsynaptic
membrane are cholinergic nicotinic receptor channels.
In the rest of the chromaffin cell cytoplasm there are
numerous chromaffin granules. These granules are
coloured by chromium salts which react with adrena-
line to form a yellow—brown precipitate.

6.6 SUMMARY

Chemical synapses are connections between two
neurons or between a neuron and a non-neuronal cell
(muscle cell, glandular cell, sensory cell). The synaptic

complex is the non-reducible basic unit of each chem-
ical synapse as it represents the minimal requirement for
an efficient chemical synaptic transmission. It includes
three elements: the presynaptic element (such as an axon
terminal), a synaptic cleft, and a postsynaptic element
(such as a dendritic spine).

The presynaptic element is characterized by (i) an
active zone (i.e. a specialized presynaptic membrane
area) where the density of Ca?* channels is high and
where occurs the fusion of synaptic vesicles (exocyto-
sis), and (ii) a nearby cytoplasmic region where the
synaptic vesicles are found close to the presynaptic
membrane, with a particular cytoskeletal arrange-
ment. The regulated release of neurotransmitter occurs
at active zones. However, the active zone is not a charac-
teristic of all synapses. A few monoaminergic synapses
and peptidergic synapses do not have discernible active
zones. The presence of an active zone would be a clue
to focal neurotransmitter release.

The postsynaptic element is characterized, in interneu-
ronal synapses, by a sub-membranous electron-dense
zone (postsynaptic density), which most probably cor-
responds to the region where the postsynaptic receptors
are anchored. There is a strict complementarity between
the neurotransmitter released by the presynaptic element
and the postsynaptic receptors inserted in the postsynap-
tic membrane. This includes specific targeting, anchoring
and clustering of postsynaptic receptors.

The ultrastructure of chemical synapses is asymmet-
ric, synaptic vesicles that contain the neurotransmitter(s)
being present only in the presynaptic element. Synaptic
transmission is unidirectional — it always occurs from the
presynaptic element to the postsynaptic one.
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APPENDIX 6.1 NEUROTRANSMITTERS,
AGONISTS AND ANTAGONISTS

Neurotransmitters are molecules of varied nature:
quaternary amines, amino acids, catecholamines or
peptides, which are released by neurons at chemical
synapses. They transmit a message from a neuron to
another neuron, or to an effector cell, or a message from
a sensory cell to a neuron.

A6.1.1 Criteria to be satisfied before a
molecule can be identified as a
neurotransmitter

Identification of a substance as a neurotransmitter
requires the experimental proof of several criteria. If
these are not satisfied, the term putative neurotransmit-
ter is used. The criteria are:

* The putative neurotransmitter must be present in
the presynaptic element.

® The precursors and enzymes necessary for synthesis
of the putative neurotransmitter must be present in
the presynaptic neuron.

* The putative neurotransmitter must be released in
response to activation of the presynaptic neuron
and in a quantity sufficient to produce a postsynap-
tic response. This release should be dependent on
Ca?* ions.

e There should be binding to specific postsynaptic recep-
tors: (i) specific receptors of the neurotransmit-
ter are present in the postsynaptic membrane;
(ii) application of the substance at the level of the
postsynaptic element reproduces the response
obtained by stimulation of the presynaptic neuron;
and (iii) drugs, which specifically block or potenti-
ate the postsynaptic response, have the same effects
on the response induced by the application of the
putative neurotransmitter.

* The elements of the synaptic nervous tissue (pre- or
postsynaptic elements, glial cells, basal membrane)
must possess one or several mechanisms for inacti-
vation of the putative neurotransmitter.

Currently, few molecules have satisfied all these cri-
teria to be firmly identified as a neurotransmitter at a
particular synapse. In most cases there is no more than
fragmentary evidence owing to technical limitations.

A6.1.2 Types of neurotransmitter
Acetylcholine: a quaternary amine

In the peripheral nervous system, acetylcholine is the
neurotransmitter of all the synapses between motoneurons

and striated muscle cells, of all the synapses between
preganglionic and postganglionic neurons of the para-
and orthosympathetic systems, and of all the synapses
between parasympathetic postganglionic neurons and
effector cells (see Figures 6.12, 6.14 and 6.16). It is also a
neurotransmitter in the