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ABSTRACT

Cultured rat dorsal root ganglion (DRG) neurones are a model
of their presynaptic terminals in vivo. Acutely replating
DRGs before use provides an axotomised cell body ideal for
space clamp in electrophysiological recordings. In addition
macromolecules can be introduced through transient pores
created by the replating procedure.

High voltage activated (HVA) calcium channel currents (Iga)
were recorded in the whole cell configuration of the patch
clamp technique. The HVA Igy in acutely replated DRGs were
irreversibly inhibited 57% by w-CTx-GVIA (1uM). The
selective GABAg agonist, (-)-baclofen (50uM), inhibited the
HVA Ip, by 30%. Prior application of w-CTx-GVIA completely
blocked baclofen inhibition of the HVA Ig;. The modulation
of the HVA Ip, by baclofen is reduced by pre-incubation with
pertussis toxin (PTX). This indicates that a GTP binding
(G) protein is involved. PTX ADP-ribosylates the G
proteins, Gaj and Gagp. To investigate which G protein
subtype was involved, cells were replated in the presence of
anti-Ga antisera raised against the C-terminal decapeptide
of the Ga subunits, Gaj (SG1) and Gay (0C1/2) at dilutions
of 1:100-1:25. Only replating DRGs in the presence of 0C1/2
reduced baclofen inhibition of the HVA Ip,;. DRGs replated
in the presence of the Ga, decapeptide (80ug/ml), also
significantly reduced baclofen inhibition of Ig;. Pre-
incubation of 0OC2 with the Ga, decapeptide for one hour at
37°C reversed the effect of both treatments alone.

Using anti-Ga antisera and confocal laser microscopy, Ga
localisation was investigated. Using 0OC1/2 (1:2000),
immunoreactivity was observed at the plasma membrane,
neurites, attachment plaques, perinuclear region and at
points of cell-cell contact. This was blocked by pre-
incubation with the Ga, decapeptide (1ug/ml) for one hour at
37°C. Immunoreactivity with SG1 (1:2000-1:500) was also
observed in the plasma membrane, cytoplasmic and perinuclear
regions. To conclude, GABAg inhibition of w-CTx-GVIA
sensitive calcium channels in acutely replated DRGs is via

Gag.
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1:1 NEUROMODULATION

Neurones are specialised cells that utilize the
electrochemical gradient across their plasma membrane to
transduce information. Neuronal membranes establish an
electrochemical gradient by energy dependent pumps that pass
sodium ions out and potassium ions into the cells, this is
maintained by the membrane's impermeability to sodium ions.
Current flows along electrochemical gradients through
transmembrane proteins which transiently open in response to
changes of voltage across the membrane or receptor
activation. These selective pores in the membrane are known

as ion channels.

Neurones transduce signals electrically, as action
potentials which are composed of a rapid sodium ion influx,
depolarising the neuronal membrane, followed by the efflux
of potassium ions and membrane hyperpolarisation. Adjoining
membrane regions are activated by depolarisation and the
signal is transduced. The message carried by the neurone is
encoded within the frequency of these action potentials and
the electrical activity generally has a final output of
neurotransmitter release (Katz, 1969). Neurotransmitters
are chemical compounds released in high concentrations from
specialised neuronal structures called synapses.
Neurotransmitters range from simple molecules like adenosine
trisphosphate (ATP) to complex peptides such as Neuropeptide
Y (Rang & Dale, 1987). Neurotransmitters activate specific
receptors on the target postsynaptic cell and possibly the
presynaptic terminal.

The first stage of neuromodulation occurs during development
when neurones differentiate into particular cell types which
then are organised for the appropriate inputs and target.
How the correct innervation is achieved at a particular
density is not completely understood but it is known to be
determined by trophic factors released from the target and
the activity of the developing neurones (Purves, 1989).

Once the framework of the nervous system is established it
must then grow with the organism, accommodate injury and

adapt.
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The ongoing modulation of electrical activity,
neurotransmitter release and receptor activation in
neurones, governs the transduction of a signal through that
particular neuronal circuit. These are the most subtle
levels of neuromodulation and are the basis of many neural
responses such as adaptation, learning and memory. In order
to investigate these types of neuromodulation much work has
focussed on the periphery of the CNS. The special senses
translate external signals into action potentials that are
carried to the brain and have receptors specifically
designed to respond to a changing signal, thereby,
extracting relevant information and filtering out or
adapting to static irrelevant stimuli (Barlow, 1987). The
ability of a neuronal signal to be modulated en route,
following receptor activation was first realised in the
somatosensory system. It was noted clinically that the
perception of pain (nociception) could be modified by
stimulation of somatosensory fibres near the site of injury
or the state of mind of the patient. This phenomenon of
antinociception was hypothesised to be due to peripheral or
central neurones acting on the transmitting fibre carrying
the pain signal and inhibiting the release of
neurotransmitter or by hyperpolarising the target neurone of
the transmitting fibre (Melzack and Wall, 1965).
Presynaptic inhibition was thought to occur by
depolarisation of the primary afferent neurone due to local
release of neurotransmitter from neighbouring neurones and
increasing the chloride conductance of the presynaptic
membrane (for review see Nicoll and Alger, 1979). Prior to
this hypothesis, inhibition in the nervous system was
thought to be by the action of inhibitory fibres post-
synaptically. The presynaptic component of the gate theory
has been investigated in sensory neurones.



1:2 DORSAL ROOT GANGLION NEURONES

Dorsal root ganglion (DRG) neurones relay all somatosensory
information to the central nervous system (CNS). DRGs are
bipolar neurones which have receptors in the periphery and a
synaptic connection centrally. They have a wide variety of
peripheral receptors corresponding to the area of
innervation, and centrally they are known to release the
neurotransmitters glutamate and substance P (Iggo, 1987).

In the adult, DRGs can be divided into three groups based on
the conduction velocity of their fibres. These values and
the corresponding modality that is carried by that fibre
type, are shown in Table 1.1. The majority of primary
afferent (DRG) inputs into the spinal cord synapse in the
dorsal horn, onto neurones which project to the brain and
interneurones (Cervero, 1986). Immunocytochemical studies
have shown that in addition to glutamate and substance P,
there are also inhibitory neurotransmitters present, such as
glycine and y-aminobutyric acid (GABA) in the dorsal horn of
the spinal cord. Descending fibre inputs into the dorsal
horn release neurotransmitters such as serotonin (5-HT),
noradrenaline (NA) and opioid peptides (Hammond, 1988).

Table 1.1 Classification of DRG neurones

Adult rat

Fibre Conduction Mean cell Modality

type velocity (m/s) size (umZ)

Aa > 30 > 1000 Proprioceptive
AB 14 - 30 > 1000 Tactile

Ab 2.2 - 8 < 1000 Temperature

C < 1.4 < 1000 Pain

Neonatal rat

All fibres < 1.0 < 1000

In order to study the mechanisms of neuromodulation at the
molecular level, DRG neurones have been cultured to
facilitate electrophysiological recording and the
measurement of neurotransmitter release. The size of an
adult rat DRG neurone's cell body roughly correlates with
the conduction velocity of their axons and thus their
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modality (Harper and Lawson, 1985). Aa- and AB-type DRGs
have large cell bodies with rapidly conducting axons which
usually transmit proprioceptive and tactile information.
The smaller DRGs are classified as C and AbS-type and have
slower conducting axons that usually transmit pain and
thermal information.

Acutely isolated DRGs from an adult rat have a variety of
cell sizes which presumably reflects the different groups
seen in vivo (Scroggs and Fox, 1992). DRGs cultured from
embryonic and neonatal rats originate from immature ganglia,
the extent of myelination that determines the conduction
velocity and characterises the cell type is not fully
developed (Fulton, 1987). DRGs cultured at this stage of
development originate from slowly conducting neurones and
provide a good model of C-type sensory neurones in vitro.
If the incoming fibres, interneurones and descending
neurones are acting presynaptically on DRGs, then
neurotransmitter inhibition of neurotransmitter release
would be expected to be reproduced in culture. Cultured
DRGs have been shown to release substance P in response to
an electrically evoked depolarisation and this is inhibited
by the addition of NA or GABA to the medium (Holz et
al.1989). Neurotransmitter regulation of neurotransmitter
release has been shown in a wide variety of neuronal cell
types (for review see Miller, 1990). These results support
the original gate theory that signal transduction modulation
is also presynaptic.

1:3 NEUROTRANSMITTER RELEASE AND CALCIUM
Neurotransmitters are packaged and released from nerve

terminals. The invasion of an action potential into a nerve
terminal and its depolarisation leads to the release of
neurotransmitter which acts on the target. This was first
investigated in the neuromuscular junction.

Neurotransmitter release was shown to act on a receptor
which depolarised the muscle, the release of
neurotransmitter was dependent on the influx of calcium and
in the absence of terminal depolarisations miniature
electrical changes could be recorded in the muscle end plate
(Katz, 1967). The idea of neurotransmitters being stored
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and released as discrete quanta was predicted and the steep
relationship with extracellular calcium was established
(Dodge and Rahamimoff, 1967). It is now known that
neurotransmitters are stored in synaptic vesicles (for
review see Sudhof and Jahn, 1991) and are released on influx
of extracellular calcium (Llinas et al.1981; Zucker and
Haydon, 1988; Augustine et al.1991).

The nervous system has essentially two levels of
neurotransmission; one fast producing immediate electrical
changes in the post-synaptic neurone and the other slow,
acting indirectly and stimulating second messenger systems
(for review see Strange, 1988). These levels of
transmission are not exclusive to the neurotransmitter
released but to the type of receptor activated. Receptors
grouped functionally this way have been confirmed using
molecular biological analysis; one group of receptors forms
an ion conducting pore which opens on activation and the
other group act by transducing the signal to intracellular
proteins (for reviews see (Olsen and Tobin, 1990; Findlay
and Eliopoulos, 1990). Neuronal circuits are mostly
polysynaptic and therefore have multiple levels of
communication; 'fast" receptors may act in an excitatory or
inhibitory fashion depending on the ion species the receptor
ion/channel conducts and '"slow" receptors in a modulatory
fashion by activating intracellular mechanisms.

Receptors are not only located in the postsynpatic neurone
but also presynaptically where they can modulate the
response of the synaptic terminal and therefore
neurotransmitter release (Kalsner, 1990).

Specific areas of the presynaptic terminal have been shown
to have active zones which are characterised by an increased
density of calcium channels, synaptic vesicles and
corresponding cytoskeleton (Pumplin et al.1981; Hirokawa et
al.1989). The release of neurotransmitter is dependent on
the availability of synaptic vesicles for release and the
influx of calcium (Mulkey and Zucker, 1991). The amount of
calcium influx depends on the number, the probability of
opening and the conductance of the calcium channels in the
active zone, responding to the change in membrane potential
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from depolarisation.

1:4 CALCIUM CHANNELS

The concentration of cytosolic free calcium is important for
control of many cellular responses. Cytosolic free calcium
can be increased by influx across the plasma membrane or
release from internal stores (for review see Tsien and
Tsien, 1990). There is a large concentration gradient of
calcium across the neuronal membrane (10? ), the calcium
ions can be selectively conducted through‘transmembrane
protein channels that are voltage-dependent and are
activated in response to membrane depolarisation. The
movement of current carried by calcium across the membrane
during an action potential was first shown in the crayfish
muscle (Fatt and Ginsborg, 1958). This '"calcium spike' was
enhanced by the presence of potassium channel blockers
slowing the repolarising phase of the action potential.

The total calcium channel current has now been divided up
into specific groups of voltage dependent calcium channels
(VOCCs) and their classification depends on the method of
characterisation.

1.4.1 Biophysical identification of calcium channels
VOCC currents are now mostly studied with the patch clamp

technique (Hamill et al.1981). This technique uses a fire
polished glass pipette lowered onto the neuronal plasma
membrane and suction is applied to produce a high resistance
seal. This is known as cell attached configuration of the
patch clamp technique. Any charge movement under the
pipette can be recorded by means of an amplifier. Further
application of suction in the cell attached configuration
ruptures the membrane under the patch pipette and a low
resistance contact is created between the patch pipette and
the inside of the cell, this configuration is known as the
whole cell configuration of the patch clamp technique. The
flow of current across the whole plasma membrane can then be
accurately recorded and the voltage of the cell controlled.
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Two other patch clamp configurations can be obtained from
the cell attached configuration and involve the excision of
patches of neuronal membrane. The configurations differ in
which side of the excised patch of plasma membrane faces
away from the pipette and is in contact with the medium. 1In
the cell attached and the latter configurations, current
flow through single channels can be recorded.

The VOCC current is recorded in isolation by blocking the
fast depolarising current from sodium influx with
tetrodotoxin (TTX). Extracellular sodium can also be
replaced with choline to minimize TTX-insensitive sodium
currents which can also contaminate the current flowing
through calcium channels (Kostyuk et al.1981). Potassium
currents can be blocked by tetraethylammonium (TEA) and
barium in the extracellular medium and caesium in the patch
pipette. Calcium can be replaced with barium in the
extracellular medium, barium can pass through calcium
channels and therefore can be used as a charge carrier
through calcium channels. Using barium has several
advantages, calcium inactivation of calcium channels and the
activation of second messenger systems, enzymes and ion
channels sensitive to calcium are reduced using barium as
the charge carrier. The conductance of barium ions through

calcium channels is greater than for calcium ions.

Using the patch clamp technique of recording, calcium
channels have been defined operationally by their activation
and inactivation rates, calcium-dependent inactivation,
sensitivity to specific holding potentials and the
conductance through single calcium channels (Reuter, 1983;
Carbone and Lux, 1984; Nowycky et al.1985; Fox et al.1987).
The calcium channels were originally divided into three
groups which were named according to their biophysical
characteristics; "L" for long lasting, "T" for transient and
"N" for not being L or T. These three channel subtypes can
be divided into two groups based on the voltage step

required for activation.



Low voltage activated (LVA) calcium channels (T-type) are
transiently activated with small depolarisations (more
positive than -50mV) from hyperpolarised potentials (-90mV)
whilst high voltage activated (HVA) calcium channel (N- and
L-type) currents are activated with depolarisation steps to
larger step potentials (more postive than -20mvV) than are
required for the LVA calcium channel current. The HVA and
the LVA calcium channel currents have therefore been
isolated by specific holding potentials and test steps

(Carbone and Lux, 1984; Nowycky et al.1985; Fox et al.1987).
The specific identification of the N- and the L-type calcium

channels on biophysical grounds is more complicated than
originally realised. The channel voltage dependence and
inactivation kinetics of the N- and L-type calcium channels
have been shown to overlap (Aosaki and Kasai, 1989; Plummer
et al.1989).

1.4.2 Pharmacological identification of calcium channels
The contribution of a specific calcium channel subtype in

the calcium channel current can be evaluated using calcium
channel antagonists. At low concentrations the calcium
channel antagonists are highly specific inhibitors of
particular biophysically defined calcium channel subtypes.
This selectivity is lost as the concentration is increased.
The inorganic ion nickel selectively inhibits LVA calcium
channel current whilst HVA calcium channel current are more
selectively blocked by the metal ions gadolinium, lanthanum
and cadmium. Now a wide range of organic compounds are
known to inhibit calcium channel currents and the most
selective of these inhibit HVA calcium channels.

Originally the only synthetic blockers available were the
1,4-dihydropyridines (DHPs). The development of this class
of calcium channel antagonist has shown that they are
selective for L-type calcium channels along with
phenylalkylamines and the benzothiazepines (Triggle et
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al.1991). The HVA calcium channel current in the heart is
carried exclusively by L-type calcium channels which are
particularly sensitive to this group of calcium channel
antagonists and they are used clinically for treatment of

angina.

Pharmacological investigations of calcium channels developed
further with the discovery of toxins from the venom of a
piscivorous cone snails, Conus Geographus and Conus Magus
(Olivera et al.1985). There are more than 300 species of
venomous snails from the Conus genus. Their venom contains
three groups of toxins, o, B and w-conotoxins which block
nicotinic acetylcholine receptors, sodium and calcium
channels respectively (for review see Gray and Olivera,
1988).

w-conotoxin-GVIA (w-CTx-GVIA) is a small peptide of 27 amino
acids and is one of the many peptides in the l-conotoxin
fraction of the venom which can now be synthesized. The
application of w-CTx-GVIA to biophysically defined calcium
channels was seen to inhibit both the N- and L-type calcium
channels in the HVA calcium channel current (Fox et
al.1987). The selective inhibition of this conopeptide for
N- and L-type calcium channels was for some time unclear
(for review see Sher and Clementi, 1991).

Conopeptides have been labelled in agreement with the paper
of Hillyard et al.(1992), w-CTx represents conotoxin from
the group w, the letters G and M represent the species
geographus and magus respectively and the following Roman
numerals and letters define the specific peptide. w-CTX-
MVIIA is also thought to block N-type calcium channels, this
inhibition however is readily reversible unlike w-CTx-GVIA.
w-CTx-MVIIC has recently been synthesized, this toxin was
not purified and characterized from the venom but the amino
acid sequence was deduced by molecular biological
techniques. w-CTx-MVIIC also blocks N-type calcium channel
current and in addition another current type which is

insensitive to w-CTx-GVIA and DHP antagonists (see below).
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Calcium channel toxins have been found in the venom of the
spider, Agelenopsis aperta. The polyamine funnel web spider
toxin (FTX) was shown to be a particularly effective
inhibitor of HVA calcium channel currents in Purkinje cells
which are insensitive to w-CTx-GVIA and DHP antagonists,
this novel VOCC was therefore designated P-type for Purkinje
cells (Llinas et al.1989).

This venom has been divided into four classes of channel-
specific toxins (Olivera et al.1991) and the specific
component which blocks the P-type channel has now been
identified as w-Aga-IVA (Mintz et al.1992a). w-Aga-IVA is a
small peptide comprised of 48 amino acids. Another fraction
of the venom, w-Aga-IIIA which is a 96 amino acid peptide
has been shown to inhibit both the N- and L-type calcium
channels (Mintz et al.1991), whilst w-Aga-IA has been shown
to block both low and high voltage activated calcium
currents (Adams et al.1989)

In most neurones the HVA calcium channel current is carried
by a heterogeneous population of calcium channels and the
percentage carried by each calcium channel subtype can be
investigated with calcium channel antagonists. If calcium
channel antagonists are selective for a particular calcium
channel then the proportion of the total calcium channel
current can be evaluated by their application, providing the
toxin completely blocks the channel. Using a combination of
the HVA calcium channel antagonist, nitrendipine, w-CTx-GVIA
and w-Aga-IVA, most of the HVA calcium channel current has
been shown to be carried by L-, N- and P-type calcium
channels (Mintz et al.1992a).



26

w-CTx-MVIIC has been shown to partially block P-type current
in Purkinje cells at relatively high concentrations and w-
CTx-GVIA resistant calcium currents in hippocampal CA1
pyramidal cells. w-CTx-MVIIC does not compete with w-CTx-
GVIA or w-Aga-IVA binding to synaptosomal membranes and
therefore is binding to a unique site(s) but not necessarily
a unique channel (Hillyard et al.1992). The remaining HVA
calcium channel current that is insensitive to DHP
antagonist, w-CTx-GVIA and w-Aga-IVA, can be partially
blocked by w-CTx-MVIIC. This current may possibly be
carried by another still unclassified HVA calcium channel

subtype.

Unlike the HVA calcium channel antagonists described above
there are no equivalent selective antagonists for the LVA
calcium channel current. The most selective LVA calcium
channel current antagonist is thought to be amiloride (Tang
et al.1988), however, this selectivity has not been seen by
others (for review see Akaike, 1991). High concentrations
of w-CTx-GVIA and DHP antagonists have also been shown to
partially inhibit the T-type calcium channel (for review see
Hess, 1990; Scott et al.1991).

1.4.3 Molecular biological jidentification of calcium

channels

The biophysical and pharmacological classification of
calcium channel subtypes has recently been supported by
molecular biological techniques. The sequence of the
complementary deoxyribonucleic acid (cDNA) has been deduced
for some calcium channel subunits and this information has
made it possible to compare the predicted primary structure
of calcium channels subunits. 1In some cases, the messenger
ribonucleic acid (mRNA) of the calcium channel subunit have
been introduced into non-neuronal cells, the encoded
proteins have been successfully expressed and a calcium

channel current recorded.



The first VOCC to be purified was the DHP-sensitive calcium
channel which is found in high concentrations in transverse
tubules of skeletal muscle (Curtis and Catterall, 1984).
The DHP binding protein once characterised was shown to
consist of four subunits (a7,a26,8,Y) of specific molecular
weight (for reviews see (Campbell et al.1988; Snutch and
Reiner, 1992). The sequence of L-type calcium channel aq-
subunit DNA was the first to have the sequence identified,
i.e.cloned (for reviews see (Birnbaumer et al.1991; Snutch
and Reiner, 1992). The stable transformation of the aq-
subunit into cells with the ai-subunit cDNA, produced cells
which expressed DHP-sensitive, voltage-gated calcium
channels. This indicated that the minimum structure for
these channels was at most an aq8y complex and possibly an
aij-subunit alone (Perez-Reyes et al.1989).

Isolation and characterization of rat brain cDNA has shown
that they are homologous to the DHP-sensitive calcium
channel ai-subunits of heart and skeletal muscle. They were
originally grouped into four distinct classes A-D (Snutch et
al.1990). The class C and D both share around 75% amino
acid identity with the rabbit skeletal muscle calcium
channel and the class C clone shares 97% amino acid identity
with the rabbit cardiac calcium channel. The rat brain
classes A and B are more distantly related to the DHP-
binding calcium channels (47-64% amino acid identity) and
share 51 and 55% amino acid identity with classes C and D
respectively. A new distinct calcium channel clone has
recently been isolated and has been placed in a new class E
which has most amino acid identity with the A and B calcium
channel clones (Soong and Snutch, 1992). This diversity of
channel subtypes has been shown with polymerase chain
reaction (PCR) to result from the expression of distinct
genes which have been grouped 1-5 (Perez-Reyes et al.1990).
Amplification of synthesized DNA with the PCR technique has
also shown the number of possible calcium channel subtypes
that could be generated from alternative splicing of one

gene.
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The primary structure of two rabbit brain calcium channels
have also been identified by cloning and sequencing isolated
cDNA and both have similar structural features to rat brain
calcium channels (Mori et al.1991; Niidome et al.1992).

Also a number of calcium channels have been identified from
the marine ray, Discopyge ommata, with cDNA that are
homologous to the rat brain calcium channel clones (Horne et
al.1992; Horne et al.1993).

I have divided up the molecular biological classification of
the calcium channel a1 subunits into groups with the calcium
channel antagonists. The rationale for this grouping comes
from preliminary results which indicate that there is a high
degree of selective binding to calcium channel proteins
expressed in cells from specific calcium channel clones.

The expression of specific calcium channel proteins and the
calcium channel currents recorded have also been shown to be
selectively inhibited by calcium channel antagonists.

1.4.3.1 DHP binding calcium channel aj_subunits
The DHP binding a1 subunits were the first to be expressed

and the calcium channel current recorded. In murine L
cells, stable expression of skeletal muscle calcium channel
a1 subunit alone generated voltage-sensitive, high threshold
L-type calcium channel currents that were DHP-sensitive and
blocked by cadmium. The activation kinetics, however, were
100 times slower than skeletal muscle calcium channel
currents. Co-expression of the 8 subunit together with the
aq subunit in cell lines expressed calcium channel currents
with kinetics similar to those found in skeletal muscle
cells (Lacerda et al.1991; Varadi et al.1991).

DHP-sensitive (L-type) calcium channels are found in
skeletal muscle, cardiac muscle, neuroendocrine and neuronal
cell types. The DHP-sensitive calcium channel cDNA in the
heart and the brain have been grouped as C and D or 2 and 3
for the Snutch and Perez-Reyes classifications respectively
(Snutch et al.1990; Perez-Reyes et al.1990).
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In an attempt to evaluate the proportion of the C clone
expressed in cells and therefore the proportion of calcium
channel current carried by the C clone a4 subunit, RNA
oligonuceotides were generated which bind specifically to
RNA that encodes the calcium channel C clone. The
oligonucleotide was incubated with the RNA extracted from
heart or rat brain before injection and expression in
Xenopus oocytes. The complex formed is unable to be
translated into a protein. This antisense oligonucleotide
technique has been shown to block the expression of heart L-
type calcium channels in the Xenopus oocyte and almost fully
inhibits the expression of calcium channel currents in
Xenopus oocytes injected with rat brain mRNA (Snutch et
al.1990).

The latter result does not fit with the pharmacological
findings in neurones where the majority of HVA calcium
channel current is not selectively inhibited by DHP
antagonists (Mintz et al.1992). Also the brain calcium
channels expressed in Xenopus oocytes from rat brain mRNA
injection have previously been shown to be totally
insensitive to DHP antagonists in contrast to calcium
channel current expressed from heart mRNA injection (Leonard
et al1.1987).

The disparity may be due the calcium channel C clone
encoding calcium channel aq subunits which are then
modulated by different polypeptides in the cells of the
brain and the heart. The difference may also result from
the insensitivity of the antisense oligonucleotide technique
itself (Snutch et al.1991).

The other putative L-type calcium channel clone, a1D, has
been co-expressed with the B8 and ajp subunits, isolated
from the human brain, in Xenopus oocytes. Co-expression
with the 82 subunit is obligatory for channel activity,

whereas the a3, subunit appears also to play an accessory
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role of potentiating expression (Williams et al.1992). The
expressed calcium channel is sensitive to DHP agonist and
antagonists and was also reversibly blocked by a high
concentration of w-CTx-GVIA (10-15uM). Reversible
inhibition of L-type calcium channels has been previously
reported in sensory neurones (Aosaki and Kasai, 1989).

1.4.3.2 w-CTx-GVIA binding calcium channel aq_subunit

The rat brain calcium channel gene cDNA of class B has been
generated and encodes the full sequence of a distinct
calcium channel aq subunit. Polyclonal antiserum generated
against a peptide unique to part of this sequence has been
shown to selectively immunoprecipitate high affinity 1257
labeled w-CTx-GVIA binding sites from labelled forebrain
membranes of the rat. In contrast, polyclonal antiserum
raised against a unique peptide sequence of the rat brain C
clone did not immunoprecipitate w-CTx-GVIA but the DHP
antagonist, [H3]—PN200—110 (Dubel et al.1992). The w-CTx-
GVIA receptor has been immunoprecipitated by a monoclonal
antibody which was raised against the B8-subunit of the
skeletal muscle DHP receptor (McEnery et al.1991; Sakamoto
and Campbell, 1991). The w-CTx-GVIA binding channel is
thought to be a multi-subunit complex, including components
homologous to the skeletal muscle L-type calcium channel.
The rat brain B clone has a limited distribution and is only
found in the nervous system and neuronally derived cell
lines, like N-type calcium channels. The primary structure
of the human neuronal calcium channel aqg subunits has been
deduced and has been co-expressed with human neuronal 83 and
a2p subunits in mammalian human embryonic kidney (HEK)
HEK293 cells. This recombinant channel was irreversibly
blocked by w-CTx-GVIA and was insensitive to DHP antagonists
(Williams et al.1992). Co-expression of the 83 subunit was
necessary for N-type channel activity, whereas the ajp
subunit appeared to modulate the expression of the channel.
These results indicate that the calcium channel B clone that
specifically binds and is inhibited by the conopeptide, w-
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CTx-GVIA, is most probably the N-type calcium channel. This
result is powerful support for the pharmacological isolation
of calcium channel subtypes with toxins and a reminder of
the shortcoming of defining channel types on biophysical

grounds alone.

1.4.3.3 FTX binding calcium channel ai. subunit

Injection and subsequent expression of the rabbit brain
calcium channel aq-subunit cDNA (BI) in Xenopus oocytes
produces a HVA calcium channel current insensitive both to
the DHP antagonist, nifedipine and w-CTx-GVIA. The BI
calcium channel aq-subunit is inhibited by the funnel web
spider venom. These results indicate that this is possibly
a P-type channel. This is supported by the near loss in
mRNA expression of BI in mice with Purkinje cell
degeneration and in granule cells in the cerebellum of
Weaver mice (Mori et al.1991). Mori et al. also showed that
the calcium channel activity of the BI aq-subunit was
dramatically increased by co-expression of the az and 8
subunits which are known to be associated with the DHP
receptor. Recently the expression of BI in oocytes has been
shown to be inhibited 50% by w-CTx-MVIIC (0.5uM) whereas the
expressed calcium channels were only partly blocked with w-
Aga-IVA (200nM) (Sather et al.1992). w-Aga-IVA inhibition
has been shown to have no overlap with w-CTx-GVIA and
nitrendipine inhibition of calcium channel currents (Mintz
et al.1992a; Mintz et al.1992b). 1In addition the binding of
[1251] w-Aga-IVA was not significantly inhibited by w-CTx-
GVIA, w-Aga-1A and w-Aga-IIIA (Adams et al.1992). The
inability of w-Aga-IVA to inhibit the expressed BI calcium
channel indicates it is probably not the P-type calcium
channel but some other unclassified HVA calcium channel.
Calcium channels expressed by the BI clone are almost
completely blocked by the Neurex conopeptide, SNX-260
(0.5uM) (Sather et al.1992). SNX-260 is the iodinated form
of w-CTx-MVIIC. This indicates the power of calcium channel
identification by pharmacological means. Many more w-
conopeptides have been isolated and synthesized and have yet
to be screened for calcium channel specificity
(Hillyard,D.R.-Neurex, personal communication).
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Most of the toxins that have been screened from the funnel
web spider and the Conus species selectively inhibit DHP-
insensitive calcium channel currents. Recently, a novel
snake polypeptide toxin has been isolated from the black
mamba snake, Dendroaspis polyepsis polyepsis, that is
reported to specifically inhibit the nimodipine sensitive,
L-type calcium channel current in rat dendate granule
neurones (Niesen et al.1992).

1.4.3.4 Undefined calcium channels

There are a number of calcium channel aq subunits which have
been cloned but not yet expressed. The homology of their
sequence and the distribution of expression levels give some
indication of which calcium channel subtype they may belong.
The rat brain calcium channel clone A has been shown to be
expressed in all regions of the CNS but most prominently in
the cerebellum (Starr et al.1991). The calcium channel A
clone cDNA sequence is mostly homologous with the calcium
channel B clone sequence (Snutch et al.1990). Since the
calcium channel clone B has been expressed and is
selectively inhibited by w-CTx-GVIA (N-type), then the
calcium channel clone A may possibly encode the P-type or BI
calcium channel.

A novel calcium channel a1 subunit amino acid sequence has
been deduced in the rabbit brain by cloning and sequencing
isolated cDNA (Niidome et al.1992). The predicted calcium
channel primary sequence is more closely related to BI than
the skeletal muscle L-type calcium channel. This calcium
channel clone (BII) has been shown to be distributed
predominantly in the brain and is most abundant in the
cerebral cortex, hippocampus and corpus striatum. The
distribution of BII correlates well with w-CTX-GVIA binding
(Takemura et al.1989). BII from the rabbit brain may
therefore be equivalent to the calcium channel B clone
identified from the rat brain (Snutch et al.1990) which is
homologous to the expressed human calcium channel aqg-1
(Williams et al.1992).
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The class E calcium channel aq clone has recently been
isolated from the rat brain. It is expressed throughout the
brain and is most abundant in the hippocampus (Soong and
Snutch, 1992). The deduced primary structure of the class E
protein is most closely related to the brain class A and B
aq subunits.

If the calcium channel A clone encodes the P-type calcium
channel a1 subunit, which is still unclear, then the calcium
channel E clone might encode a similar calcium channel type
to BI.

A comprehensive review of calcium channel clone sequences
and the predicted calcium channel aq subunit amino acid
sequences is not yet available but it is clear that there
are at least four HVA calcium channels in neurones. The
calcium channel type which is insensitive to DHP antagonist,
w-CTx-GVIA and w-Aga-IVA may possibly be encoded by the
calcium channel clones BI and/or E. The pharmacological and
molecular biological classification of HVA calcium channels
has been summarised on table 1.2. The unclassified HVA
calcium channel (BI and/or E calcium channel clones) I have
labelled O for other.

The marine ray calcium channel clone doe-2 is most similar
to the skeletal and cardiac muscle calcium channel a1 cDNA
(1-3 of the Perez-Reyes classification). Whilst the calcium
channel clones doe-1 and doe-4 are more similar to the
subfamily of non-L-type calcium channels (groups 4 and 5).
The homology of calcium channel a1 cDNA between mammals and
mammals to the marine ray indicate that calcium channel
genes have been well preserved during evolution (Horne et
al.1992; Horne et al.1993).

There is no primary structure yet available for the LVA, T-
type calcium channel. It may be possible that this channel
could be derived from alternative splicing of one of the
other cloned aq subunits or it may be evolutionarily
distinct from the DHP binding calcium channels (Snutch and
Reiner, 1992).



The brain B, D and BI calcium channel a1 subunit clones have
been expressed and calcium channel currents recorded. The
co-expression of their complementary subunits are required
for high levels of calcium channel expression with the
appropiate kinetics.

The selective inhibition of cloned calcium channel currents
to specific calcium channel antagonists supports the
selectivity that these antagonists exert on biophysically
defined calcium channel currents in neuronal tissue.

The reversible inhibition by w-CTx-GVIA of the human brain D
clone may result from co-expression of the calcium channel
a1D subunit with the same accessory subunits (82 and ayp) as
the calcium channel a1B subunit which is irreversibly
inhibited by w-CTx-GVIA. Reversible inhibition of L-type
calcium channels by w-CTx-GVIA has previously been shown in
sensory neurones (Aosaki and Kasai, 1989). This indicates
that expression of calcium channels in ovo or transfection
into endothelial cells also seem to mimic the diverse
pharmacological calcium channel antagonist profiles recorded

in CNS neurones.

The crossover of biophysical and pharmacological
characteristics of calcium channels might exist as a result
of the heterogeneity of the subunits in the calcium channel
multimeric structure. It has been proposed that multiple
calcium channel subtypes may exist from the combination of
accessory subunits with a particular calcium channe1'a1
subunit (Williams et al.1992). In addition distinct calcium
channels can also be generated by alternative splicing of a
single gene. The calcium channel clone classes B,C and D
have been shown to have two splice variants (Williams et
al.1992; Snutch et al.1991; Williams et al.1992). These may
be producing channels which are also differentially
expressed in the mammalian CNS.

The amino acid sequences of the calcium channel a4 subunits,
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predict sites for phosphorylation by specific enzymes. The
second messenger activation of intracellular enzymes can
theoretically act at these sites to possibly modulate
channel open probabilities and conductance. This will be

covered in section 1.5.4.

1.4.4 Functional identification of calcium channels

The functional distinction of calcium channels relate to the
biophysical characteristics of that subtype.

LVA (T-type) calcium channels are as permeable to calcium
ions as HVA calcium channels. The density of LVA calcium
channels is significantly reduced during development in
sensory neurones whilst in some adult brain cell types, such
as hypothalamic and olivary neurones, LVA calcium channels
dominate (Kostyuk et al1.1989). The LVA calcium channel
currents have fast inactivation kinetics and are effectively
controlled by small membrane potential changes.

LVA calcium channel current has been shown to be responsible
for the majority of calcium influx during short duration
action potentials in sensory neurocnes, however, this is
dependent on the membrane potential (McCobb and Beam, 1991).
The HVA calcium channel current contribution to the total
calcium influx increases as the duration of the action
potential increases, whilst the LVA calcium channel current
contribution remains the same. The specific contribution of
LVA calcium channel current in neurotransmitter release is
not known because of the lack of specific LVA calcium
channel antagonists. LVA calcium channels have been
recorded in a wide range of mammalian neurones throughout
the brain (Akaike, 1991). The lack of molecular biological
information of LVA calcium channels means that there is at
present little evidence of LVA calcium channel expression

and localisation.



Table 1.2 showing pharmacological and molecular biological classification of HVA calcium
channels

Channel Pharmacological Molecular
subtype selectivity Biological

DHP w-CTx w—-Aga

GVIA MVIIA MVIIC IA ITTIA IVA

<SuM <5uM <5uM  <10pM 10nM  <0.2uM
L Yes? No No No ves® vesf No c,p? 2,31 card® doe-2P9
N No YesP YesC® Yvest Yes® vesf No pi 51 BII® doe-4Pd
P No No NK partiald  NK No Yes9 aJ Nk NK
o No No NK partiald  NK NK  No gk 4l BI® doe-1P4

NK = Not known or not yet determined.

References

a=(Triggle et al.1991), b=(Williams et al.1992; Dubel et al.1992), c=(Gray and Olivera,
1988), d=(Hillyard et al.1992), e=(Adams et al.1989), f=(Mintz et al.1991), g=(Mintz et
al.1992), h=(Snutch et al.1990; Williams et al.1992), i=(Snutch et al.1990; Williams et
al.1992), j=(Starr et al.1991),k=(Soong and Snutch, 1992),1=(Perez-Reyes et
al.1991),m=(Mikami et al.1989),n=(Niidome et al.1992),0=(Mori et al.1991; Sather et
al.1992),p=(Horne et al.1992),qg=(Horne et al.1993).
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DHP-sensitive L-type calcium channels are found in their
highest density in skeletal and heart muscle (Tanabe et
al.1987; Mikami et al.1989). In the nervous system the L-
type calcium channel is thought to be involved in diverse
roles such as neuronal development (Silver et al.1990;
Doherty et al.1991) neurosecretion and neurotransmitter
release in some systems (Dolphin et al.1991; Perney et
al.1986). The L-type calcium channel may also be involved
in signal reinforcement because L-type calcium channel
immunoreactivity has been shown clustered at the base of
major dendrites in hippocampal pyramidal neurones
(Westenbroek et al.1990).

The DHP-insensitive HVA calcium channels are predominantly
found in the mammalian brain (Dubel et al.1992). The w-Aga-
IVA sensitive, P-type calcium channel is found throughout
the CNS, with the highest density seen in cerebellar
Purkinje neurones (Mintz et al.1992a; Llinas et al.1992).
The release of the excitatory neurotransmitter, glutamate,
from rat brain synaptosomes obtained from the frontal
cortex, has been shown to be inhibited by w-Aga-IVA and
insensitive to DHP antagonists and w-CTx-GVIA (Turner et
al.1992). Glutamate release was also partially sensitive to
w-Aga-IIIA. The influx of 45Ca2+ in rat brain synaptosomes
is not blocked by w-CTx-GVIA (Lundy et al.1991) but
inhibition has been demonstrated with P-type calcium channel
blockers and the conus peptide w-CTx-MVIIC (Hillyard et
al.1992). If synaptosomes produced from the brain are a
good presynaptic terminal model, then the majority of
calcium influx on depolarisation is being conducted through
P-type calcium channels to trigger neurotransmitter release.
In some systems the N-type calcium channel has been shown to
be solely responsible for calcium influx at presynaptic
structures and subsequent neurotransmitter release (Kerr and
Yoshikami, 1984; Lipscombe et al.1989).

The evidence that calcium channel currents are predominantly

via DHP-insensitive calcium channels, has mostly been taken
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from neuronal cell bodies and not.synaptic terminals. The
calcium channels and modulatory mechanisms expressed in the
cell body are presumed to be similar to those found at the
presynaptic terminal. In the few available synapses, large
enough for electrophysiological recording, calcium channel
currents have been shown to be DHP-insensitive (Llinas et
al.1992; Stanley and Goping, 1991).

1:5 MODULATION OF CALCIUM CHANNELS

The modulation of VOCCs in neurones and neuroendocrine cells
is important for secretion, cell excitation and patterns of
firing in central neurones. The importance of calcium
channel modulation depends on the cell type involved and the
localisation of action. An action potential invading a
synapse would create a voltage change similar to the
potential changes evoked experimentally to activate calcium
channel currents. The HVA calcium channel currents have
been implicated, using calcium channel antagonists in
release studies, as being important in neurotransmitter
release. HVA calcium channel currents are also easily
recorded and sensitive to modulation. For these reasons I
shall mostly focus in this section on the modulation of HVA
calcium currents which I have grouped into four sections.

1.5.1 Voltage
Voltage changes can open closed channels and may also

convert open channels into an inactivated or special closed
state which prevents channel opening again in response to a
voltage step within a specific time period. Gating
mechanisms have been well defined at the single channel
level (Hille, 1984) and these phenomena become important in
rapid channel activation, such as bursts of firing.

The probability of a group of calcium channels opening will
influence the total current flow across the membrane. The
open probability (pg) is related to the total amount of
current (I) that will occur in a voltage step as:-

I = n.pg.i.n¢

where n is the number of channel activated by the change in
voltage, nt the total number of calcium channels and i the
single channel conductance.



If all the HVA calcium channel types are activated by the
voltage step then each parameter will have multiple values
to represent the respective calcium channels. The relative
contribution of each channel type (n) to the total calcium
channel current varies between cell types and this has been
defined pharmacologically (Mintz et al.1992a). The single
channel conductances (i) within the HVA calcium channels
have been investigated using barium ions as the charge
carrier. LVA single calcium channels have the smallest
conductances of around 8pS and the HVA, DHP-sensitive
calcium channels as large as 25pS, whilst all the DHP-
insensitive calcium channel types have single channel
conductances in between these values. However, the ability
to conduct the divalent cation, calcium, has been shown to
be similar for the T-, N- and L-type calcium channels
(Kostyuk et al.1989).

The open probability and channel gating characteristics
depend on the range and frequency of the voltage changes
across the channel. Neurotransmitters have also been shown
to modulate po. The open probability is the most
transiently variable factor that determines the total
calcium channel current. This will be covered in section
1.6.

Voltage changes have also been shown to recruit a
facilitation calcium channel current in chromaffin cells due
to a voltage-dependent phosphorylation step (Artalejo et
al.1992). Voltage changes act on the voltage sensor of the
calcium channel to alter the ionic permeability and also
seems to change the susceptibility of the channel, or a
closely associated protein, to be a substrate for kinases or

phosphatases.

1.5.2 Calcium

Calcium ions not only carry positive charge across the
membrane during voltage activation but also act specifically
on, or modulate, the activity of many intracellular

proteins, such as enzymes, synaptic vesicle proteins and ion
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channels. It was first noted that injection of a calcium
chelator into a cell decreased the rate of inactivation of a
calcium current (Hagiwara and Nakajimi, 1966). The local
intracellular rise in the calcium concentration passing into
the cell on depolarisation was shown to be the cause of the
inactivation (Brehm and Eckert, 1978). It was then proposed
that this self-limiting mechanism would keep the channel
refractory until the internal calcium was reduced. The
mechanisms of calcium removal will vary within cell types
and will lead to variations in patterns of cell excitation
(Blaustein, 1988). The open probability of the channels
will depend in part on the intracellular calcium
concentration ([Ca2+]i) which in turn depends on the
intracellular buffering of the cell and calcium pumping
mechanisms out across the plasma membrane or into internal
stores. In addition to bulk cytoplasmic [Ca2+]i being able
to modulate calcium channels, the influx of calcium through
a single channel has been reported to contribute to the
inactivation of an adjacent channel (Imredy and Yue, 1992).

1.5.3 Expression

The total number of calcium channels that are expressed in a
cell is represented by n in the above equation for total
current. The proportion of a calcium channel subtype will
vary between particular neuronal cell types. Cellular
proteins are in a dynamic equilibrium and the level of
expression and degradation depend on the level of activity
of a particular cell. In the sea slug, Aplysia Californica,
Bailey and Chen (1983) showed that the number, size and
vesicle number of the sensory neurone active zones were
larger in animals showing long-term sensitization than in
control animals and smaller in animals showing long-term
habituation. This demonstrates that not only the ion
channels but the whole synaptic structure is plastic. 1In
single hippocampal neurones, the abundance of mRNA has been
shown to change within 30 minutes in response to stimulation
(Mackler et al.1992). This illustrates how dynamic and
responsive protein synthesis can be in neurones.



1.5.4 Neurotransmitter modulation of calcium channel
currents

The modulation of calcium influx in sensory neurones by the
application of neurotransmitters has been known since the
work of Dunlap and Fischbach (1978). The action potential
duration decreased on the application of GABA, 5-HT and NA
and this provided the first evidence of another mechanism of
presynaptic inhibition alongside primary afferent
depolarisation. The major inhibitory neurotransmitter,
GABA, did not depolarise the neurone by increasing membrane
permeability to chloride but was modulating the influx of
calcium.

The modulation of cellular excitability by the activation of
"slow" receptors is transduced by guanosine trisphosphate
(GTP) binding proteins (G proteins).

1.5.4.1 G-proteins

G-proteins that are involved in transmembrane signalling in
the CNS of vertebrates are heterotrimeric (a,8,y) proteins
within the GTPase-superfamily. G proteins transduce
sensory, hormonal or neurotransmitter signals to most second
messenger systems and some ion channels in every neuronal
cell type, and are involved in specific, tightly coupled
signalling pathways (for reviews see (Bourne et al.1991;
Birnbaumer et al.1991; Brown, 1991; Dolphin, 1990; Hille,
1992).

Activation of a G-protein coupled receptor catalyses the
exchange of bound guanosine diphosphate (GDP) for GTP on the
G protein a-subunit (Ga subunit). The GTP bound Ga subunit
is active and it is thought to dissociate from the G protein
By subunits (GBy subunit) and transduce the signal to the
appropriate effector. The activated Ga subunit lifetime is
self-regulated by its inherent GTPase activity, hydrolysis
of GTP to GDP inactivates the Ga subunit and the cycle is
completed by reassociation with the GBy subunit. The Ga
subunits are targets of two bacterial toxins, Cholera and
Pertussis toxin. These toxins covalently modify Ga subunits
enzymatically by transferring the adenosine diphosphate
(ADP)-ribose moiety to two amino acids on the Ga subunit.
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Cholera toxin acts to bypass receptor activation and
activates the Gag subunit as well as inhibiting GTPase
activity which fixes the Gag subunit in the activated form.
Pertussis toxin (PTX) acts in the opposite way by blocking
Gaj and Gogy subunits interacting with the receptor and
inactivates the signalling pathway (for review see Dolphin,
1987). Uncoupling of G proteins and receptors with PTX also
reduces the affinity of the receptor for the agonist (Asano
et al1.1985). Some of the G-protein coupled receptors, a
list of corresponding G-protein(s), their toxin sensitivity
and effector system activated are shown in Table 1.3.

There is also evidence that some effectors can also regulate
the rate of GTPase activity of the Ga subunit, this is
analogous to GTPase activating proteins (GAP) shown for the
proto-oncogene product p21ras and other small monomeric
GTPases (for review see Kaziro et al.1991). Phospholipase C
(PLC), cGMP dependent phosphodiesterase (PDE) and stimulated
L-type calcium channels have been shown to act like GAPs and
increase GTP hydrolysis of the Ga subunit (Arshavsky and
Bownds, 1992; Berstein et al.1992; Sweeney and Dolphin,
1992).

Receptor transduction via a G protein to an effector is used
in many diverse cell types with a wide variety of functions
such as the special senses (McLaughlin et al.1992),
neurosecretion (Haydon et al.1991; Scholz and Miller, 1992),
neurite outgrowth (Doherty et al.1991; Strittmatter et
al.1990) and cell differentiation (Wang et al.1992).

The activation of the G-protein coupled receptor can be
amplified because a G-protein can activate more than one
effector. The G-protein keeps a memory of receptor
activation perpetuating the signal until the bound GTP is
hydrolysed. This cascade of activation is most developed in
the retina where light activated rhodopsin catalyses the
exchange of GDP for GTP on multiple G protein (transducin)
molecules. Activated transducin then stimulates multiple
cGMP phosphodiesterase which leads to a decrease in cGMP
levels in rods, and closure of plasma membrane cation
channels which are gated by cGMP (Pugh and Lamb, 1990).
Inherent GTPase activity of the Ga subunit installs a
negative feedback into G protein signal transduction system.


































































































































































































































































































































































































































































