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ABSTRACT
Cultured rat dorsal root ganglion (DRG) neurones are a model
of their presynaptic terminals in v i v o .

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 (Isa)
were recorded in the whole cell configuration of the patch
clamp technique.

The HVA

acutely replated DRGs were

irreversibly inhibited 57% by w-CTx-GVIA (IpM).
selective GABAg agonist,
HVA Iga by 30%.

The

(-)-baclofen (SOpM), inhibited the

Prior application of w-CTx-GVIA completely

blocked baclofen inhibition of the HVA Iga-

The modulation

of the HVA Iga by baclofen is reduced by pre-incubation with
pertussis toxin (PTX).
(G) protein is involved.
proteins, Ga^ and G q q .

This indicates that a GTP binding
PTX ADP-ribosylates the G
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, Ga^ (SGI) and GO q
of 1:100-1:25.

(0C1/2) at dilutions

Only replating DRGs in the presence of 0C1/2

reduced baclofen inhibition of the HVA Iga«

DRGs replated

in the presence of the GO q decapeptide (80pg/ml), also
significantly reduced baclofen inhibition of Isa*

Pre

incubation of 0C2 with the G c q 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 OCl/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 GOq decapeptide (Ipg/ml) for one hour at
37°C.

Immunoreactivity with SGI

(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.

17

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,
this hypothesis,

1979).

Prior to

inhibition in the nervous system was

thought to be by the action of inhibitory fibres postsynaptically.

The presynaptic component of the gate theory

has been investigated in sensory neurones.
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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 yciminobutyric 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

type

velocitv (m/s)

size (um— )

Aa

> 30

1000

Proprioceptive

A6

14 - 30

1000

Tactile

A6

2.2

1000

Temperature

C

<1.4

1000

Pain

-

8

Modality

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 A 6 -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 v i t r o .
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
ai.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 Siidhof and Jahn,

1991) and are released on influx

of extracellular calcium (Llinas et al.1981; Zucker and
Haydon,

1988; Augustine at 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,
and Eliopoulos,

1990).

1990; Findlay

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 at ai.1981; Hirokawa at
ai.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

Biophvsical identification of calcium channels

VOCC currents are now mostly studied with the patch clamp
technique (Hamill et ai.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.

In

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 aJ.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,
Carbone and Lux,

1983;

1984; Nowycky at ai.1985; Fox at ai.1987).

The calcium channels were originally divided into three
groups which were named according to their biophysical
characteristics;

"L" for long lasting,

"N" for not being L or T.

"T" for transient and

These three channel subtypes can

be divided into two groups based on the voltage step
required for activation.
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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 -20mV) 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 aJ.1985; Fox et ai.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 a i .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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ai.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 ai.1985).

There are more than 300 species of

venomous snails from the Conus genus.
three groups of toxins, a,

Their venom contains

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 1 -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 demen t i ,

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.
(o-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 ai.1989).
This venom has been divided into four classes of channelspecific toxins (Olivera et ai.1991) and the specific
component which blocks the P-type channel has now been
identified as w-Aga-IVA (Mintz et ai.1992a).
small peptide comprised of 48 amino acids.

w-Aga-IVA is a
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 ai.1991), whilst w-Aga-IA has been shown
to block both low and high voltage activated calcium
currents (Adams et ai.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 ai.1992a).
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o)-CTx-MVIIC has been shown to partially block P-type current
in Purkinje cells at relatively high concentrations and wCTx-GVIA resistant calcium currents in hippocampal CAI
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 ai.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
at ai.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 at ai.1991).

1.4.3 Molecular biological identification 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.

In 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.
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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 (a-| ,0 2 6 ,6 ,y) of specific molecular
weight (for reviews see (Campbell et al.1988; Snutch and
Reiner,

1992).

The sequence of L-type calcium channel a-j-

subunit DNA was the first to have the sequence identified,
i.e.cloned (for reviews see (Birnbaumer at al.1991; Snutch
and Reiner,

1992).

The stable transformation of the a-; -

subunit into cells with the a-i-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 c^By complex and possibly an
a-j-subunit alone (Perez-Reyes at al. 1989).
Isolation and characterization of rat brain cDNA has shown
that they are homologous to the DHP-sensitive calcium
channel a-|-subunits of heart and skeletal muscle.

They were

originally grouped into four distinct classes A-D (Snutch at
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 DHPbinding 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 at ai.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 ai.1991; Niidome et ai.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
ai.1992; Horne et ai.1993).
I have divided up the molecular biological classification of
the calcium channel a-j 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 a -| subunits

The DHP binding a-| subunits were the first to be expressed
and the calcium channel current recorded.

In murine L

cells, stable expression of skeletal muscle calcium channel
a-j 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 B subunit together with the

a-] subunit in cell lines expressed calcium channel currents
with kinetics similar to those found in skeletal muscle
cells (Lacerda et ai.1991; Varadi et ai.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 ai.1990; Perez-Reyes et ai.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 a-| 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 Ltype 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
aJ.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 at aJ.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
at aJ.1987).
The disparity may be due the calcium channel C clone
encoding calcium channel a-| 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 at aJ.1991).
The other putative L-type calcium channel clone, a-jD, has
been co-expressed with the &2 and Q 2b subunits,
from the human brain, in Xenopus oocytes.

isolated

Co-expression

with the Û 2 subunit is obligatory for channel activity,
whereas the Q 2b subunit appears also to play an accessory
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role of potentiating expression (Williams et ai.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 (10-15pM).

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 a i subunit
The rat brain calcium channel gene cDNA of class B has been
generated and encodes the full sequence of a distinct
calcium channel a-j subunit.

Polyclonal antiserum generated

against a peptide unique to part of this sequence has been
shown to selectively immunoprecipitate high affinity ^^^ilabeled 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,

[H^]-PN200-110 (Dubel at aJ.1992).

The w-CTx-

GVIA receptor has been immunoprecipitated by a monoclonal
antibody which was raised against the 8 -subunit of the
skeletal muscle DHP receptor (McEnery at ai.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 aig subunits has been
deduced and has been co-expressed with human neuronal 62 and
(%2b 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 at aJ.1992).

Co-expression of the 82 subunit was

necessary for N-type channel activity, whereas the 02b
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 a i subunit
Injection and subsequent expression of the rabbit brain
calcium channel a-;-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 a-i-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 aJ.1991).

Mori et al. also showed that

the calcium channel activity of the BI a-)-subunit was
dramatically increased by co-expression of the 02 and 6
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 (O.SpM) whereas the
expressed calcium channels were only partly blocked with wAga-IVA (200nM)

(gather at 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
at ai.1992a; Mintz at ai.1992b).

In addition the binding of

[T^^I] w-Aga-IVA was not significantly inhibited by w-CTxGVIA, w-Aga-lA and w-Aga-IIIA (Adams at ai.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,
(O.S^jlM) (gather at ai. 1992).
of w-CTx-MVIIC.

SNX-260

gNX-260 is the iodinated form

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 DHPinsensitive 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 aJ.1992).
1.4.3.4 Undefined calcium channels
There are a number of calcium channel a-| 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 at aJ.1991).

The calcium channel A

clone cDNA sequence is mostly homologous with the calcium
channel B clone sequence (Snutch at aJ.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 (%i subunit amino acid sequence has
been deduced in the rabbit brain by cloning and sequencing
isolated cDNA (Niidome at 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 at aJ.1989).

BII from the rabbit brain may

therefore be equivalent to the calcium channel B clone
identified from the rat brain (Snutch at aJ.1990) which is
homologous to the expressed human calcium channel aig_i
(Williams at aJ.1992).
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The class E calcium channel a-] 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
a-| subunits.
If the calcium channel A clone encodes the P-type calcium
channel a-j subunit, which is still unclear, then the calcium
channel E clone might encode a similar calcium channel type
to B I .
A comprehensive review of calcium channel clone sequences
and the predicted calcium channel a-j 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 0 for other.
The marine ray calcium channel clone doe-2 is most similar
to the skeletal and cardiac muscle calcium channel a-| 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 a-; cDNA between mammals and
mammals to the marine ray indicate that calcium channel
genes have been well preserved during evolution (Horne et
ai.1992; Horne et ai.1993).
There is no primary structure yet available for the LVA, Ttype calcium channel.

It may be possible that this channel

could be derived from alternative splicing of one of the
other cloned

subunits or it may be evolutionarily

distinct from the DHP binding calcium channels (Snutch and
Reiner,

1992).
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The brain B, D and BI calcium channel a-| 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
a-|D subunit with the same accessory subunits (82

02b) as

the calcium channel a-|B 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 channel a-|
subunit (Williams et ai.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
ai.1992; Snutch et ai.1991; Williams et ai.1992).

These may

be producing channels which are also differentially
expressed in the mammalian CNS.
The amino acid sequences of the calcium channel a-| 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 ai.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 neurones, 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 amd molecular biological classification of HVA calcium
channels
Channel
subtype

Pharmacological
selectivity
DHP

Molecular
Biological

w^Aga

GVIA

w -CT k
MVIIA

MVIIC

lA

< 5]JlM

<5%JLM

<S\iM

<1 O p M

lOnM

L

Yes'

No

No

No

N

No

Yes^

Yes^

P

No

No

O

No

No

IIIA

IVA

Yes

Yes

No

Yes^

Yes

Yes

No

NK

Partial^

NK

No

Yes*

NK

Partial^

NK

NK

No

C,D^ 2,3^

A^

Card* doe-2P^

5^

BII*

NK

NK

4^

BI*

d o e - 4^9

doe-lP9

NK = Not known or not yet determined.
References
a=(Triggle et al.1991), b=(Williams et aJ.1992; Dubel et ai.1992), c=(Gray and Olivera,
1988), d=(Hillyard et ai.1992), e=(Adams et ai.1989), f=(Mintz et ai.1991), g=(Mintz et
ai.1992), h=(Snutch et ai.1990; Williams et ai.1992), i=(Snutch et ai. 1990; Williams et
ai.1992), j=(Starr et ai. 1991),k=(Soong and Snutch, 1992),1=(Perez-Reyes et
ai.1991),m=(Mikami et ai.1989),n=(Niidome et ai.1992),o=(Mori et ai.1991; Sather et
ai. 1992) , p = ( H o m e et ai. 1992) , q = ( H o m e et ai.1993).
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DHP-sensitive L-type calcium channels are found in their
highest density in skeletal and heart muscle (Tanabe et
ai.1987; Mikami et ai.1989).

In the nervous system the L-

type calcium channel is thought to be involved in diverse
roles such as neuronal development (Silver et ai.1990;
Doherty et ai.1991) neurosecretion and neurotransmitter
release in some systems (Dolphin et ai.1991; Perney et
ai.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 ai.1990).
The DHP-insensitive HVA calcium channels are predominantly
found in the mammalian brain (Dubel et ai.1992).
IVA sensitive,

The w-Aga-

P-type calcium channel is found throughout

the CNS, with the highest density seen in cerebellar
Purkinje neurones (Mintz et ai.1992a; Llinas et ai.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
ai.1992).
w-Aga-IIIA.

Glutamate release was also partially sensitive to
The influx of ^^Ca^"^ in rat brain synaptosomes

is not blocked by w-CTx-GVIA (Lundy et ai.1991) but
inhibition has been demonstrated with P-type calcium channel
blockers and the conus peptide w-CTx-MVIIC (Hillyard et
ai.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 ai.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 (Pq) is related to the total amount of
current (I) that will occur in a voltage step as;I — n .P q .1 .n^
where n is the number of channel activated by the change in
voltage, n^ the total number of calcium channels and i the
single channel conductance.
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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 ai.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 8 pS and the HVA, DHP-sensitive
calcium channels as large as 25pS, whilst all the DHPinsensitive 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 ai.1989).
The open probability and channel gating characteristics
depend on the range and frequency of the voltage changes
across the channel.
to modulate P q .

Neurotransmitters have also been shown

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
ai.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 ([Ca^+li) 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 [Ca^*]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.

In

single hippocampal neurones, the abundance of mRNA has been
shown to change within 30 minutes in response to stimulation
(Mackler et ai.1992).

This illustrates how dynamic and

responsive protein synthesis can be in neurones.
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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,6 ,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 ai.1991;
Birnbaumer et ai.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)
appropriate effector.

and transduce the signal to the

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 Gcg subunit as well as inhibiting GTPase
activity which fixes the Gcg subunit in the activated form.
Pertussis toxin (PTX) acts in the opposite way by blocking
Gai and Gqq 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 ai.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 p 21 ras and other small monomeric
GTPases (for review see Kaziro et ai.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 ai.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 ai.1992),
neurosecretion (Haydon et ai.1991; Scholz and Miller,

1992),

neurite outgrowth (Doherty et ai.1991; Strittmatter et
ai.1990) and cell differentiation (Wang et ai.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.
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In those pathways where the effector has been shown to
increases GTP hydrolysis, a highly efficient and responsive
transduction system exists.
The Gfiy subunit was originally thought to act as an anchor
in the membrane for the Ga subunit.

The GBy subunit was

then shown to activate potassium channels in excised patches
of chick embryonic atrial cells (Logothetis et al.1987).
Later work on potassium channel activation in atrial cells
has shown that the activation of the enzyme phospholipase A 2
(PLA 2 ) could produce metabolites which activate the channel
(Kurachi at al.1989) and that PLA 2 activity was stimulated
by the GBy subunit (Kim at al.1987).

In addition, GBy

subunits from PTX-sensitive G proteins have also been shown
to stimulate the B2 isoform of phospholipase C in the COS-1
and COS-7 cell lines (Camps at al.1992; Katz at al.1992).
GBy subunits have also been proposed to act as a common
heterodimer in the plasma membrane which could couple Ga
subunits from an opposing G-protein systems and reduce their
transduction (Linden and Delahunty,

1989).

Most recently GB

subunit subtypes have been shown to specifically couple not
only to a particular Ga subunit in transmembrane signalling
but also to a specific receptor (Kleuss at al.1992).

The

idea of a common, passive GBy subunit, which anchors the Ga
subunit to the membrane, is too simple.

It now seems that G

protein transduction pathways are highly specific and
tailored precisely to specific receptor and effector
subtypes.
Several second messenger systems have been identified,
activated by specific G proteins,
channels.

that modulate calcium

I have separated the second messenger systems

into four groups, none of these pathways are mutually
exclusive and most of the enzymes are sensitive to [Ca^'*']i.
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1.5.4.2 Cyclic Nucleotides
The first G-protein to be discovered was in the cyclic 3 ',5adenosine monophosphate (cAMP) system.

The GOg subunit acts

on the enzyme adenylyl cyclase (ACase) and elevates the
intracellular concentration of cAMP ([cAMPl^) whilst Ga±
inhibits ACase and decreased [cAMP]^ .

The Ga subunits were

labelled s and i because they stimulate and inhibit ACase
respectively (for review see Gilman,

1987)).

This cyclic

nucleotide is required for the maintenance of HVA calcium
channel currents and the prevention of rundown especially in
excised patches (Doroschenko et ai.1982; Kostyuk et
ai.1988).

cAMP is thought to act through cAMP-dependent-

protein kinase A (PKA) and phosphorylation of the calcium
channels.

L-type calcium channels have been shown to

require phosphorylation to be active (Hartzell et ai.1991).
Another cyclic nucleotide (cGMP) has been shown to modulate
calcium currents directly, acting through a cGMP-dependent
protein kinase, to increase the calcium channel current and
the sensitivity to neurotransmitter (Paupardin-Tritsch et
ai.1986).

Also the cation channels in photo- and olfactory

receptors have been shown to be gated directly by cGMP and
cAMP respectively (Matthews,

1.5.4.3 Phospholipase C

1991).

and Ins(1,4.5) trisphosphate and

Diacvlqlvcerol.
There are large number of receptor activated pathways in the
nervous system which are coupled to inositol phospholipid
metabolism.

Receptor stimulation activates the enzyme

phospholipase C (PLC), this enzyme then hydrolyses
phosphatidylinositol (4,5)-bisphosphate to the immediate
products of d-myo-inositol (1,4,5)-trisphosphate (IP3 ) and
sn(1,2)-diacylglycerol (DAG).

DAG activates the enzyme

protein kinase C (PKC) and its actions are discussed below.
IP 3 activates receptor-channels on the endoplasmic reticulum
which release stored intracellular calcium (for reviews see
(Nahorski,

1988; Berridge and Irvine,

1989).

Table 1 .3 Showing a summary of G-protein coupled receptor pathways described in the text of
chapter one.
Receptor

G-protein

Toxin
sensitivity

Effectors

Signalling
pathway

Adrenaline,histamine
ACTH,glucagon + others

Gq <

Cholera
toxin

ACase
Ca
channels

f cAMP
f Ca^* current

Odorants

Goolf*

Cholera^
toxin

ACase

f cAMP

Photons

Gat 1 + 2'

PTX

cGMP
phosphodiesterase

4 cGMP

NA,prostaglandin,
opiates + many peptides

Gail-3'

PTX'

ACase
PLC
PLA 2

CAMP
f IP3,DAG,[Ca2+]i
Arachidonic
acid (AA) release
Membrane
polarisation

K"*" channels

NA,opiates,neuropeptide Y,
GABA,5-HT,acetylcholine,
adenosine,somatostatin +
others

Go^ol +2

PTX'

Acetycholine

GOqC
GB y
GB y ®

PTX

PLC
Ca

channels

t IP 3 ,DAG,[Ca^+]i
Ca2+ influx

PLC

t IP 3 ,DAG,[Ca 2 +]i

PLA 2

AA release
t K'*’ efflux

The table was created from the following reviews and research papers:a=(Gilman, 1987; Bourne et ai.1991; Hille, 1992),b=(Kleuss et ai.1991; Asano et
ai. 1992),c=(Gutowski et ai.1991; Berstein et ai.1992; Taylor et ai.1991 ),d=(Katz et
ai.1992; Markram et ai.1992),e=(Kim et ai. 1987),f=(Dolphin, 1987).
(ji
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Using the nystatin-perforated patch pipette, as opposed to
diffusion of the cell with calcium buffers in the patch
electrode during whole cell recording, receptor activated
IP 3 production and subsequent calcium mobilisation has been
shown to inhibit the calcium currents in pituitary tumour
cells (Kramer et ai.1991).

IP 3 has also been shown to act

directly on the calcium channel current in cerebellar
granule neurones. This response is independent of the
receptor-channel on the endoplasmic reticulum, the release
of intracellular calcium or a change in the calcium
buffering of the cell (De Waard at ai.1992).
1.5.4.4 Protein Kinase C
The production of DAG from inositol phospholipid breakdown
by PLC activates the membrane bound enzyme PKC; this then
acts on the calcium currents in some systems.

Activation of

the PKC by phorbol esters or oleoylacetylglycerol (OAG) was
initially shown to inhibit the calcium current (Rane and
Dunlap,

1986), also negative results exist where these

compounds fail to inhibit the calcium current in other cell
types (Docherty and McFadzean,
Wanke at aJ.1987).

1989; Dolphin at ai.1989;

There is also evidence that the DAG

analogue, OAG can act on calcium currents directly and is
unaffected by application of PKC inhibitors (Hockberger at
ai.1989).
In Aplysia, phorbol esters and intracellular injection of
purified PKC has led to the enhancement of the calcium
current (DeRiemer at al.1987).

The mechanism of PKC in

these cells was to unmask a calcium channel with a higher
unitary conductance than was seen in the control cell
(Strong at ai.1987).
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1.5.4.5 Phospholipase A g and arachadonic acid
The initial evidence of this second messenger system acting
on calcium channels came from FMRFamide action in Aplysia.
Production of arachidonic acid by FMRFamide stimulation of
PLA 2 f produced a decrease in the calcium current and an
increase in the potassium current (Piomelli et aJ.1987).
Activation of receptors linked to PLA 2 and arachidonic acid
production have been shown in the CNS (for review see
Axelrod at al. 1988)) and it has been proposed that
arachidonic acid may modulate synaptic transmission by
feeding back across the synaptic cleft to receptors on the
pre-synaptic terminal (Dumuis at al.1988; Herrero at
al.1992).
In DRG neurones elevation of cAMP, IP 3 production, phorbol
ester stimulation of PKC and application of arachidonic acid
directly onto DRG neurones were without effect on HVA
calcium channel currents (Dolphin at al.1989).

The

modulation of calcium channel current was therefore thought
to be by direct or indirect modulation by a G protein.
1 :6 DIRECT MODULATION OF CALCIUM CHANNELS BY G-PROTEINS
The direct G-protein modulation of ion channels has been
proposed for three groups of G-proteins, G olq, GCg and Gai.
The ability of a G-protein to modulate an ion channel
directly offers a tightly coupled rapidly reversible and
potentially powerful mechanism.

At active zones where

calcium influx is crucial for neurosecretion,

this type of

mechanism would be an efficient, economic and precise method
for control of neuronal signalling.
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1.6.1 Introduction
The inhibitory action of adenosine on glutamate release from
cerebellar granule neurones was shown to be reduced by
preincubation with PTX (Dolphin and Prestwich,

1985).

A G

protein was then postulated to be involved in coupling the
receptor to the inhibition of the calcium influx and
therefore neurotransmitter release (Holz et ai.1989).

The

modulation of VOCCs by the neurotransmitters, noradrenaline
and GABA, was then shown to be mimicked by intracellular
perfusion with guanine nucleotides.

Both of these effects

were reduced with pre-incubation with PTX, suggesting the
involvement of a G-protein (Holz at ai.1986; Scott and
Dolphin,

1986).

PTX, ADP-ribosylates the G-proteins, Ga^

and GOq/ with GOq being the major substrate in bovine brain
membranes (Neer at ai.1984; Sternweis and Robishaw,

1984).

Using specific antibodies raised against these two Gproteins, GQq was shown to be immunochemically distinct from
Gai and that it was a highly conserved protein.

GQq was

shown to be distributed throughout the brain with
particularly high concentrations in the forebrain.

The

concentration of GQq in cerebral cortex was shown to be 5
times that of the Gai, but unlike Ga^ its function was at
that point unknown (Gierschik at aJ.1986).
In sensory neurones noradrenaline inhibited the calcium
channel current recorded in the whole cell configuration of
the patch clamp technique.

In contrast, recording of

calcium currents in the cell-attached mode of the patch
clamp technique showed that noradrenaline application to the
cell only affected the calcium current outside the area of
the patch.

The action of cAMP was ruled out and NA was

therefore thought to operate through a tight receptorchannel coupling (Forscher at ai.1986).

This was also shown

with the activation of the GABAg receptor by the agonist
baclofen (8-p-chlorophenyl GABA)

(Green and Cottrell,

1988).
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1.6.2 GTPyS infusion from the patch pipette and voltaoedependent G protein coupling to calcium channels
In the whole cell configuration of the patch clamp
technique, the intracellular saline of the pipette exchanges
with the cell cytoplasm.

In order to investigate if direct

activation of G proteins could mimic the application of
neurotransmitter,

the non-hydrolysable GTP analogues,

guanosine 5'-0-3'thiotriphosphate (GTPyS) or guanylylimidodiphosphate (Gpp(NH)p), have been included in the patch
pipette.

These GTP analogues exchange from the patch

pipette to the cell and when GDP coupled to the Ga subunit
is exchanged for GTP, GTPyS or Gpp(NH)p can also bind and
the Ga subunit is irreversibly activated.

Infusion of GTPyS

or Gpp(NH)p into neurones reduces the calcium channel
current amplitude (Dolphin and Scott,
al.1989; Schofield,

1987; Toselli et

1991; Elmslie at ai.1990), potentiates

neurotransmitter application and converts reversible
neurotransmitter inhibition into one that is irreversible
(McFadzean and Docherty,
and Tsien,

1990).

1989; Lester and Jahr,

1990; Bley

Infusion with GTPyS also slows the rate

of current activation and this has been shown in some
systems to be PTX sensitive (Dolphin and Scott,

1987;

Toselli at ai.1989) and in insensitive in others (Hescheler
at ai.1988).
Neurotransmitter inhibition of the calcium channel current
has been shown to be voltage dependent,

that is the calcium

channels gating is shifted to more positive potentials in
the presence of neurotransmitter (Grassi and Lux,
Kasai and Aosaki,
ai.1991; Kasai,

1989;

1989; Regan at ai.1991; Penington at

1992).

Voltage-indepenent mechanisms of

neurotransmitter inhibition of the calcium channel current
have also been reported (Beech at ai.1992).

The modulation

of the calcium channel current by GTPyS has also been shown
to be voltage dependent (Scott and Dolphin,
and Robello,

1989).

1990; Marchetti

The inhibitory action of

neurotransmitters and GTPyS has been shown to be relieved,
in a rapid and reversible manner, by a conditioning prepulse
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before a voltage step.

The Ga subunit coupling to the

calcium channel has been proposed to be voltage-dependent
and the prepulse is thought to transiently uncouple the two
proteins (Grassi and Lux,

1989; Plummer et ai.1989; Elmslie

et ai.1990).
Negative evidence also exists where preincubation with PTX
has been shown to be unable to block G protein modulation of
the calcium channel current (Wanke et ai.1987; Song et
ai.1989; Hescheler et ai.1988; Bley and Tsien,
et ai.1992).

1990; Beech

This may indicate that a PTX-insensitive G

protein is involved or it may depend on the amount of
precoupling between receptor and inactive G protein in a
particular system, as PTX prevents receptor-G protein
coupling.

In addition, a prepulse has been shown unable to

relieve muscarinic and GABAg inhibition of the calcium
channel currents in adult DRGs (Formenti and Sansone,

1991).

Also a prepulse has been shown to stimulate baclofen
inhibited calcium channel currents to a similar proportion
as control calcium channel currents in DRGs (Tatebayashi and
Ogata,

1992).

Most experimental findings have indicated that a PTXsensitive G protein, G^ or G q , are involved in calcium
channel modulation in central neurones.

The G-protein, Gai,

has three subtypes Ga^l-S which couple receptors to membrane
bound enzymes, potassium and calcium channels (for review
see Bourne et aJ.1991).

Four Gq-type proteins have been

purified and characterised in bovine brain (Inanobe et
ai. 1990).

So far only two G olq subunits have been shown

functionally, these two GQq subunits, GOqI and GOo 2 , differ
most in their C-terminal region (Hsu et ai.1990) and have
been shown to be activated independently (Kleuss et
ai.1991 ) .
The various methods used to evaluate which G protein is
involved in calcium channel modulation will be discussed in
the section 1.7.
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1.6.3 G protein stimulation of calcium
Another G protein which
channels is Gog.

channels

has been shown to couple to calcium

Gocg stimulates the voltage-dependent, DHP-

sensitive calcium channel directly in heart and skeletal
muscle.

Gag also acts indirectly by stimulating ACase,

elevates [cAMP]^ and activates PKA which phosphorylates the
L-type calcium channel (Birnbaumer et ai.1991).

The DHP

binding calcium channel

subunit can be immunoprecipitated

with the Gag and the GB

subunits of Gg (Hamilton at

ai.1991).
In rat nodose neurones the peptide CGRP has been shown to
increase the HVA calcium channel current (Wiley et ai.1992).
Based on the biophysical characteristics of the calcium
channel current recorded Wiley et al. believe that CGRP is
enhancing primarily the N-type calcium current.

The action

of CGRP was not via Gag however because it was abolished by
pre-incubation with PTX.
1.6.4 G protein modulation of potassium channels
Gao has been shown to stimulate inwardly rectifying
potassium channels in cell-free membrane patches of
hippocampal pyramidal neurones (VanDongen et aJ.1988) and
Gai has been shown to similarly activate an inwardly
rectifying potassium channel in atrial cells (Yatani et
ai.1988).

The dopamine D2 receptor has been shown to

activate two types of potassium currents in anterior
pituitary cells via Gaig (Lledo et ai.1992).
Many G protein subtypes mediate the activation and
inhibition of a wide variety of potassium channel subtypes
both directly and indirectly (for review see Brown,

1990)).
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1 :7 METHODS OF INVESTIGATING G-PROTEIN MODULATION OF CALCIUM
CHANNELS
The PTX-sensitive G-protein involved in peptide inhibition
of the calcium channel subunit was first investigated in
NG108-15, neuroblastoma X glioma cells.

Calcium channel

current inhibition by D-Ala^,D-Leu^-enkephalin (DADLE) in
NG108-15 cells was blocked by pre-incubation with PTX.
Inhibition by DADLE was then restored by intracellular
exchange of purified G proteins, G^ or G q , from the patch
pipette.

The Gqq subunit was shown to restore the DADLE

inhibition of the calcium channel current, the Ga^ subunit
was also effective at 10 times greater concentration in the
patch pipette (Hescheler et ai.1987).

Purified Goq was seen

to be as effective as the heterotrimeric Gq and the
inclusion of GBy at 200 times greater concentrations than
Gof was unable to restore the DADLE inhibition of the
calcium channel current.

Similarly (Toselli at ai.1989)

showed that acetycholine inhibition of the calcium channel
current in hippocampal neurones, pretreated with PTX, could
be restored by intracellular infusion with G q and to a
lesser extent G ^ .
Using a similar protocol of intracellular infusion of G
proteins,

the action of Neuropeptide Y was shown to be

mediated by G q in rat sensory neurones (Ewald at ai.1988).
Using Ga subunits expressed in Escherichia coli,

(Linder at

ai.1990) showed that the recombinant proteins, G c q , Ga^l and
Gai3 were equally able to restore neuropeptide Y inhibition
in PTX treated DRGs.

Also intracellular infusion of the

activated Ga^ subunit was shown to be most effective in
restoring neurotransmitter inhibition of the calcium channel
current in guinea-pig submucosal neurones (Surprenant at
ai.1990).
Intracellular exchange of a high concentration of exogenous
Ga subunits into neurones following PTX treatment have
provided no clear indication of which PTX sensitive G
protein subtype is involved in calcium channel modulation.
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Direct G protein transduction can also be studied if an
endogenous G protein is selectively removed from the
transduction pathway.

Antibodies have been generated

against the C-terminal of the two PTX-sensitive Ga subunits,
GQq and Ga^ (McFadzean et ai.1989).

The anti-Gi antiserum

recognised Ga i l , Gai 2 and transducin whilst the anti-Go
antiserum only recognises Gcq.

The C-terminal of the Ga

subunit is thought to be the site that couples to the
receptor (Masters at al.1988; Heideman and Bourne,

1990);

antibody binding to this site therefore prevents the
specific G protein receptor interaction and blocks signal
transduction through that system.
The antisera were injected into NG 108-15 cells at a
dilution that was shown to be active in blocking opioid
peptide mediated inhibition of adenylyl cyclase (McKenzie at
ai.1988).

Elevation of cAMP alone did not inhibit the

calcium current.

Only the antiserum raised against GOq was

able to significantly protect against noradrenaline
inhibition of the calcium current (McFadzean at ai.1989).
1 :8 AIMS AND OBJECTIVES
The aim of this study was to establish the particular
G-protein involved in GABAg modulation of the HVA calcium
channel current in cultured D R G s .
The objectives were to:a) Record calcium channel currents from acutely replated
cultured DRGs of the rat.
b) Establish the characteristics of the calcium channel
currents in acutely replated DRGs and whether they
could be inhibited by (-)-baclofen and GTPyS.
c) Introduce antibodies into acutely replated DRGs.
d) Evaluate using anti-G protein antibodies,

the Ga

subtype involved in modulation of HVA calcium channel
currents,

in acutely replated DRGs.

e) Establish which calcium channel type was being
modulated by the G protein.
f) Using anti-G protein antibodies and
immunocytochemistry establish the localisation of the
particular G proteins.
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Some of the results described in this thesis have been
published.
A.S.Menon-Johansson and A.C.Dolphin (1992).

Inhibition of

GABAg modulation of calcium channel currents in cultured rat
dorsal root ganglion neurones by loading replated cells with
anti-G protein antibodies. J. Physiol.,

452,177P.
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CHAPTER TWO
MATERIALS AND METHODS
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CHAPTER 2: MATERIALS AND METHODS
2.1 CELL PREPARATION
2.1.1 Dorsal Root Ganglion neurones
Two, two day old rats (Wistar or Sprague Dawley) yield
approximately 10^ cells.
2.1 .1 .1 Coverslip preparation
Sterile coverslips (22 x 22 mm) were incubated overnight in
polyornithine (0.25mg/ml), washed in sterile water and then
dried.

Each coverslip was then placed in a 35mm diameter

culture dish.

Incubation with laminin was done prior to the

dissection.
2.1 .1.2 Dissection
The neonatal rat was decapitated, using a large pair of
scissors.

The vertebral column was exposed and removed by

cutting through the skin, above the spinal cord, in the
rostro-caudal direction and then through the muscle along
both sides of the column,

using fine pointed scissors.

The column was then washed with sterile phosphate buffered
saline (PBS) and placed in a large (85mm) Petri dish
containing PBS.

Next, the dorsal surface of the column was

removed by inserting one tip of a pair of fine spring-loaded
scissors into the rostral end of the spinal cord and cutting
down to the caudal end on both sides just above the
transverse processes.

On completion of both sides, the

dorsal vertebral surface of the spinal cord can be pulled
away, leaving the ganglia exposed bilaterally in the
intervertébral foraminae.

Using a dissection microscope the

ganglia were removed by pulling from behind with fine
forceps.

The roots on the ganglia were also removed with

fine forceps before the ganglia were collected in a small
(35mm) Petri dish containing FI4+HS medium.
35-40 ganglia were obtained per column.

Approximately
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2.1.1.3 Dissociation of ganglia
Ganglia were transferred to FI4+HS medium containing 0.125%
collagenase and incubated for 13 minutes (37°C).

They were

then washed three times in approximately 3 mis of PBS prior
to incubation in PBS containing 0.25% trypsin for 6 minutes
(37°C).

Following the enzyme treatment, DRGs were washed

three times with 5 mis of FI4+HS medium.

The ganglia were

then mixed thoroughly with 160 kunits/ml of DNAase in FI4+HS
for 2 minutes prior to trituration (10-15 times).

Then

1.0ml of FI4+HS was added to give the final volume of
2.Omis.

A fire polished Pasteur pipette, with a slightly

reduced bore at the end, was used for medium transfer and
trituration.
2.1.1.4 Final plating
Polyornithine coated coverslips were incubated (37°C) for
two hours with 200pl of Laminin (1.Opg/ml).

The cover slips

were then washed with 300pl of FI4+HS medium before plating
out the cells.

Nerve growth factor (NGF) was added to the

cell suspension (lOng/dish).

The cell suspension was then

equally distributed between the ten pre-coated and washed
coverslips from the incubator.
After two hours in the incubator the cells adhered to the
coverslip and then were topped up with 1.5mls F14+HS medium
with NGF (15ng/dish).
Approximately 30 hours later the cells were fed by replacing
1.0ml of the FI4+HS medium with 1.0ml of defined medium plus
NGF (lOng/dish).
procedure.

Cells were fed every 2-3 days by the same

58
2.1.2 THE REFLATING PROCEDURE
Cells were used on day 3/4 of culture.

A fire-polished

Pasteur pipette (as for trituration) was used for the
replating procedure.

All the medium in the culture dish was

removed and a specific volume (200pl) was returned to the
cells.

Macromolecules in specific experiments were diluted

in this volume (see 2.2.3 Replating medium).

This solution

was drawn up and then ejected over the coverslip
(approximately 10 times) whilst rotating the culture dish.
The progress was monitored with a low power phase contrast
microscope.

This cell suspension was then removed and

plated onto a dried polyornithine coated coverslip and
placed in the incubator for one hour before use.
2:2 SOLUTIONS. DRUGS AND METHODS OF APPLICATION
2.2.1

CULTURE REAGENTS FOR DRGs

Ham's nutrient mixture F-14 (modified) medium was made up
from powder into a stock of 10X concentration with distilled
and de-ionized water, filtered (0.2]jLm) in sterile
conditions, aliquoted and stored at -20°C.

Components of

FI 4 plus horse serum (HS) and FI 4 defined media are
described in Tables 2.1 and 2.2.

Other reagents used in the

cell preparation are shown in Table 2.3
2.2.2

RECORDING MEDIA AND DRUG APPLICATION

2.2.2.1 Extracellular recording media
Constituents of all media used are given in Table 2.4.
pH was adjusted to 7.4 with NaOH (2M)
the sodium free medium).

The

(or TRIS base (1M) for

The volume was then made up (-

1.0ml) with de-ionised distilled water and the osmolarity
set to 315 mosmols with sucrose.

The medium was filter-

sterilised and 50.Omis aliquots were stored at -20°C.
On the day of use the extracellular medium was thawed and
tetrodotoxin and barium chloride (the charge carrier) were
added as in Table 2.4.

The medium was kept on ice, a warmed

(21°C) volume (900jjl1 ) was added to the coverslip of cells in
the microscope chamber and was replaced every 30 minutes or
following each drug application.
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2.2.2.2 Extracellular drug application
Drugs described in Table 2.5 were dissolved in each new
aliquot of extracellular medium on the day of use and were
applied to the cells by gravity assisted perfusion from a
wide bore drug pipette (tip diameter approximately 10pm)
placed maximally 100pm from the cell.

Low pressure ejection

was only applied when microperfusion was not visible on the
closed circuit television (CCTV) monitor, see figure 2.1.
Extracellular saline was ejected onto cells as a control,
the pressure ejector was set to 200mmHg with a pulse width
of 0.5 seconds, these control conditions had a negligible
effect on the peak current ( -3.7 ± 5.3%, n=7).The control
ejection value includes 3 cells where the extracellular
saline was continuously ejected.

Neither continuous

ejection or pulses of drug application effected the calcium
channel current recorded.

When microperfusion was not

visible drugs were applied with the pressure ejector set on
continuous ejection (TOmmHg).

Drug application is denoted

by a bar drawn on the current time graphs in chapter 3.
Nicardipine, Nifedipine and BayK 8644 are light sensitive
compounds.

Therefore all stock concentrations were made and

the compounds applied in conditions of low level
illumination from a sodium lamp.

Table 2.1 Showing components of FI 4 with Horse Serum (HS) culture medium
F14 + HS
Reagent

Source

Stock
concentration

FI 4

Imperial

1 OX stock

Heat inactivated (HS)

Gibco

Glutamine

Flow

Penicillin+Streptomycin

NaHCOg

V(ml)/
W(mg)

Final
concentration

10.0ml
1 0.0ml

1 0 .0 %

200mM

1 .0ml

2.0mM

Flow

5000(IU)+
5000 (jig/ml)

1 .0ml

50IU+
50pg/ml

Sigma

Salt

120.Omg

14.3mM

V: Volume of stock required for 100ml of medium
W: Weight of salt required for 100ml of medium
All culture medium volumes are made up with de-ionized distilled water; filter-sterilised and
refrigerated (kept no longer than 21 days).

o>
o

Table 2.2 Showing components of Defined FI4 medium
Defined Medium
Reaaent

Source

Stock
concentration

FI 4

Imperial

1 OX stock

5. 0ml

Glutamine

Flow

200mM

0. 5ml

2.0mM

Penicillin+Streptomycin

Flow

5000(IU)+
5000(pg/ml)

0.5ml

50IU+
50pg/ml

NaHCO]

Sigma

Salt

60.Omg

14.3mM

Insulin

Sigma

1mg/ml, in water

0.25ml

4.Opgs/ml

Transferrin

Sigma

25mg/ml,in water

lO.Opl

5.Opgs/ml

Progesterone

Sigma

ImM, in ethanol

lO.Opl

20.0nM

Putrescine

Sigma

0.504M, in water

lO.Opl

O.ImM

Selenium

Sigma

150|iM, in water

lO.Opl

30.0nM

V/2(ml/ul)
W/2(mq)

Final
concentration

V/2: Volume of stock required for 50ml of medium
W/2: Weight of salt required for 50ml of medium

a\

Table 2.3 Showing sources and concentrations of other reagents used in DRG cell culture
Reagent

Source

Stock
concentration

Final
concentration

Additional
information

Poly-L-ornithine

Sigma

25mg/ml in
sterile water

0.25mg/ml in
sterile water

Stock 100]il aliquots
stored at -20°C

Laminin

Sigma

0.1 mg/ml in
PBS

1.Opg/ml in
PBS

Stock 10)il aliquots
stored at -70°C

Collagenase

Sigma

1.25% in
sterile water

0.125% in FI 4
+ HS medium

Stock 120]jl1 aliquots
stored at -20*C

Trypsin

Sigma

2.5% in PBS

0.25% in PBS

Stock 120pl aliquots
stored at -20®C

DNAase

Sigma

1600 kunits/ml
in PBS

160 kunits/ml
in FI4+HS

Stock 120pl aliquots
stored at -20*C

NGF

A.M.Davies
(St.George's
Hospital
Medical Sch.
London)

Ipg/ml in FI4

13.2ng/ml day
1 then day 2
6ng/ml in
culture medium

Stock 500pl aliquots
stored at -20®C.

0»
to

Table 2.4 Showing constituents of the extracellular bathing mediums
Solution A
Reaaent

Stock concentration
in water (M)

5V(mls)

Solution B
Final
concentration

5V(mls)

Final
concentration

NaCl

2.0 M

35.0

140 mM

TEA Br

1.0 M

10.0

20 mM

80.0

1 60 mM

KCl

1.0 M

1 .5

3 mM

1 ,5

3 mM

MgCl2

0.5 M

1 .0

1 mM

1 ,0

1 mM

0.25 M

2.0

1 mM

2.0

1 mM

HEPES

1.0 N

5.0

1 0 mM

5.0

10 mM

Glucose

1.0 M

2.0

4 mM

2.0

4mM

NaHCOg

V/2(uls)
TTX
BaCl2

V/2(uls)

0.5 mM

100.0

1.0 pM

50.0

0.5

1 .0 M

125.0

2.5 mM

125.0

2.5 mM

5V
: Volume of stock required for 500 ml of medium
V/2 ; Voluiiic
stock required for 5 0 ml of medium
Salts were obtained from both BDH and Sigma

>jlM

CT»
U)

Table 2.5 Showing additions to the extracellular recording medium of drugs applied by low pressure
ejection.
Drug

Final
concentration

Source

Stock
concentration

Additional
information

(-)-Baclofen

10/25/50/100
200 pM

Boehringer
Mannheim

10.0 mM

Stock in water
Stored at -20°C

1.0

Sigma

500.0 pM

Stock in water.
Aliquots of IOp.1.
Stored at -20*C.

-CTX (GVIA)

pM

Nicardipine

1. 0 p M

Syntex
Laboratories

10.0 mM

Stock in water.
Stored at -20®C.

Nifedipine

1 .0 p M

Sigma

10.0 mM

Stock in 70% ethanol
Stored at -20°C.

BayK 8644

1.0 p M

Research
Biochemicals
Inc.

10.0 mM

Stock in 70% ethanol
Stored at -20*C.

<T»
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2.2.2.3 Intracellular recording media and druQ application
The constituents of the two intracellular recording media
used are shown in Table 2.6.

The intracellular salines have

been named from their major components of caesium acetate
(CsAc) and caesium aspartate (CsAsp).

The pH was set with

CsOH to 7.2 and the osmolarity adjusted up to 310 mosmol
with sucrose.

The medium was then filter-sterilised,

aliquoted and stored at -20°C.

Adenosine trisphosphate

(ATP) was added on ice to 20.Omis of cooled intracellular
recording medium, filter-sterilised and then aliquoted out
into 0.5ml fractions and stored at -20°C.
experimental day.

One was used each

When required GTPyS was added to a

fraction of the intracellular recording media to be used
that day, see Table 2.6.
2.2.3

Reflating medium

Cells were replated in their culture medium, which consisted
of approximately 30% FI4+HS and 70% defined medium.
Macromolecules to be loaded into the cells were diluted into
this medium (200pl) at various concentrations.

If the cells

were kept longer than 60-90 minutes the remainder (1300pl)
of the original culture medium was replaced.

The reagents

and dilutions used in the replating media are shown in table
2.7.

The protein weights of non-immune serum and the

antisera were calculated using the Bicinchoninic acid
protein assay reagent (Pierce) with a microtiter plate
reader (Dynatech MR5000).

Table 2.6 Showing constituents used in CsAc and CsAsp patch pipette solutions, and the modifications
used.
CsAsp

CsAc
Reagent

Stock concentration
in water

2.5V
(mis)

CsAc

1 .OM

CsAsp

0.5M

EGTA

1 .OM

0.275

MgCl2

0.5M

CaCl 2

35.0

Final
concentration

2.5V
(mis)

Final
concentration

140 mM
70.0

140 mM

1.1 mM

0.275

1.1 mM

1 .0

2.0 mM

1 .0

2.0 mM

0.1M

0.250

0.1 mM

0.250

0.1 mM

ATP

0.1M

*

2.0 mM

*

2.0 mM

HEPES

1 .OM

2.5

10.0 mM

2.5

10.0 mM

* = ATP was added to each aliquot separately (see text).
2.5V : Volume required of stock for 250 mis of medium.
Drug

Final
Concentration

Source

Stock
Concentration

Additional
Information

GTPyS

10 - 200 )jlM

Boehringer
Mannheim

10.0 mM

Stock diluted in
patch solution on
day of experiment.
Stock in water.
Stored at -20°C

Table 2.7 Showing macromolecules dissolved in reflating medium
Macromolecule

Final
Concentration

Source

Stock
Concentration

Additional
Information

Non-specific
Rabbit (IgG)
Immunoglobulin

0.04-5.0 mg/ml of
IgG powder + 1:25
-1:200 of stock

Sigma

Lyophilised powder
+ Stock solution
at 1mg/ml

Stock in water
Stored at -20°C

Non-specific
rabbit serum
(SER)

Dilutions of
1:100 - 1:25
(s 0.61 - 2.4
mg/ml)

Jackson
immunochemical
reagents

Undiluted

In S.Opl aliquots
Stored at -70°C

Anti-GCo
antiserum
(0C1\0C2)
(ONI 1:50)

Dilutions of
1:100 - 1:25
(E 0.61 - 2.4
mg/ml for 0C2)

G.Milligan
(University
Glasgow)

Undiluted

Freeze dried serum
reconstituted with
water.
S.Opl aliquots
Stored at -70®C

Anti-Gai

Dilutions of
1:50 - 1:25
(s 0.56 - 1.1
mg/ml)

G.Milligan

Undiluted

antiserum
(SGI )

Freeze dried serum
reconstituted with
water.
B.Opl aliquots
Stored at -70®C

Anti-GUo
antiserum

Dilutions of
1:50.

G.Milligan

Undiluted

Freeze dried serum
reconstituted with
water.
8.0pl aliquots
Stored at -70®C.

G q alpha subunit
C-terminal llmer
peptide

Dilutions of
1:25 (=10.0
pg/ml)

N .Berrow
(made here
R.F.H.S.M)

2mgml”^ stock

Amino acid sequence as
used by G.Milligan for
raising 0C1 and 0C2
plus extra cysteine
Sequence = ANNLRGCGLYC
Stored as 1Opl aliquots
at -70°C.

(Po)

cn
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The changes in optical density from the reaction of the
serum protein with the protein assay reagents were then
compared to standard dilutions of bovine serum albumin
(BSA).
2:3 ELECTROPHYSIOLOGICAL RECORDINGS
Whole cell voltage clamp recordings (Hamill et al, 1981),
were made with an Axoclamp-2A switching amplifier.
Coverslips were placed on the stage of an inverted Nikon
microscope and the cells were viewed at 300x magnification
with Hoffman modulation contrast optics.
2.3.1 Patch electrode preparation
Patch electrodes were made from borosilicate glass tubing
(0.8-1.0mm bore diameter) on a Brown-Flaming micropipette
puller (Sutter Instruments Co).

Once filled with the

appropriate patch solution, electrodes had a resistance of
2-5M0.
2.3.2 Basic protocol
The pipette was lowered into the extracellular bathing
medium above the chosen cell.

First the input offset was

set to zero, and then hyperpolarising current pulses (lOOpA
for 100ms at iHz) were initiated.

The bridge circuit was

balanced and provided a measure of the pipette resistance.
In the direct current clamp (DCC) mode the capacitance of
the pipette was neutralized with the amplifier set to pass
2nA steps (IHz, 100ms duration) and the waveform was
adjusted on the monitoring oscilloscope (see figure 2.1, the
top oscilloscope was used to adjust the settling
characteristics of the pipette).
The amplifier was then switched back to the bridge circuit
and the pipette was lowered onto the centre of the cell
body; as contact was made with the cell the apparent pipette
resistance increased.

A small amount of suction was applied

by a syringe attached to the pipette holder by plastic
tubing and this resulted in a large increase in the seal
resistance between the pipette and the cell membrane.

69

monitor

Oscilloscopes

recording
electrode
drug
pipette

headstage

FM Tape rec

Axoclamp
2a
microscope

T I M E R U N IT
P ejector

□

Figure 2.1 Showing the main components of the electrophysiological
recording equipment

Usually a GigaOhm resistance seal developed within 60
seconds.

At this point the amplifier was switched to

discontinuous single electrode voltage clamp (dSEVC) mode in
which the amplifier switches between sampling and current
injection modes at a frequency that can be set (15-22kHz for
replated DRGs).

30mV Hyperpolarising voltage steps (IHz,

100ms duration) were then applied while the gain of the
holding circuit was increased so that the voltage waveform
became square and the waveform on the monitoring
oscilloscope showed that sampling of the membrane voltage
occurred at a point when the voltage transients had decayed
sufficiently.

Further increases in the gain were possible

with the imposition of small amounts of phase lag.
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In cells where membrane rupture had not occurred
spontaneously or in which space clamp was not adequate by
this stage, small amount of extra suction and transient
increases in the phase lag were applied.

Using these

procedures the whole cell configuration of the patch clamp
technique and optimum space clamp conditions were obtained.
2.3.3 Experimental protocol
In all the experiments, the holding potential of the cell
was set at -80mV and all test steps were applied for 100ms
duration.

On achieving the whole cell configuration, the

step potential which produced the maximum inward calcium
channel current was found and this potential step was
applied at 0.033Hz.

Each test step was accompanied by three

hyperpolarising steps of -30mV to determine the leak
current.

The peak amplitude of the current increased

steadily to a plateau, normally within 240-300 seconds,

in

all of the cells.
Drug application or current voltage relationships were only
carried out when the maximum current amplitude had been
achieved and three consecutive currents of equal size and
kinetics had been recorded.
The trigger pulse was initiated by a timer unit which then
activated the amplifier and marked the FM tape.

Pre-pulse

stimulation prior to the test steps were gated by the timer
unit and the battery driven prepulse generator fed directly
into the amplifier (this circuit is not included in figure
2.1).

Both the timer unit and the prepulse generator were

made in house (Medical engineering,

St.George's Hospital

Medical School).
Current voltage relationships were recorded by giving a
series of -20mV hyperpolarising steps (10 at IHz) and then
applying a test potential every 10 seconds.

Once the test

steps were complete the same number of hyperpolarising steps
were again applied.
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2.3.4 Cell capacitance
Cell capacitance cannot be directly measured with the
Axoclamp-2A amplifier so after each recording, where
possible,

the amplifier was switched to DCC mode and the

cell was depolarised to a steady potential of +50mV.

Stable

records were not possible at more hyperpolarised potentials.
Current steps of 50pA were then injected (0.2Hz,

100ms).

This method was taken from the thesis of Dr H.A.Pearson,
University of London.
The passive resistive and capacitative characteristics of
the cell membrane cause the voltage of the cell membrane to
change in an exponential manner to square-wave current
injection.

The relationship between voltage change over

time is given by;
V(t) = Vmax (1-e
where V(t) is the voltage change over time t, Vmax is the
maximum potential change reached and t is the time constant
for charging the cell membrane.
The time constant, x, is related to the capacitance (C) and
the resistance (R) of the cell by;
X = RC
R was calculated by dividing Vmax with the amplitude of
the current pulse, and having fitted an single exponential
curve to the voltage change to give x, C can be obtained.
The test step was approximately 10 times longer than one
time constant so the membrane charging was more than 99.95%
complete when values of the change in voltage were measured
The baseline values, amplitude of current step (B - A) and
voltage response (D - C) were calculated from an average of
50 points within a sampling area.
the boxes drawn on figure 2.2.

These areas are shown by
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B

0.25nA
50ms

50mV

Figure 2.2 Shows the method of calculating the capacitance of a cell

The estimated capacitance was also calculated from the cell
diameter.

Assuming the cell approximated to a sphere, the

surface area was then calculated.
capacitance

Neuronal membranes have a

of 10"^^ F/pm^, therefore the estimated

capacitance value is the surface area (pm^) multiplied by
10“ ^^.

The mean calculated capacitance was 17.7 ± 2.2 pF

and this was similar to the estimated value of 18.0 ± 0.9pF,
n=15.

The current density has therefore been calculated

throughout by dividing the peak current by the estimated
surface area (pA/pm^).
2.3.5 Data acquisition
All the current and voltage traces were recorded directly
onto magnetic tape (19.05cm/s) with a Racal Store 4D FM
recorder.

Each procedure was accompanied by a simultaneous

voice recording.

The tape recording was calibrated by a

calibration step from by the amplifier (lOmV,

InA).
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2.4 DATA ANALYSIS
All recordings were captured on computer using the Voltage
Clamp Analysis program (VCAN) written and supplied by Dr J.
Dempster,

Strathclyde University.

The analogue signals on

the tape were sampled (2.6 kHz) from the A-D converter (CED
1401).

Each set of leak and test steps were grouped and

then leak subtracted.

The leak subtracted data were then

analysed using the VCAN software.

The time to peak was

measured manually whilst the peak and sustained current
values were averages of 4 and 20 points respectively.

These

files were saved and later sorted on a spreadsheet
(Quattro).
Specific current records were saved to files for collation
and analysed using Sigmaplot (Jandel Scientific).

All the

current records and figures shown in chapters 3 and 4 were
taken from leak subtracted records.

The effect of drug

applications were calculated as a percentage by the
equation
Effect (%) = ((A - B) / A) X 100
where A is the control current and B the current value
during drug application, see figure 2.3.

In chapter 3 the

effect of drug application was also measured isochronally,
the time point was set for the peak value of the control
current before drug application, this is shown by the
vertical line in figure 2.3.

In figure 2.3 the peak current

value of the current inhibited by the drug (B) is similar to
the isochronal measurement.
The peak and sustained current values have been labelled Ip
and Is respectively, throughout chapter 3 and 4.
The peak current values have been plotted against time to
illustrate the effect of drug application.

Leak subtracted

current traces corresponding to time points on the peak
current/time graph are also shown as a further illustration
of the effect of drug application.

The mean ± standard

error of the mean (S.E.M.) effect of drug application are
represented as bar charts.
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Figure 2.3 Shows the specific points recorded of the current traces
evoked by a voltage step.

Current activation (and voltage activation in figure 2.2)
was fitted with a single exponential equation:y(t) = ss + A X exp(-t/ri)
When the rate of current activation was sufficiently slowed
a double exponential curve could be fitted:y(t) = ss + ( A x exp(-t/xi) + (B x exp(-t/x 2 ))
where ss is the steady state in both equation, A and B in
the double exponential equation are the proportional amounts
of the two components of current with the time constants xi
and X 2 respectively.

The proportion of the slow current

component in the double exponential curve fit is given by
b/a+B.
and B.

At time infinity, the steady state is the sum of A

75
Statistical tests applied will be described at the point of
use.

Statistical significance p<0.05 is represented as a

single asterisk (*) and data which is statistically
significant at p<0.01, as two (**).
2:5 IMMUNOCYTOCHEMICAL TECHNIQUES
2.5.1

Immunocvtochemistrv media

This technique I have developed from the protocols of Dr
M.S.Fazeli and Dr T.Cowen (personal communication).

The

following solutions were required
1) Tris Buffered Saline (TBS) = Tris salt (20mM), NaCl
(0.9%) and Sodium Azide (0.1%).
2) Paraformaldehyde (4%) made

pH set at 7.3.

up in TBS.

3) Triton XI00 (0.2%) made up in TBS.
4) Serum Wash A = Goat serum (20%), BSA (4%) and (DL)-Lysine
(0.1%) made up with TBS.
Serum Wash B = Donkey serum (5%), Sheep serum (5%), BSA
(4%) and (DL)-Lysine (0.1%) made up with TBS.
(Serum wash B was only used with the monoclonal
antibody.)
5) Diluent = Serum wash A or B (50%) plus (DL)-Lysine
(0.05%) made up with TBS.
All the compounds listed were

purchased from Sigma except

for the donkey and sheep sera

which were purchased

from

Jackson immunochemical reagents.
Each solution was filter-sterilized and stored at 0-4^C for
a maximum of 21 days..
2.5.2

Antibodies

All antibodies used were incubated on the cells in the
diluent.

All the primary staining and secondary antibodies

are described on Table 2.8.
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2.5.3 Immunocvtochemistrv procedure
Coverslips of cells are removed from the culture dishes and
placed on raised platforms in
used were

200p2.

a humidified box. All volumes

Steps 5 and 6 of this procedure were

not

required in the antibody loading experiments (see chapter 4)
(1)

Wash 3 X 5

minutes with TBS.

(2)

Fix with Paraformaldehyde,

(3)

Wash

3 X 5

minutes TBS ± 0.2% Triton XI00.

(4)

Wash

3 X 5

minutes Serum wash.

(5)

Incubate with the antibody(s), overnight at 4°C.

(6)

Wash 4 X 5

(7)

Incubate with secondary antibody(s),

for 30 minutes at room temp.

minutes Serum wash.
120 minutes, at

4°C.
(8)

Wash 5 X 5

minutes with TBS.

(9)

Mount coverslips on glass slide with citifluor (PBS and
glycerol).

(10) View - see section 2.6.
2:6 CONFOCAL MICROSCOPY
All immunocytochemistry results were viewed with both
conventional fluorescence and confocal microscopy.

The

advantage of confocal microscopy is that the fluorescent
image is strictly limited to what is in focus at a set depth
in the specimen.

Confocal microscopy thereby provides a

highly selective system for imaging and data acquisition.
2.6.1 Equipment
The MRC-600 series laser scanning confocal imaging system
(Bio Rad) was used with a Krypton/Argon multi line laser
(15mwatt) and an Olympus upright microscope.
software was provided by Bio Rad.

All computer

The image was first

viewed by conventional fluorescence microscopy to select the
area of analysis.

Laser illumination of the specimen was

passed through a filter specific for the fluorochrome
fluoroscein isothiocyanate (FITC) at 494-520nm,

the second

channel was left clear for phase contrast imaging.
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2.6.2 Data acquisition
All confocal images taken were

sections across the specimen

in the X and Y plane at set intervals of height through the
whole depth (Z plane) of the specimen.

Each complete XY

plane scan (frame, 768 x 512 pixels) for each Z level was
taken seven times and then the sum was divided by seven to
give the mean image.

After fluorescent images were

completed, a phase contrast image was taken.

The scan

system was at 1 Frame/sec and the image was digitised and
stored on an optical disc cartridge.
2.6.3 Data analvsis
The data were displayed as single XY frames at specific Z
levels or as a sum of all the frames in a single projection.
All of the rabbit antibodies were stained with goat anti
rabbit conjugated to FITC.

Fluorochrome excitation was

recorded with a photomultiplier and these images are
displayed in red.

As the intensity of the immunoreactivity

increases the image becomes brighter (red to yellow).
immunofluorescence of the secondary antibody,
mouse conjugated to FITC,

The

sheep anti

I have shown in green.

The gain of the photomultiplier,

recording the fluorescent

image, was set just below the level required to image nonimmune serum.

Therefore all immunoreactivity shown for the

antisera raised against specific peptides represents
specific immunoreactivity.

The confocal microscope images

shown in chapter 4 and 5 have been taken directly from the
video monitor of the computer with a Nikon FX-800 camera and
Kodak 200 ASA colour film.

Table 2.8 Showing antibodies used for immunocvtochemistrv
Antibody

Additional
Concentration

Final
Concentration

Source Stock

Non-specific
rabbit serum
(SER)

Dilutions of
1 :1000
1 :2000
(e 61 - 30 ]ig/ml)

Jackson
immunochemical
reagents

Undiluted

In B.Opl aliquots
Stored at -70®C

Anti-GCo
antiserum
(0C1/0C2)

Dilutions of
1 :1000
1 :2000
(s 61 - 30 pg/ml)

G.Milligan

Undiluted

Freeze dried serum
reconstituted with
water.
B.Op.1 aliquots
Stored at -70°C

Anti-Goi
antiserum
(SGI )

Dilutions of
1 :500 - 1 :2000
(s 56 - 14 pg/ml)

G.Milligan

Undiluted

As above.

Anti-GOg
antiserum

Dilution of
1 :2 0 0 0 .

G.Milligan

Undiluted

As above.

Anti-GOg
antiserum

Dilution of
1 :2 0 0 0 .

G.Milligan

Undiluted

As above.

Ant i-Neurofilament
68 (monoclonal)

Dilution of
1 :2 0 0 0 .

Sigma

Undiluted

Aliquots of lOpl..
Stored at -20°C.

Goat anti Rabbit
IGG conjugated
with FITC

Dilution of
1 :40

Sigma

Undiluted

Aliquots of 25.0pl
Stored at -20®C

Sheep anti Mouse
IGG conjugated
with FITC

Dilution of
1 :40

Jackson
immunochemical
reagents

Undiluted

Aliquots of 20pl
Stored at -20*C

-

-

Information

00
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CHAPTER THREE
RESULTS I
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3.1 High voltage activated calcium chemnel currents in
acutely replated DRGs: their pharmacology and modulation by

G^groteinjctivation^
3.1.1 INTRODUCTION
Neurotransmitter modulation of calcium channel currents in
DRGs has been known since the work of Dunlap and Fishbach
(1978).

DRGs have been a common model to study the

phenomena of calcium channel modulation because they can be
readily dissected and easily cultured.

Also the original

work of calcium channel characterisation at the biophysical
and pharmacological level was investigated in cultured DRG
neurones.

The focus of my thesis was directed towards the

involvement of G proteins in calcium channel modulation and
therefore my characterisation of the calcium channel current
in acutely replated DRGs was mainly an extension of the
wealth of data already available for DRGs.
3.2 RESULTS
3.2.1

Acutely renlated DRG*s

Immediately after enzymatic and mechanical dissociation,
DRGs adhere to the polyornithine/laminin coated coverslips
and after six hours plating they begin to put out extensive
neurites.
culture.

Figure 3.1 shows a DRG after twelve hours in
Electrophysiological recording of calcium channel

currents (Ifia) from unreplated cells in the first week of
culture is complicated because of the early growth of
extensive neurites that makes good space clamp extremely
difficult (>90% of cells could not be adequately clamped).
Acutely replating DRGs within the first week of culture
provides a cell body with little or no neurites, see figure
3.2.
Replated DRGs recorded within 90 minutes of the replating
procedure have ideal space clamp.

After that time neurite

outgrowth starts to impair the space clamp in these cells.
All replated cells were therefore recorded from within 90
minutes of the replating preparation, these cells are termed
acutely replated DRGs.
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Figure 3.1 Picture of an unreplated DRG viewed by Hoffman
modulation contrast optics.
Shows an unreplated DRG with neurites and a patch pipette
above it. The cell diameter is 40^m.

Figure 3.2 Picture of acutely replated DRGs viewed bv
Hoffman modulation contrast optics.
Shows acutely replated DRGs after one hour in the incubator,
a patch pipette is above a 25pm diameter cell, the drug
pipette, above, is 100pm from the cell.
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3.2.2 High voltage activated calcium channel currents.
The characteristics and modulation by G-protein activation
of high and low voltage activated calcium channel currents
(Iga) have been well characterised for unreplated DRGs
(Dolphin and Scott,

1987).

HVA calcium channel currents that predominate in DRGs are
easy to record.

I have therefore focused specifically on

the HVA calcium channel current.

HVA calcium channel

currents were activated by step depolarisations to around
OmV from a holding potential of -80mV.

Figure 3.3 A shows a

current voltage relationship for an acutely replated DRG.
In this particular example a LVA calcium channel current
activated at -60mV and the HVA calcium channel current at
-20mV and peaked at -5mV.

Step depolarisations to more

positive potentials decreases the activated current until it
reverses in this example at +30mV.
potential was around +45mV.

The average null

The negative value of the null

potential compared to the calculated reversal potential for
barium conduction through calcium channels is thought to
result from an outward movement of caesium through the
calcium channels (Scott et al, 1991).
The current traces of HVA current activation from steps
to -5mV are shown in figure 3.3 B.

-20

The maximum current

(1.45 ± 0.19nA, mean ± S.E.M., n=17 for the caesium acetate
(CsAc) intracellular saline showed 28.4 ± 1.5% inactivation
during the test step.
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Figure 3.3 The HVA calcium channel current in an acutely replated DRG.
A, the current voltage relationship for a cell held at
-80mV. Test steps were applied for 100ms.
B, shows current traces during step potentials that mostly activate the
current with the corresponding voltage traces shown below.
3.2.3 The action of 1,4-dihvdropvridines on the HVA calcium
channel current.
3.2.3.1 The effect of nicardipine application on the HVA
calcium channel currents in acutely replated DRGs.
The effect of the 1,4-dihydropyridine (DHP) antagonist,
nicardipine, application over time is shown in figure 3.4A.
The peak calcium channel current (Isa) is plotted against
time and illustrates the small and reversible action of
nicardipine.

This nicardipine action on the current records

are shown in figure 3.4B.

No change in current kinetics was

seen following nicardipine application.
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Figure 3.4 The action of nicardipine on the HVA calcium channel
current.
A, a graph of the peak
versus time illustrating the action of
nicardipine (1]iM). Drug application is denoted by the filled bar.
B, shows the maximum nicardipine action on the current records. The
numbered traces correspond to the points in graph A.
C, shows the maximum action of nicardipine on the peak (Ip) and
sustained (Is) current components of the HVA Igg.
The mean value of the maximum action of nicardipine on the
peak and sustained components of current are shown in figure
3.4C.

The peak current was inhibited by 3.1 ± 1.6% and the

sustained current by 6.3 ± 2.4%, n=7.
3.2.3.2 The effect of nifedipine application on the HVA
calcium channel current in acutely replated DRGs.
The DHP antagonist nifedipine (1]jlM) was as ineffective as
nicardipine.

In a total of three cells the application of

nifedipine on the peak HVA

was without effect (1.1 ±

4.8%) whilst the sustained component of the current was
inhibited 4.4 ± 2.6%.
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3.2.3.3 The effect of (±)-BavK 8644 application on the HVA
calcium channel current in acutely replated DRGs.
The effect of the DHP agonist (±)-BayK 8644, of which the
(-) isomer is active and the (+) isomer is a poor agonist,
on acutely replated DRGs can be divided into two groups.
In one group of cells the peak current was stimulated 25.94
± 6.21% and the sustained current component by 26.39 ± 8.4%
(n=3) .
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Figure 3.5 Shows the stimulating action of (t)-BavK 8644 on the HVA
calcium channel current in acutely reolated DRGs.
A, shows a graph of the peak
versus time. (±)-BayK 8644 (IpM)
application is denoted by the filled bar. The stimulated current in
this example is reduced by application of nicardipine (lOpM) and this is
denoted by the open bar.
B, shows the current traces of the numbered points in graph A. The
control current (1) is stimulated by BayK 8644 application (2). The
partially recovered current (3) is inhibited by nicardipine (4).
C, shows the mean effect of (±)-BayK 8644 on the three cells that were
stimulated. The number of cells are shown in parenthesis.
In the other group of acutely replated DRGs the peak current
was inhibited by 16.75 ± 2.2% and the sustained current
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component by 20.46 ± 4.2% (n=4) with (± )-BayK 8644.
latter group of cells,

In the

(±)-BayK 8644 appeared to have a

biphasic action, a small stimulation (1.82 ± 0.63%) which
was then followed by the inhibition of the calcium channel
current.

The stimulatory and inhibitory action of (±)-BayK

8644 are illustrated in figures 3.5 and 3.6 respectively.
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Figure 3.6 Shows the inhibitory action of (t)-BavK 8644 on the HVA
calcium channel current in acutely replated DRGs.
A, shows a graph of peak Ig^ versus time. (±)-BayK 8644 (1)iM)
application is denoted by the filled bar.
B, shows the current traces of the numbered points in graph A . The
control current (1) is slightly stimulated after 30 seconds application
of (±)-BayK 8644 (2). The control current (1) is shown again below with
the maximum inhibition by (±)-BayK 8644 (3) and the recovery (4).
C, shows the mean effect of (±)-BayK 8644 in the inhibited group of
cells. The number of cells are shown in parenthesis.
The mean effect of (±)-BayK 8644 action in both groups (n=7)
was that the peak

was stimulated +1.55 ± 9.01% whilst

the sustained component has a mean inhibition of -0.38 ±
10.23%.
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3.2.4

The action of (o-Conotoxin-GVIA on the HVA calcium

channel current.
The pronounced and irreversible effect of w-CTx-GVIA (IpM)
on the peak

over time is shown in figure 3.7A.

The

maximum inhibition by w-CTx-GVIA in this exeimple occurred
after 180 seconds.

The current traces of the control and

the maximum inhibition by w-CTx-GVIA are both shown in
figure 3.7B.
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Figure 3.7 The action of w-Conotoxin-GVIA on the HVA calcium channel
current.
A, a graph of the peak
versus time, illustrating the action of wCTx-GVIA (IviM), application is denoted by the filled bar.
B, shows the current traces of the control and the maximum inhibition by
w-CTx-GVIA, both current traces correspond to the numbered points in the
graph.
C, shows the mean value of the maximum action of w-CTx-GVIA and the
maximum recovery for the peak and sustained HVA Ig^. The number of
cells are shown in parenthesis.
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The peak and sustained currents were similarly inhibited by
w-CTx-GVIA (IpM) by 56.85 ± 2.73% and 56.18 ± 2.91%
respectively,
irreversible.

(n=13).

The effect of w-CTx-GVIA was

The maximum recovery seen for the peak and

sustained current was 0.8 ± 1.5% and 2.8 ± 1.7%
respectively.

These results are shown in figure 3.7C.

w-CTx-GVIA and the DHP antagonists nicardipine and
nifedipine were the only calcium channel antagonists used on
the acutely replated DRGs.

There was negligible effect of

DHP antagonists in acutely replated DRGs and approximately
40% of the calcium channel current was insensitive to w-CTxGVIA.

This finding is in agreement with Mintz et al.

(1992a) who have shown that 41% of the calcium channel
current remains in acutely dissociated DRGs following DHP
antagonist and w-CTx-GVIA application.
The remaining w-CTx-GVIA and DHP antagonist insensitive
current was shown to be inhibited 23% by the P-type calcium
channel antagonist w-Aga-IVA.

The final 18% of the HVA

calcium channel current was insensitive to all three calcium
channel antagonists.

The remaining calcium channel current

in acutely replated DRGs may well represent the P and other
types of yet unidentified calcium channels.
3.2.5 The dose response relationship of (-)-baclofen
application on the peak HVA calcium channel current.
The maximum percentage inhibition of the peak calcium
channel current ± standard deviation over a range of
baclofen concentrations are shown in figure 3.8.

The dose

response curve was fitted assuming the Hill coefficient was
equal to one.

The maximum response was calculated as 41%

and the EC 50 was 14pM for (-)-baclofen.
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Figure 3.8 The dose response of (-)-baclofen application on the peak
HVA calcium channel current.
Shows the maximum percentage inhibition of the peak calcium channel
current ± standard deviation over a range of baclofen concentrations.
The Hill equation was fitted to the points, assuming the Hill
coefficient was equal to one. The computer fit is shown by the line
through the points.

The dose response curve was plotted with the standard
deviation as opposed to the standard error of the mean so as
to remove the bias because of the different number of
recorded current inhibitions at each concentration.
values of maximum inhibition of the peak

The

over a range of

concentrations are shown in the table 3.1.
channel current over a range of baclofen concentrations.
Concentration
(IjlM)

mean %
inhibition

standard
deviation

1
10
25
50
100
200

8.16
17.08
22.06
34.89
42.59
33.22

7.18
12.0
13.57
13.01
14.71
5.39

number
4
4
7
20
8
3
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3.2.6

The action of (-)-baclofen on the HVA calcium channel

current.
The reversible inhibition of the peak HVA
(50] jlM )

over time is shown in figure 3.9A.

by baclofen
The current

traces showing the control and maximally inhibited current
by baclofen are shown in figure 3.9B.

The mean percentage

inhibition by baclofen of the peak current was 30.67 ± 5.41%
and this was similar to the inhibition calculated
isochronally for each cell of 33.92 ± 5.95%, n=7.

The

sustained current component was inhibited by baclofen
application,

22.35 ± 4.90%.

An example of the time point

for the isochronal measurement is shown in figure 3.9B.
The isochronal value was calculated because baclofen in
addition to inhibiting the current amplitude also slowed the
rate of current activation.

If the time to peak increases

then the amount of inhibition by baclofen in the initial
portion of the current will be greater than the peak current
value calculated within the test step.

In this group of

seven cells, the time taken to attain the peak current
increased from 7.91 ± 0.57ms to 36.55 ± 13.76ms with
baclofen application.

The rate of current activation was

dramatically slowed, that is the time to peak was greater
than 50ms, in three of the seven cells.

The non-significant

increase in time to peak in this study, of 28ms, meant that
the isochronal measurement for percentage inhibition was
3.25% greater than the peak current measurement.
The number of current traces that had dramatically slowed
activation rates with baclofen application (3/7) was greater
than kinetic changes that occurred in a later control
(serum-second study) group (7/20), see table 4.1.

Even with

a greater proportion of current traces with slowed
activation rates the isochronal measurement in this study
group is negligibly larger than the peak current
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measurement.

The reason for the similarity of percentage

inhibition and the isochronal measurement is illustrated on
figure 3.9B.

The current recorded during baclofen

application (2 ) has an initial, rapidly activating phase
that occurs within the isochronal point (marked by the
vertical line).

It is then followed by a slowly activating

phase in which the current amplitude increases partially to
a peak current value after 20 ms from the beginning of the
test step.
All later values showing baclofen inhibition are of the peak
and not the isochronal current measurement because there was
little difference in the calculated values of inhibition.
The time to peak are given in later experiments to provide
an indication of the change in the rate of current
activation with baclofen application.
To test if the inhibition by baclofen was voltage dependent
a 10ms prepulse to +90mV was given to the cell 20ms before
the test step, this is shown in figure 3.9B.

The percentage

relief of baclofen inhibition by a prepulse varied
considerably between cells, the range of relief was from 6.9
to 92.3% in this study.

The prepulse uncouples G protein

modulation of the calcium channels and the subsequent amount
of current that can be recruited by the test step increases.
The mean percentage relief of baclofen inhibition by a +9OmV
prepulse was 33.93 ± 11.68% and 33.11 ± 5.96% for the peak
and isochronal calculations respectively.

The similarity

between the prepulse effect on the peak and isochronal
measurements indicates that the majority of the effect of
the prepulse occurs in the initial portion of the test step
and that the peak current measurement can adequately record
this effect regardless of the change in kinetics of current
activation in these cells.

Both the peak and isochronal

values of the percentage relief of baclofen inhibition by a
prepulse were significantly greater than that seen for the
sustained current component (p<0 .0 1 ), this is shown in
figure 3.9 C.
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Figure 3.9 Shows the action of (-)-baclofen on the HVA calcium channel
current.
A , shows a graph of peak
versus time illustrating the reversible
inhibition by baclofen (50yH). Drug application is denoted by the
filled bar. The effect of a prepulse to +9OmV for 10ms given to the
cell 20ms before the test step is labelled 3.
B, shows the current traces of the control (1) and the maximum
inhibition by baclofen (2). Application of a prepulse increases the
current amplitude and the rate of current activation (3).
C, shows the mean percentage inhibition by baclofen and the percentage
relief of baclofen inhibition by the prepulse for the peak, isochronal
(li) and the sustained current. The statistical significance (p<0.01)
is represented by two asterisks. The number of cells are in parenthesis.
The time to peak for the test step following the prepulse
was 8.52 ± 0.75ms which is similar to the time to peak
before baclofen application (cf. 7.91 ± 0.57ms).
3.2.7

The action of GTP y S on the HVA calcium channel

current.
In order to bypass GABAg receptor stimulation by baclofen
and subsequent G protein activation, GTPyS was included in
the patch pipette.

The infusion of GTPyS into the cell

activates G proteins as GTPyS binds to the Ga subunit during
the basal exchange of GDP for GTP.
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The effect of intracellular infusion of GTPyS (10]jlM) on peak
iBa over time is shown in figure 3.10A.

The current

increases steadily for the first 210 seconds from rupturing
the membrane and attaining the whole cell configuration of
the patch clamp technique.

This may represent both the

intracellular infusion of caesium blocking outward potassium
channels and the phosphorylation of calcium channels over
time.

There is 2mM ATP in the patch pipette.

After 210 seconds the current steadily decreases in
amplitude.

The rate of current decrease is increased by

application of baclofen (SOpM) and then a plateau is
reached.

Further application of baclofen has little effect.

Increasing the concentration of GTPyS in the patch pipette
increases the rate of GTPyS action.
A

B

2.00
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-BOmV

1.75
baclofen
1.50
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Figure 3.10 The action of GTPYS on the HVA calcium channel current.
A, a graph of peak HVA
versus time for a cell infused with GTPyS
(IO^jlM). Baclofen (50]jlM) application is denoted by the filled bars.
B, shows the current traces which correspond to the numbered points in
the graph.
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The decrease of current amplitude and slowing of the
kinetics of activation were independent of the concentration
of GTPyS in the patch pipette (10-200pM).

The rate of full

GTPyS action increased with increasing concentrations of
GTPyS in the patch pipette,

see table 3.2.

Table 3.2 Shows the time taken for full GTP y S action, the
time to peak current and the sustained current values for
three concentrations of GTP y S in the patch pipette.
Concentration
of GTP y S

Time to full
GTP y S effect
(s)

Time to peak
(ms)

200pM

317 ± 38

82.9 ±

50]JlM

4 05

76.4

0.8

2

lOpM

645

59.9

0.7

2

6.9

Sustained
current
(nA)

n

1.0 ±

7

0.2

GTPyS irreversibly activates all Ga subunits and the minimum
concentration used of 1 OpM was still sufficient to produce
the maximum response.

Baclofen application activates the

GABAg receptor which then catalyses the exchange of GDP for
GTP on the Ga subunit.

This in turn increases the rate of

GTPyS binding to the Ga subunit and the subsequent rate of
the effect on the calcium channel currents.

GTPyS action is

potentiated in these cells because the cell cytoplasm
exchanges with the intracellular saline in the patch pipette
which does not contain GTP.
The current traces in figure 3.10B show the maximum current
attained and the progress of GTPyS action where the current
amplitude declines and the rate of current activation slows.
Application of baclofen further reduces the current
amplitude and the slowing of the kinetics as it potentiates
the rate of GTPyS action.

The second application of

baclofen is ineffective indicating that the Ga subunits are
fully activated.

When higher concentrations of GTPyS (50-

200 pM) and three stable consecutive modulated currents were

recorded, the application of baclofen (50pM) produced a mean
inhibition of 2.6 ± 3.2% (n=5) for the sustained current
component.
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This result indicates that the basal exchange of GDP for GTP
on the Ga subunit is sufficiently fast to produce the full
GTPyS modulation of the current, within 300 seconds for
200]jlM GTPyS,

without agonist stimulation of the G protein

coupled receptor.
The rate of current activation decreases over time with
GTPyS infusion to such an extent

that in some cells

exponential can be fitted to the

current trace.

shown in figure 3.1 IB.

This

a double
is

The number of current traces which

can be fitted with a double exponential increases over time.
The double exponential equation fitted was:y(t) = ss + (A X exp(-t/ri) + (B x exp(-t/x 2 ))
where ss is the steady state and

A and B

are the

proportional amounts of the two components of current with
the time constants

and X 2 respectively.

The proportion

of the slow current component in the double exponential
curve fit is given by B/A+B.
The maximum number of current traces that could be fitted
with a double exponential in a group of 18 cells was 12 and
this was recorded at 300 seconds from the beginning of cell
infusion, see figure 3.11 C.

The largest mean contribution

of the slow component (B/A+B) was 0.27 ± 0.06 after 270
seconds of infusion with GTPyS.

The relative contribution

of the slow component at this time point ranged from 0 to
0.73.

The mean time constants of current activation for the

fast and slow current components were X ‘]=2.19 ± 0.33 ms and
X 2 = 37.62 ± 7.48ms respectively, n=18.
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Figure 3.11 Shows curve fitting to current traces of an acutely replated
DRG infused with GTPYS.
A, shows the reduction in amplitude and the rate of current activation
over time in a cell infused with GTPyS (200%iM).
B, shows the fitting of a single and double exponential curve to the
four current traces shown together in A. The rate of current activation
was only sufficiently slowed in the current traces recorded after 90
seconds from the onset of membrane rupture and recording.
C, shows the increase in the relative contribution of the slow component
over time (n=18). The number of current traces at each time point that
could be fitted with a double exponential are indicated above each point
in parentheses.
The slow rate of current activation is thought to represent
the voltage-dependent dissociation of the activated G
protein from the calcium channel over the test step.

As the

proportion of G protein coupled calcium channels decreases,
in a voltage-dependent manner during the test step, the
current amplitude increases.
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The ability to fit a double exponential was complicated by
the kinetics of some current traces and the extent that the
current amplitude decreased with GTPyS in the patch pipette.
An example of the kinetics of a current trace modulated with
GTPyS that is unable to be fitted with a double exponential
over the whole test step is shown in figure 3.13A.

The rate

of current activation is decreased with GTPyS infusion but
the current begins to inactivate after 50ms within the test
step.

The steep reduction in the number of cells included

in the B/A+B graph after 300 seconds (figure 3.11C) is due
to the application of agonists or prepulses.
Another indicator of the action of GTPyS is to compare the
change of the time to peak against time.

The mean time to

peak values for two groups of cells with or without GTPyS in
the patch pipette are shown in figure 3.12.

The time to

peak steadily increases over time for the cells infused with
GTPyS, the mean time to peak is greater than 50ms after 210
seconds from the onset of whole cell recording.
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Figure 3.12 Shows the change in the time to peak against time in cells
with or without GTP^S in the patch pipette.
The mean time to peak values changing over time for cells with and
without GTPyS in the patch pipette are shown by open and filled circles
respectively. The standard error of the mean bars are occluded by the
size of the filled symbol in the control. The number of cells are given
in parentheses.
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3.2.8

The action of a prepulse on control and GTP y S

modulated HVA calcium channel currents.
The modulation of the calcium channel current by
intracellular infusion with GTPyS was also been shown to be
voltage-dependent.

Once three stable consecutive records

were recorded in a cell infused with GTPyS a 10ms prepulse
to +90mV, given 20ms before the test step, was applied to a
cell; this is shown in figure 3.ISA.

The prepulse rapidly

and reversibly increased the current amplitude and the rate
of current activation.

The current trace following the

prepulse shows the extent of recovery.

Both the current

amplitude and kinetics are the same in the recovery as the
control in this example.

The extent of the relief of the

block of current amplitude is related to the time from the
end of the prepulse to the beginning of the test step.
Figure 3.13B shows the percentage relief of GTPyS modulation
in another cell against the time interval between the
prepulse and the test step.

The rate of GTPyS action to

slow the kinetics of current activation was so rapid in
acutely replated DRGs that no initial isochronal peak
current times could be estimated in these cells before GTPyS
began to have its effect.

Since the mean time to peak in

cells without GTPyS in the patch pipette is 8.23 ± 0.40ms
(n=20) and current traces were sampled at 0.39ms intervals,
8.19ms was chosen as the nearest time point for analysis.
The percentage relief of GTPyS modulation by the prepulse
was measured at 8.19ms from the onset of the test step and
for the sustained current component.

The percentage relief

of current modulation by GTPyS with a prepulse was
significantly greater for the initial portion of the current
than the sustained current component of the test step.

99

B

+90m V

200 r

+5m V
—BOmV

CON/REC
O.SnA

PP

40

50m s

60

80

100

120

Time (ms)

Figure 3.13 Shows the effect of a prepulse on GTPy S modulation of the
HVA calcium channel current.
A, shows the effect of a 10ms prepulse to +90mV given 20ms before the
test step. The control and recovery records are superimposed and are
labelled CON/REC, the current trace following the prepulse is labelled
PP.
B, shows the percentage increase in the amplitude of the current in a
cell infused with GTPyS at 8.19ms (hollow circles) and the sustained
current component (filled circles) against the time interval between the
prepulse and the test step. The prepulse of +90mV was applied for 10ms.
The data at 8.19ms can be fitted to a single-exponential decay with r =
34.81ms.
The percentage increase of current amplitude by a prepulse
at 8.19ms in GTPyS infused acutely replated DRGs was 93.27 ±
11.74%, n=15.

The maximum current size recorded in this

group of cells before GTPyS modulation was 1.5 ± O.SnA.

The

current amplitude was reduced with GTPyS infusion to 0.60 ±
0.1InA and this was transiently increased to 1.11 ±. 0.1 BnA
following a prepulse.

The current amplitude following the

prepulse rapidly returned to the GTPyS modulated level.

The

mean current amplitude for the recovery was 8.82 ± 8 .45 %
less than the GTPyS modulated current amplitude before the
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prepulse.

The current amplitude in control cells was

unaffected by application of a prepulse,

the percentage

change in current amplitude with and following the prepulse
was 0.6 ± 1.3% and -2.1 ± 1.5% respectively.

These results

are shown in figure 3.14A.
The rate of reblocking by GTPyS is indicated from the result
in figure 3.13B.

The percentage relief of the GTPyS block

by a prepulse to +90mV decreased as the duration between the
prepulse and the test step increased and this could be
fitted to a single-exponential decay, x=34.81ms.

This

recovery from the prepulse is distinctive from the voltagedependent facilitation current in chromaffin cells which
requires more than 50 seconds to recover (Artalejo et
ai.1992).
The effect of a prepulse on GTPyS modulated calcium channel
current is illustrated by the equation:-

<5V

C

H-

G

CG
2

C represents the closed calcium channel and G the Ga
subunit.

The calcium channel is unable to open in response

to a voltage step when it is coupled to the Ga subunit (CG).
The rate constant k-| , represents reblocking of the calcium
channels by the G protein and the rate constant k 2 , voltage
dependent unblocking.

Figure 3.13B showed that the time for

an e fold reblock of the calcium channel current following a
prepulse to +90mV was x=34.81ms.

The time spent at the

hyperpolarised holding potential (-80mV) is illustrated by
the arrow labelled - 6 V.
1/t and is 0.029ms“ ^.

The rate constant k-| is equal to
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This is a similar value to one reported by Grassi and Lux
(1989) of 0.03ms"'' .
The dissociation of the G protein from the calcium channel
in a voltage-dependent manner (during the voltage step or
the prepulse)

is denoted by the arrow marked + 6 V,

The time

for the unblock of G protein modulation is given by the slow
component of current activation in GTPyS infused cells, an e
fold increase in current activation was x=37.62ms,
section 3.6.

see

The rate constant k-2 was therefore 0.027ms"^.

This was considerably slower than the value derived by
Grassi and Lux of O.llms"^ and probably reflects the methods
of calculation.

Grassi and Lux calculated k 2 by the

application of a +40mV increase in membrane potential during
a test step to OmV.
activation,

However,

the time constant of current

in acutely replated DRGs infused with GTPyS, was

taken during an average test step of OmV from a holding
potential of -BOmV.

The rate constant of G protein

dissociation from calcium channels has been shown to
increase with membrane potential (see figure 4D (Kasai,
1992).

Therefore the disparity of my calculation to that of

Grassi and Lux has probably resulted from the different
membrane potential changes evoked.
The prepulse also increases the rate of current activation,
the time to peak for the control, prepulse and recovery in
acutely replated DRGs with the CsAsp intracellular saline ±
GTPyS is shown on figure 3.14B.

In GTPyS infused cells the

time to peak reduced from 69.56 ± 5.41ms to 13.58 ± 4.58ms
with a prepulse which then fully recovered to 70.03 ± 6.26ms
in the following current trace (n=15).
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Figure 3.14 The percentage change in current amplitude and time to peak
with a prepulse in cells with or without GTPYS in the patch pipette.
A, shows the percentage effect of a 10ms prepulse to +90mV, given 20ms
before the test step on the current amplitude for cells with or without
GTPyS (10-200^M) in the patch pipette. The current values were measured
at 8.19ms into the test step. The bar labelled rec for each group shows
the immediate after-effect of such a prepulse.
B, shows the time to peak before, during and after the prepulse recorded
from cells with or without GTPyS in the patch pipette. The asterisk
represents statistical significance (p<0.05) and two asterisks (p<0.01).
Intracellular saline with GTPyS are shown by the filled bars (n=15) and
without GTPyS (n=9) the open bars.
A similar trend was seen in cell with no GTPyS in the patch
pipette,

the time to peak again was reduced from 9.01 ±

1.37ms to 7.06 ± 0.83ms with a prepulse and then recovered
to 7.88 ± 0.89ms (n=9).
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3.2.9

The effect of repeated applications of baclofen on

the HVA calcium channel current.
The effect of two applications of baclofen (50]jlM) over time
is shown in

figure 3.ISA. The current traces showing

control and

the maximum baclofen inhibition for the two

applications are shown in figure 3.1 SB.

the

The inhibition of

the peak current by baclofen was reduced in the second
application.

The maximum effect of baclofen on the peak and

sustained components of the current in the first application
is shown in

figure 3.ISC. The inhibition was 30.22 ±

and 20.80 ±

2.S9% for the peak and sustained current

components respectively.

3.4S%

The second application of baclofen

(II) inhibited the peak current by IS.96 ± 2.4S% and the
sustained current by 16.80 ± 2.66%, n=7.
The inhibition of the peak current was significantly less in
the second application (p<0.01, paired Student's t-test).
The inability to reproduce a similar response with a second
application of baclofen correlates with the idea put forward
in 3.1.7. that exchange of the cell cytoplasm with the patch
pipette solution is depleting the basal concentration of GTP
and therefore reduces the effect of a further application of
baclofen.

This effect is not seen however in unreplated

cells with the same intracellular saline that includes 2mM
ATP (A.C.Dolphin, personal communication).

The acutely

replated DRGs may therefore have been depleted of the enzyme
nucleoside diphosphate kinase which can generate GTP from
ATP.

The cells may have also been depleted of intracellular

GDP.

There is a non-significant inverse correlation between

the time of cell infusion and the maximum inhibition
produced by the first S O jjlM baclofen application (r=-0.6827,
p = 0 .09, n = 7 ).
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Figure 3.15 The effect of repeated applications of baclofen on the HVA
calcium channel current.
A , a graph of peak HVA
versus time illustrating the effect of two
applications of baclofen (50iiM), denoted by the filled bars.
B, shows the leak subtracted current traces of the control (1 and 3) and
the maximum baclofen inhibition (2 and 4), which correspond to the
numbered records in the graph.
C, shows the maximum effect of baclofen on the peak and sustained
components of the current for both applications. The significantly
smaller inhibition of the peak current by the second application of
baclofen is represented by the two asterisks (p<0.01).
3.2.10

The action of baclofen on HVA calcium channel

currents inhibited bv (j-CTx-GVIA.
The next set of experiments attempted to establish if the wCTx-GVIA sensitive or insensitive calcium channel currents
were being modulated by baclofen application.
The application of w-CTx-GVIA (IpM) and baclofen (SOpM) and
their effect on the peak calcium channel current over time
is shown in figure 3.16A.

The current traces showing the

control current, the irreversible inhibition by w-CTx-GVIA
and the maximal inhibition by baclofen are shown in figure
3.16B.

The mean values of the maximum inhibition by w-CTx-

GVIA for the peak and sustained current components were
56.87 ± 3.95% and 58.03 ± 3.75% respectively,
3.16C.

see figure
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Following w-CTx-GVIA inhibition of the HVA calcium channel
current, baclofen had a negligible effect, the peak current
was slightly inhibited 3.1 ± 9.2% whilst the sustained
current was stimulated 0.6 ± 8.45%, n=7.

The large standard

error values reflect a slight stimulation in three cells by
baclofen.
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Figure 3.16 The action of baclofen on HVA calcium channel currents
inhibited with w-CTx-GVIA.
A, shows a graph of peak HVA
versus time illustrating the inhibition
by w-CTx-GVIA (1}iM) and the application of baclofen (50viM). w-CTx-GVIA
and baclofen application are denoted by the filled and open bars
respectively.
B, shows current traces corresponding to the numbered points on the
graph A.
C, shows the maximum inhibition by w-CTx-GVIA and baclofen on the peak
cind sustained current components. w-CTx-GVIA and baclofen application
are denoted by the filled and open bars respectively.
Baclofen (50pM) normally inhibits control calcium channel
currents by 28.4 ± 3.7%, n=18. This result therefore
indicates that all the modulation by baclofen is on the Ntype calcium channels in these acutely replated DRGs.
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3.2.11

The effect of w-CTx-GVIA on the HVA calcium channel

current in cells with GTP y S in the patch pipette.
Since w-CTx-GVIA application and infusion of acutely
replated DRGs with GTPyS (50-200pM) both prevent baclofen
inhibition of the calcium channel current, the effect of wCTx-GVIA on the HVA
investigated.

cells infused with GTPyS was

The effect of GTPyS (50pM) infusion and the

subsequent application of w-CTx-GVIA (1pM) and baclofen
(50pM) over time is shown in figure 3.17A. The current
traces showing the irreversible inhibitory action of w-CTxGVIA

is shown in figure 3.17B.

The application of

baclofen and its lack of effect is shown in the lower two
current traces.
w-CTx-GVIA inhibited the peak and sustained calcium channel
current components equally in control cells without GTPyS in
the patch pipette.

Since an accurate isochronal measurement

of the time to peak before GTPyS action is unavailable in
cells infused with GTPyS I have taken the time point of
8.19ms that was used in the prepulse analysis.

The mean

values of the maximum inhibition by w-CTx-GVIA at 8.19ms
from the beginning of the step and for the sustained current
component were 34.68 ± 8.50% and 46.06 ± 7.42% (n=8 )
respectively; these results are shown in figure 3.17C.

The

inhibition by w-CTx-GVIA was significantly less at 8.19ms
compared to the sustained current component (p<0.05, paired
Student's t-test).

Baclofen had a negligible effect and

inhibited the peak current by 1.91 ± 2.18%, n=3.
To ensure that the maximum GTPyS effect was being exerted
before the application of w-CTx-GVIA, baclofen (SO jjlM) was
applied to the cells.
(1)jlM)

The mean inhibition by w-CTx-GVIA

in two cells infused with GTPyS (200pM) after baclofen

application was 57.98%, n=2 for the sustained current
component.

This similar percentage of inhibition indicates

that the Ga subunits were maximally activated by GTPyS.
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Figure 3.17 The action of w-CTx-GVIA on the HVA calcium channel current
in acutely replated DRGs with GTPYS in the patch uiuette.
A, a graph of peak
versus time of a cell infused with GTPyS (SOiiM),
illustrates the action of w-CTx-GVIA (1]jlM) and baclofen (SOpiM). Drug
application is represented by a filled bar for w-CTx-GVIA and an open
bar for baclofen.
B, shows the current traces which correspond to the numbered values in
graph A.
C, shows the mean values of the maximal inhibition of w-CTx-GVIA at
8.19ms from the beginning of the step and for the sustained current
component. The baclofen effect is shown on the right. The numbers of
cells recorded are given in parentheses.
The mean time required for full w-CTx-GVIA (IpM) action in
control and GTPyS infused cells were 168 ± 12.5 (n=13) and
172 ± 28.2 (n=8 ) seconds respectively.
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3.3 DISCUSSION
3.3.1 Summary of observations
1) Large HVA

can be recorded in acutely replated DRGs.

2) The HVA Ig^ is only partially inhibited by DHP
antagonists whilst over half of the HVA Ig^ is
irreversibly blocked by w-CTx-GVIA.
3) Baclofen reversibly inhibits the HVA iBa*

This

inhibition can be partly relieved by the application of a
prepulse.
4) Infusion of cells with GTPyS reduces the amplitude and
slows the rate of current activation, the time to peak
significantly increases and it is possible to fit a
double exponential to the slowly activating current.

The

application of baclofen to cells infused with GTPyS
increases the rate but not the extent of calcium channel
current modulation.

The inhibition of current amplitude

and slowing of current activation by GTPyS infusion was
relieved by a prepulse in a rapid and reversible manner.
5) Prior application of w-CTx-GVIA to acutely replated

DRGs

blocks the effect of baclofen application.
6 ) Cells infused with GTPyS are inhibited by w-CTx-GVIA to

the same extent as control cells but there was
significantly less inhibition in the initial part of the
test step.
3.3.2 Pharmacological analysis of the HVA calcium channel
current.
3.3.2.1

The effect of the DHP agonist and antagonists on

the HVA calcium channel current.
The lack of HVA calcium channel currents sensitive toL-type
calcium channel antagonists in sensory neurones has
previously been reported (Aosaki and Kasai,
al.1988; Kasai,

1992).

1989; Kostyuk et

Also a specific group of acutely

dissociated DRGs from adult rats (defined by cell diameter)
have been shown to have a similarly small inhibition by DHP
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antagonists (Scroggs and Fox, 1992).

The action of DHP

antagonists in acutely replated DRGs differs from unreplated
cells, which have been in culture greater than a week.
Previously it has been reported that 5pM nifedipine was able
to inhibit the HVA

by 43% (Dolphin and Scott,

1989).

The lack of DHP antagonist effect in the present study may
be due to the length of

time in culture and the replating

procedure which involves the removal of

neurites.

If the L-

type calcium channels are located at the neurite base or on
the neurites themselves they would be lost on replating.
Previously, uneven distribution of L-type calcium channel
immunoreactivity has been shown in hippocampal neurones with
high density clusters seen at the base of major dendrites
(Westenbroek et ai.1990).

It was not possible to accurately

record from unreplated DRGs in the first week because of the
space clamp difficulties.
calcium channel current

Therefore the percentage of HVA
which is L-type in unreplated DRGs

at this time in culture is unknown.
Previously the effect of DHP agonists in unreplated DRGs
have been shown to stimulate the HVA calcium channel current
by 25 ± 21%.

This percentage stimulation is similar to the

effect (±)-BayK 8644 had as an 'agonist' in the acutely
replated DRGs.

The antagonist action of (±)-BayK 8644 had a

similar biphasic action as the pure DHP antagonist (-)-(R)202-791 on the HVA Ig^ which has been previously reported
(Dolphin and Scott, 1989).

The agonist and antagonist

action of (±)-BayK 8644 together produced a negligible
response.

The variability of action may result from the

state of calcium channel phosphorylation or the level
intracellular Mg^^/ATP, both of which are known to affect
DHP agonist action (Hymel et al.1988; Dolphin,
and Dolphin, 1992).

1991; Pearson
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3.3»2.2 The effect of w-CTx-GVIA on the HVA calcium channel
current.
The most recent pharmacological studies have concluded that
the N- and not the L-type calcium channels are selectively
inhibited by w-CTx-GVIA (Regan et ai.1991; Scroggs and Fox,
1991; Plummer et ai.1991; Cox, 1992).

The specificity of w-

CTx-GVIA has also been confirmed using antiserum raised
against specific portions of the amino acid sequences of Land N-type calcium channel a-j subunits

Only the antiserum

raised against the predicted amino acid sequence of the Ntype calcium channel immunoprecipitates bound radiolabelled
w-CTx-GVIA in the rat brain (Dubel et ai.1992).

This result

is further supported by the selective inhibition of the
calcium channel current expressed by the calcium channel B
clone in HEK293 cells by w-CTx-GVIA (Williams et ai.1992).
The calcium channel Cjg subunit is thought to be the N-type
calcium channel.

Based on these results the percentage of

HVA Iga

that isirreversibly inhibited by w-CTx-GVIA

acutely

replated DRGs is most probably being carried through

N-type calcium channels.

in

This N-type calcium channel

current accounts for 57% of the total HVA calcium channel
current evoked with test steps from a holding potential of
-80mV in acutely replated DRGs.
3.3.2.3

The DHP and w-CTx-GVIA insensitive HVA calcium

channel

current in acutelv replated DRGs.

DHP antagonists

and w-CTx-GVIA were the only calcium channel

antagonists applied to acutely replated DRGs.
In acutely dissociated DRGs from neonatal rats, the HVA
calcium channel current has been studied pharmacologically
using the DHP antagonist nitrendipine (2-4pM), w-CTx-GVIA
(3-5]jlM) and w-Aga-IVA (100-200nM)

(Mintz et ai. 1992a).

The

percentage of current which was insensitive to DHP
antagonists and w-CTx-GVIA was shown to be 39% and differed
slightly from a similar investigation in the same laboratory
(Regan et ai.1991).

This proportion of DHP antagonist and

w-CTx-GVIA insensitive current is similar to that seen in
acutely replated D R G s .

Ill

3.3.3 G protein modulation of HVA calcium channel currents
in acutelv replated DRGs.
3.3.3.1 The effect of (-)-baclofen application.
Baclofen produced variable degrees of inhibition of the HVA
iBa

DRGs which most probably reflects the heterogeneity

of the cell types recorded.

DRGs were cultured from ganglia

dissected from the whole length of the spinal cord.

The

cell diameter of the acutely replated DRGs recorded ranged
from 17-32)jLm, the average cell diameter was 25]im.

Baclofen

at SOjjlM produced a maximum inhibition of the HVA iBa-

The

average inhibition was around 3 0 % for the whole
investigation,

see chapter four.

The application of baclofen increased the time to peak,
however, only three of the seven cells in that particular
study were dramatically slowed with a time to peak greater
than 50ms.

This is complemented by the result with GTPyS

(200)jlM) infusion in control cells where only 12 out of the
18 current traces were sufficiently slowed for a double
exponential to be fitted.

This result contrasts with

unreplated DRGs which are always dramatically slowed by
application of baclofen and infusion with GTPyS
(A.C.Dolphin, personal communication).

The initial portion

of the test step is more sensitive to baclofen application
than the sustained component.

Similarly the application of

a prepulse and the partial relief of baclofen inhibition is
most effective on the initial current component.

Only 33%

of the baclofen inhibition of the HVA Iga could be relieved
by a 10ms prepulse to +90mV.

This shows that the activated

G protein acts on and modulates the calcium channel partly
in a voltage-dependent manner.

In a few acutely replated

DRGs, the application of this prepulse protocol completely
removed the baclofen inhibition of the HVA Isa*

The effect

of a prepulse in cells infused with GTPyS increased the
current amplitude 93% and reduced the time to peak
significantly to a mean value that is similar to cells that
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are not infused with GTPyS.

The amplitude of the current

relieved by a prepulse in cells infused with GTPyS was
however smaller than the maximum current recorded in these
cells before the onset of GTPyS action.

The duration of the

prepulse (10ms) applied to the acutely replated DRGs may
have been too short to have revealed the full voltagedependent coupling of the G-protein and the calcium channels
(Kasai,

1992).

The relief of baclofen inhibition and GTPyS

modulation by a prepulse shown may be an underestimate of
the extent of voltage-dependent coupling.
The reason for incomplete relief of baclofen and GTPyS
inhibition of the HVA calcium channel current by a prepulse
may result from an additional modulation of the calcium
channels or the G proteins.

The inhibition of the calcium

channel current amplitude by GTPyS has been shown to be
relieved by inhibition of phosphatase 1 or increasing cAMPdependent phosphorylation in unreplated DRGs (Dolphin,
1992).

The interaction of G proteins with calcium channels

is therefore thought to be regulated by phosphorylation.
The degree of phosphorylation of the G proteins, calcium
channels or both may subsequently affect the voltagedependent relief of the inhibitory modulation of calcium
channels by G proteins.
The G-protein is thought to directly couple to the calcium
channel in a voltage-dependent manner (Grassi and Lux,
Kasai,

1992).

1989;

The prepulse increases the uncoupling of the

activated Ga subunits from the calcium channels and
therefore provides more calcium channels with a greater
probability of opening during the test step.

The non

modulated and G-protein coupled calcium channels have
previously been described as the ’willing' and 'reluctant'
modes respectively (Bean, 1989; Beech et ai.1992; Kasai,
1992).

The 'willing' mode represents calcium channels that

respond to a voltage step with a high open probability
whilst the 'reluctant' mode represents G protein modulated
calcium channels that have a low open probability in
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response to a similar voltage step.

Recent studies of

unitary N-type calcium channel activity has established that
there are at least three gating (open probability) modes and
transmitter application alters the equilibria between those
modes (Delcour and Tsien, 1993).

This evidence also

supports the willing/reluctant hypothesis but shows that the
reluctant mode is probably more complex than previously
proposed.

The application of a prepulse has been shown to

completely relieve neurotransmitter inhibition of calcium
channel currents in some systems.

The inability of a

prepulse to completely relieve G protein modulation of the
calcium channel current in acutely replated DRGs, may
therefore result from direct action of the G protein on the
calcium channel in combination with other enzymes.

Dual

modulation of the calcium channel current by the G protein
(Gag) has previously been shown.

Gag can activate a calcium

channel directly and indirectly via the cAMP second
messenger pathway system (Birnbaumer et ai.1991).
3.3.3.2 The effect of GTP y S infusion on the HVA calcium
channel current in acutely replated DRGs.
The irreversible activation of Ga subunits by GTPyS infusion
and the consequent modulation of HVA

has been

extensively studied in sensory neurones (Dolphin and Scott,
1987; Marchetti and Robello,

1989; Lopez and Brown,

1991).

The G protein pathway activated by GTPyS and G protein
coupled receptors is thought to be similar because of the
following:The effect of GTPyS to reduce the rate of current activation
is comparable to the effect of agonist application but
subsequently occludes it.

GTPyS infusion initially

potentiates the effect of agonist application.

Both agonist

application and GTPyS infusion inhibition of the calcium
channel current are voltage-dependent and sensitive to pre
incubation with PTX.
Intracellular infusion of GTPyS has the ability to activate
all Ga subunits but the inhibition of

has been shown in

DRGs not to be mediated by second messenger systems (Dolphin
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et ai.1989).

Except for nitric oxide, all second messenger

pathways are known to be activated by specific G-proteins.
The inhibitory modulation of the HVA

by GTPyS infusion,

like neurotransmitter modulation can also be relieved by a
prepulse.

The dramatic recruitment of the current amplitude

in GTPyS infused cells by a prepulse was rapid and
reversible like the effect of a prepulse on baclofen
inhibited HVA

acutely replated DRGs.

3.3.3.3 The G-protein modulation of the w-CTx-GVTA sensitive
calcium channel current.
The inability of baclofen to inhibit the HVA Ig^ after wCTx-GVIA application suggests that most of the HVA Ig^ in
acutely replated DRGs, that are modulated by G protein
activation, are N-type calcium channels.

Previous studies

in other neurones and neuronal cell lines have also shown
that N-type calcium channel currents are modulated by G
proteins (Aosaki and Kasai,

1989; Lipscombe et ai.1989; Cox,

1992; Taussig at ai.1992).

In unreplated DRGs the L-type

calcium channels are also G-protein effectors (Scott and
Dolphin,

1987).

L-type calcium channels have also been

observed to be modulated by G protein activation in a number
of neurosecretory systems (Offermanns at ai.1991; Schmidt at
ai.1991).
In cells infused with GTPyS the application of baclofen
increased the rate and not the extent of GTPyS modulation.
Once stable current traces were evoked in acutely replated
DRGs infused with GTPyS, the application of baclofen was
then without effect.

This result indicates that GTPyS

infusion is able to maximally activate the same G protein(s)
as the GABAg receptor.

Since both w-CTx-GVIA and GTPyS

infusion block further baclofen action,

the infusion of

cells with GTPyS should affect the application of w-CTxGVIA.

In GTPyS infused cells this prediction has been

confirmed. Significantly less w-CTx-GVIA inhibition is seen
at 8.19ms compared to the sustained current component,
whilst in control cells the action of w-CTx-GVIA is the same
for both current components.
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This result indicates that:a) the N-type calcium channel is the common site of action
for both the activated G-protein and w-CTx-GVIA in acutely
replated DRGs,
b) the effect of w-CTx-GVIA application is greater at the
end of the step because a significant proportion of G
proteins uncouple from calcium channels in a voltagedependent manner during the step depolarisation,
c) G-protein modulation of the calcium channel current is
independent of w-CTx-GVIA action because the rate and extent
of the maximum inhibition by w-CTx-GVIA is the same in
control and GTPyS infused cells.
3.3.4 Conclusions
Acutely replated DRGs differ from unreplated DRGs in their
calcium channel pharmacology and G-protein modulation.

The

L-type calcium channels are possibly lost as a result of the
replating procedure.

The G-protein modulation of the HVA

iBa selectively acts on the w-CTx-GVIA sensitive, N-type
calcium channels.
GTPyS modulation of the HVA Iga is similar to baclofen
application.

Both are able to slow the rate of current

activation and the modulation can be relieved by a prepulse.
Baclofen application is ineffective after full GTPyS
modulation has occurred and following w-CTx-GVIA
application.
The rate and extent of w-CTx-GVIA inhibition of the calcium
channel current is similar in acutely replated DRGs recorded
with or without GTPyS in the patch pipette.

Unlike w-CTx-

GVIA action in control cells however there is a significant
difference in the inhibition over the voltage step in GTPyS
infused acutely replated DRGs.

These results indicate that

GTPyS activated G proteins acts on the w-CTx-GVIA sensitive
calcium channel and the coupling to the channel is voltagedependent .
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CHAPTER FOUR
RESULTS II
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4.1 An investigation of G protein signal transduction in
acutelv replated DRGs using anti-G-protein antisera.
4.1 Introduction
The PTX-sensitive G protein subtype involved in
neurotransmitter modulation of calcium channel currents has
been investigated by the infusion of purified Ga subunits
from the patch pipette solution into PTX treated neurones.
Using this approach both Gq and G± were shown to restore
neurotransmitter inhibition of the calcium channel current
in a number of cell types (Hescheler et ai.1987; Toselli et
ai.1989; Ewald et ai.1988; Linder et ai.1990; Surprenant et
ai.1990).
Another method of investigating G protein signal
transduction was to use anti-Ga antiserum.

Injection of

anti-Ga antisera was used to investigate NA inhibition of
the calcium current in NG108-15 cells (McFadzean et
ai.1989).

Only the anti-Gco antiserum reduced NA inhibition

of the calcium channel current.

Using these antisera the

aim of this part of my investigation was to establish which
PTX sensitive G protein was involved in neurotransmitter
modulation of the HVA
4.2.

acutely replated D R G s .

RESULTS

4.2.1 Introduction of non-specific rabbit immunoglobulin
into acutely replated DRGs bv a modification of scrape
loading.
The scrape loading procedure was first fully characterised
by McNeil et al.

(1984) using a range of fluorescent dextran

molecules (40-500kD). They showed that all weights of
dextran were able to enter the Swiss 3T3 cells,

in a size

dependent manner, when the cells were physically removed
from the substratum in the presence of the dextran.
Replating cells is physically equivalent to the scrape
loading procedure and the ability to load antibodies (ISOkD)
was therefore investigated.
DRGs were replated in the presence of non-immune rabbit
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immunoglobulin (IgG) at 25pg/ml, and kept at 4°C.

After one

hour the cells were fixed with Paraformaldehyde (4%) and
permeabilised with Triton XI00 (0.2%).

Using goat anti

rabbit antibodies conjugated to FITC (GAR-IgG-FITC) and
fluorescence microscopy the presence of rabbit IgG was
visualised.

Once the fluorescent image was taken, the cells

were then viewed with phase contrast microscopy, see figure
4.1.

A range of IgG loading across the group of acutely

replated DRGs is seen.
To check that IgG only enters

the cell during the replating

procedure DRGs were replated without IgG and then incubated
at 4°C with IgG (25pg/ml) for one hour.

The cells were then

fixed, permeabilised and incubated with GAR-IgG-FITC as
above, the result is shown in figure 4.2..

No stain is seen

indicating that IgG can only enter the cells during the
replating procedure.

When cells are replated with IgG but

not permeabilised with Triton XI00 no stain is seen
indicating that IgG is only inside the cells (picture

not

shown).

Figure 4.1 shows the introduction of non-specific rabbit immunoglobulin
during the replating procedure.
Shows acutely replated DRGs which were replated with IgG (25]ig/ml).
After one hour at 4®C the cells were washed, fixed, permeabilised and
incubated with GAR-IgG-FITC. A range of IgG immunoreactivity can be
seen in the fluorescent image on the left (shown in red) and the
corresponding phase contrast image is on the right. The scale bar is
100pm.
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Figure 4.2 Shows that immunoglobulin is only introduced during the
replating procedure.
Shows acutely replated DRGs that were replated without IgG. The acutely
replated DRGs were then incubated with IgG (25pg/ml) for one hour at
4°C. No IgG immunoreactivity can be seen in the fluorescent image on
the left, the corresponding phase contrast image is on the right. IgG
only enters the cells during the replating procedure. The scale bar is
100)im.

Figure 4.3 shows unreplated cells that were incubated at
37°C with IgG (25pg/ml).

After one hour the cells were

treated as the acutely replated DRGs above.

No stain was

seen indicating that IgG uptake does not occur in unreplated
cells.

Figure 4.3 Shows unreplated DRGs do not take
immunoglobulin.

u p

non-specific rabbit

Shows unreplated cells that were incubated at 37®C with IgG (25)ig/ml).
After one hour the cells were treated as in figure 4.1. No stain was
seen indicating that IgG uptake does not occur in unreplated cells. The
scale bar is 50)im.
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The loading experiments were done at 4°C because acutely
replated DRGs have active endocytosis as they regenerate
following the replating procedure.

For this reason,

if

cells are replated without IgG and half an hour later IgG is
added at 37°C , the cells strongly stain (picture not
shown).
4.2.2

Baclofen inhibition of HVA calcium channel currents

in three groups of antiserum loaded cells.
Baclofen modulation of calcium channel currents is reduced
by pre-incubation with PTX which ADP-ribosylates the Gproteins Ga^ and Golq (Dolphin and Scott 1987).

In order to

investigate which one of these G protein subtypes was
transducing the GABAg receptor signal to inhibit calcium
channel currents cells were replated with anti-G protein
antisera.
The current traces showing maximum inhibition by baclofen
(50)jlM)

and recovery in a cell replated in the presence of

non-immune rabbit serum at a dilution of 1:50 is shown in
figure 4.4A.
This inhibition by baclofen is reduced by replating in the
presence of an anti-Gco antiserum (1:50) which was raised
against the C-terminal decapeptide of the G c q subunit (0C1),
this is shown in figure 4.4B.
Baclofen inhibition in a cell replated in the presence of
anti-Goi antiserum (1:50), raised against the C-terminal
decapeptide of the Ga^ subunit (SGI), is shown in figure
4.4C, the inhibition of the HVA calcium channel current is
not affected.
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Figure 4.4 Baclofen inhibition of HVA calcium channel current in three
groups of antiserum loaded cells.
A, shows the maximum inhibition by 50)iM baclofen (BAG) and recovery
(REC) in a cell replated in the
presence
ofthe non-immune rabbit serum
(SER) at a dilution of 1:50.
B, shows a cell replated in the
presence
ofthe anti-Gao antiserum
(OCI) at a dilution of 1:50.
C, shows a cell replated in the
presence
ofthe anti-Ga^ antiserum
(SGI) at a dilution of 1:50.
4.2.3

The combined effect of reolating DRGs with anti Ga

antisera on baclofen inhibition of

p e c ik

calcium chcuinel

current.
The maximum inhibition by baclofen (SOjjlM) on the peak
six groups of loaded cells are summarised in figure 4.5.
The peak

was reversibly inhibited 28.4 ± 3.7% in control

(CON) cells and this was similar (27.9 ± 3.9%) in cells that
were replated in non-immune serum at a dilution of 1:50.
When cells were replated with OCI at a dilution of 1:100,
baclofen inhibited Ig^ by 14.4 ± 3.6%, n=7.
concentration of OCI

A higher

(1:50) also reduced the inhibition by

baclofen (10.1 ± 7.0% inhibition,n=4).

Both concentrations

of OCI significantly reduced baclofen inhibition of peak Ig^
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(p<0.05, compared with serum, Mann Whitney U-test).

The

Mann Whitney U-test was chosen because it makes no
assumptions about the form of the distribution.

The result

of a Student's t-test on independent samples may be unsafe
since we cannot be certain that the distribution of the
observations is Gaussian or 'normal'.
The anti-GCo antiserum raised against the N-terminal
decapeptide of G q q (ONI) at a dilution of 1:50, did not
significantly prevent the inhibition by baclofen, which was
19.5 ± 4.4% (n=10).

SGI was unable at 1:50 (n=12) and 1:25

(n=8) to prevent baclofen inhibition of lea/

the presence

of SGI (at both dilutions) baclofen produced 32.15 ± 3.51%
inhibition (n=20).

con

OCI

OCI

ONI

SGI

1:100

1:50

1:50

1:50 +
1:25

Figure 4.5 Summary of the effect of anti-Ga antisera on baclofen
inhibition of peak HVA calcium channel current.
This bar chart shows the mean maximum inhibition of the peak H V A I g g by
50)iM baclofen in six different groups of loaded cells. Significance
(p<0.05) between groups (compared to non-immune serum) are represented
by an asterisk. The number of cells are in parentheses.
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4.2.4 The effect of the Anti-Gap antiserum and the G o q Cterminal decapeptide on baclofen inhibition of peak Galniiim
channel current.
Antibody concentrations were diluted 1:25 in the replating
medium during this study because the second anti-GOg
antiserum (0C2) came from a different rabbit and was
ineffective at lower concentrations.
To evaluate if the effect of 0C2 on baclofen inhibition was
the result of specific binding to O c q / 0C2 was preabsorbed
with the peptide it was raised against.

0C2 was pre

incubated with the G c q

(C-terminal) decapeptide conjugated

to an extra cysteine.

The extra cysteine was attached so

that the 11-mer peptide could be conjugated to ovalbumin as
opposed to the keyhole limpet hemocyanin for raising further
anti-GCo antiserum.

The peptide (ANNLRGCGLYC) was screened

in databases and its sequence was found not to correspond to
any other proteins (N. Berrow, personal communication).

The

undecapeptide is so similar to the original decapeptide that
it is referred to as the G c q decapeptide throughout chapters
4 and 5.
In cells replated with non-immune rabbit serum (1:25),
baclofen (50pM) inhibited the peak
n=20.

by 32.97 ± 2.69%,

This value was taken as the control.

Cells replated

with the 0C2 significantly reduced baclofen inhibition of
peak Iga to 22.49 ± 3.28%, n=22 (p<0.05, cf. non-immune
serum, Mann Whitney U-test) as seen previously with O C I .
When cells were replated with non-immune serum which had
been pre-incubated with the GC q decapeptide (BOjig/ml) for
one hour at 37°C, baclofen inhibition of

was also

significantly reduced by 22.67 ± 3.64%, n=7 (p<0.05).
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Figure 4.6 Summary of anti-Gap antiserum and the GOq decapeptide effect
on baclofen inhibition of peak~HVA calcium channel current.
A, this bar chart shows the mean maximum inhibition of the peak HVA
by baclofen (50pM) in four groups of loaded cells. Serum and 0C2 pre
incubated with the GUq decapeptide (SOpg/ml) for one hour at 37®C are
labelled with +pep. Significance (p<0.05) between groups (compared to
non-immune serum) is shown by an asterisk. The number of cells in each
group are shown in parentheses.
B, shows control current traces (con) and the maximum baclofen
inhibition (bac) from the serum and 0C2 groups. The two examples chosen
have inhibition values similar to the mean values of their respective
groups in the bar chart above.
The Goq decapeptide is thought to be reducing baclofen
inhibition of the peak HVA

by binding to the GABAg

receptor in a way that mimics the C-terminus of GQq and
competes with native GQq coupling.

0C2 binds the native GQq

C-terminal to prevent coupling with the GABAg receptor.
Pre-incubation of 0C2 with the GOq decapeptide for one hour
at 37°C, reversed the action of 0C2 and the Goq decapeptide
alone; and baclofen inhibition of Ig^ was 29.32 ± 5.04%,
n=8.
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Current traces showing baclofen inhibition of peak

in

cells replated with serum and 0C2 (1:25) are shown in figure
4.6B.

These traces represent the mean inhibition by

baclofen within their respective groups.

The measurements

of peak current inhibition were not made isochronally
because the difference between isochronal and the peak
current measurements of baclofen inhibition of the HVA
are very similar in acutely replated DRGs, see chapter 3.6.
The degree of baclofen modulation of the rate of current
activation is indicated by the time to peak values before
during and after baclofen application.

The results of the

changes in the time to peak are summarised in table 4.1.
The increase in time to peak following baclofen application
was only significant (Student's paired t-test, p<0.05) in
the control, SGI, serum (1:25) and the 0C2 groups which were
the largest groups.

The time to peak increased the least in

the ONI and the G o q decapeptide groups.

All the time to

peak values recovered back to the control values in each
group.
4.2.5

The effect of the Anti-Ga^ antiserum and Ga^ C-

terminal decapeptide on the inhibition of the sustained
calcium channel current bv baclofen.
The modulation of peak

by baclofen and GTPyS infusion is

more pronounced than for the sustained current component,
especially in cells where the current activation kinetics
were dramatically slowed.

In addition a prepulse is

significantly more effective at relieving baclofen or GTPyS
inhibition of the peak current component than the sustained
current component.

Since baclofen inhibition of the

sustained current component has the above differences,
effect of 0C2 on baclofen inhibition of the sustained
current component was investigated.

the

Table 4.1 showing the change in the time to peak with baclofen application in all the groups of
loaded cells.

Group

Time to peak
before bacofen
(mean ± s.e.m)

Time to peak
with baclofen

Time to peak
with recovery

n

Control

8.8 ± 0.8

21 .2 ± 5.6

8.0 ± 0.7

18

Serum (1 :50)

7.9 ± 0.8

18.6 ± 5.6

7.8 ± 0.7

18

0C1

(1:100)

8.0 ± 0.6

21 .7 ± 13.61

7.7 ± 1 .2

7

001

(1:50)

7.2 ± 0.4

22.4 ± 13.78

6.4 ± 0.8

4

ONI

(1:50)

8.3 ± 0.6

9.4 ± 0.9

7.9 ± 0.5

10

SGI

(1:50+1:25)

7.3 ± 0.3

21 .0 ± 5.8

7.5 ± 0.4

20

Serum (1 :25)

8.2 ± 0.4

34.1 ± 7.6

9.2 ± 0.8

20

002 (1:25)

7.0 ± 0.3

25.8 ± 7.2

7.6 ± 0.6

22

GC q (80pg/ml)
decapeptide

7.6 ± 0.6

8.8 ± 1 .3

7.5 ± 0.5

7

0C2 + GC q
decapeptide

7.9 ± 0.5

40.3 ± 14.9

Second studv

.6 ± 0.9

to
a\
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The sustained

cells replated with non-immune serum

(1:25) was inhibited by baclofen by 24.32 ± 2.37%, n=20.
When cells were replated in the presence of 0C2 (1:25)
baclofen inhibition of the sustained

was significantly

reduced to 17.31 ± 2.19% (n=22),[p<0.05, cf. non-immune
serum, Mann Whitney U-test].

Cells replated with non-immune

serum (1:25) pre-incubated with the G o q C-terminal
decapeptide (80pg/ml) for one hour at 37®C, nonsignificantly reduced baclofen inhibition of the sustained
Iga (20.42 ± 3.72%, n=7).

Pre-incubation of 0C2 with the

G o q decapeptide for one hour at 37®C reversed the
significant protection provided by replating in the presence
of 0C2 alone, and the sustained Iga was inhibited by 23.08 ±
3.84%, n=8.

These results are summarised in figure 4.7.
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Figure 4.7 Summary of anti-GOp antiserum and GOp decapeptide on the
ability of baclofen to inhibit~the sustained calcium channel current.
This bar chart shows the mean maximum inhibition of the sustained
by
baclofen (50iiM) in four groups of cells. Serum and 0C2 pre-incubated
with GCq decapeptide (80pg/ml) for one hour at 37®C are labelled with
+pep. Significance (p<0.05) between groups (compared to non-immune
serum) is shown by an asterisk. The number of cells in each group are
shown in parentheses.
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A more accurate representation of the effect of replating
with antisera, raised against GOQ, is to show the
distribution of baclofen inhibition of the peak
figure 4.8.

see

The distribution of baclofen inhibition for

cells replated in the presence of 0C1 and 0C2 is skewed to
the left, this is confirmed by the Mann Whitney U-test which
rejects the null hypothesis that the two groups come from
the same population.
The range of baclofen action in anti-GOo antiserum loaded
cells is supported by the range of loading that can be seen
in figure 4.9.

The two pictures of figure 4.1, showing IgG

loading with fluorescence microscopy and the localisation of
the acutely replated DRGs with phase contrast microscopy
have been superimposed.

The range of loading can clearly be

seen from no apparent to intense fluorescence.

4.2.6

The effect of replatina DRGs in the presence of

serum, anti-GOg antiserum and the G o q C-terminal decapeptide
on the current density.
In order to investigate if the anti-Ga antisera were having
any non-specific effect on the calcium channel current,

the

current density was calculated in each group of loaded
cells.

The current density was calculated by dividing the

mean current (of three consecutive recordings before
baclofen application) by the surface area of the cell and
the values for each group are shown in table 4.2.
The mean current of all the DRGs replated in the presence of
non-immune serum (1:25) is shown in figure 4.10.

This group

has a significantly greater current density than the
previous serum group in the first antiserum loading
experiments.

The reasons for this increase were not

investigated but the factors which have varied from the
previous set of experiments are;

(a) the intracellular

recording saline was changed from CsAc to CsAsp and (b) a
new aliquot of non-immune serum at a higher concentration
was used in the replating medium.
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Figure 4.8 The distribution of baclofen inhibition of the peak calcium
channel current in control, serum, OCl and 0C2 loaded cells.
This figure shows the distribution of baclofen inhibition within the
control, serum (both studies), OCl and 0C2 groups. The mean inhibition
for each group is shown by the vertical line.

Figure 4.9 Shows the range of IgG loading in acutely replated DRGs.
The fluorescence and phase images of figure 4.1 have been superimposed.
The presence of IgG is shown in red and the phase contrast image of the
acutely replated DRGs in grey. The scale bar is lOO^im.

Table 4.2 shows the mean current density for all groups of DRGs replated in the presence of anti-G
protein antisera and the Gocp decapeptide.
Group of antiserum

Current density
(pA/um-)

Control

1 .54 ± 0.28

18

Serum (1 :50)

0.97 ± 0.12

18

OCl

1 .22 ± 0.29

7

0C2 (1:50)

1 .39 ± 0.17

4

ONI

(1:50)

1.16 ± 0.18

10

SGI

(1:50 + 1:25)

1.10 ± 0.11

20

Serum (1 :25)

2.13 ± 0.16

20

0C2 (1:25)

1 .74 ± 0.15

22

Serum +
Gco decapeptide
(1:25 + 80>ig/ml )

1 .69 ± 0.37

8

0C2 +
GQ q decapeptide

1.25

± 0.24

8

(1:100)

Number

Second studv

(1:25

+

80]jLg/ml )

w
o
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Figure 4.10 Shows mean current traces of all the DRGs in the groups
replated in the presence of serum. 0C2 and 0C2 plus the Go^ decapeptide.
This figure shows the mean of current trace before baclofen application
from each acutely replated DRG recorded within the serum, 0C2 and 0C2
plus CCq decapeptide groups. The number of cells recorded are given in
parentheses. The mean current trace from cells replated with non-immune
serum is shown on the right, 0C2 the centre and cells replated with 0C2
pre-incubated with the COq decapeptide on the left. The estimated
current density values are given in table 4.2.
Baclofen inhibition of the peak

was significantly

reduced in DRGs replated in the presence of 0C2 or the GC q
decapeptide and their individual effects reversed with pre
incubation.

This effect of pre-incubation of 0C2 with the

G q q decapeptide on the current density however is completely
opposite to the effect on baclofen inhibition.

When cells

were replated with 0C2 pre-incubated with the GO q
decapeptide the effect of OC2 and the GC q decapeptide alone
was additive and the current density was significantly
reduced (p<0.01, Mann Whitney U-test).
This result supports the specificity of the action of 0C2
and the G o q decapeptide on baclofen inhibition because the
changes in current density do not match the effect on
baclofen inhibition.
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To further investigate if there was a relationship between
the current density and baclofen inhibition a regression
line was fitted to the data.
The linear correlation coefficient (r) between the current
density and baclofen inhibition is shown in table 4.3.
Table 4.3 Shows the correlation between baclofen inhibition
and the current density for DRGs reflated with s e m m and nc!2
± the GO q decapeptide groups.
Group

correlation
Irl

probability

number

Serum

0.405

0.076

20

0C2

0.274

0.217

22

Serum +
G c q decapeptide

0.052

0.911

7

0C2 +
G q q decapeptide

0.849

0.008

8

There is only a significant (p<0.01) positive linear
relationship in the DRGs replated with 0C2 and the GC q
decapeptide.

This is further supportive evidence that the

effect of 0C2 and the G q q decapeptide on baclofen inhibition
was specific.

The DRGs replated in the presence of 0C2 pre-

incubated with the GQ q decapeptide have a significantly
smaller current density and a highly significant positive
relationship between current density and baclofen
inhibition.

Still baclofen inhibition of the peak and

sustained current components was greater in the 0C2 plus G c q
decapeptide group than in DRGs replated with 0C2 or the GC q
decapeptide alone.
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4.2.7

The effect of GTP y S infusion in cells replated in the

presence of anti-Ga protein antibodies.
The effect of GTPyS infusion in control and OCl loaded cells
was compared.

The effect on the current amplitude,

to peak, the ability to fit a double exponential,

the time

the time

constants of current activation and the relative
contribution of the slow component were all analysed over
time.

Within all the parameters measured no significant

difference was seen between the control and OCl
loaded cells up to 300 seconds.

(1:100)

After that time the number

of cells that could be included in the study was reduced
because baclofen or prepulses were applied or the current
was too small to analyse.
The time point of 240 seconds was taken when GTPyS (200pM)
infusion was fully effective.

The sustained current

amplitude at 240 seconds was 0.41 ± O.OSnA and 0.39 ± 0.06nA
when GTPyS was in the patch pipette for control (n=18) and
OCl

(1:100, n=22) loaded DRGs respectively.

The sustained

current amplitude in cells not infused with GTPyS at 240
seconds was 1.20 ± 0.15nA and 1.24 ± 0.25nA for the control
and OCl groups respectively, these results are shown in
figure 4.12A.
The increase in the time to peak over time for the two
groups is shown in figure 4.12B.

The time to peak values at

240 seconds were 57.77 ± 8.69ms and 63.64 ± 8.77ms for the
control and the OCl groups respectively.

The increase over

time for the time to peak was also similar for both groups.
The ability to fit a double exponential to the activating
current in cells of the control and OCl groups infused with
GTPyS was also similar.

The mean time constants at 240

seconds were for x-i, 2.19 ± 0.33ms and 1.58 ± 0.24ms and for
T 2 / 37.62 ± 7.48ms and 34.43 ± 6.35ms for the control and
the OCl loaded groups respectively,
on figure 4.12C.

these results are shown

At this time point,

10 of the current

traces could be fitted by a double exponential in both the
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control (n=18) and OCl

(n=22) groups.

The relative

proportion of the slow component (B/A+B) also increased in
both groups to a similar extent over time.
the ratio of B/A+B was 0.22 ± 0.06

At 240 seconds

and 0.14 ± 0.04 in

control and the OCl groups respectively.

the

There was no

significant difference between the current traces in both
groups that could not be fitted with a double exponential.
The change of the relative mean contribution of the slow
component in control and OCl cells

infused with GTPyS

over

time are shown in figure 4.12D.
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Figure 4.11 Shows the effect of GTPy S infusion in control and anti-GOg
loaded cells.
”
A , shows the sustained current amplitude with or without GTPyS in the
patch pipette in control and OCl loaded cells which arerepresented by
the open and the filled bars respectively.
B , shows the change in the time to peak with GTPyS infusion incontrol
(open circles) and OCl (filled circles) loaded cells.
C, shows the mean values of the two time constants (t-| and X2 ) in cells
where the activation of the current trace could be fitted with a double
exponential at the time point of 240 seconds, n=10 for both groups. The
control and OCl loaded cells are represented by the open and the filled
bars respectively.
D, shows the change in the relative contribution of the slow component
(B/A+B) over time in control (n=18) and OCl (n=22) loaded cells which
are represented by the open and the filled circles respectively.
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GTPyS modulation of the current in certain cells had
activation kinetics complicated by an inactivating component
during the voltage step or the current size was reduced to
such an extent that no curve could be fitted.

The results

above were obtained using the extracellular saline with
sodium chloride.

The inability to fit a double exponential

to the majority of currents was therefore thought to result
in part from sodium influx through TTX-insensitive sodium
channels.

Using the extracellular saline with TEA replacing

sodium, the effect of GTPyS infusion was again studied in
cells replated with serum, 0C2 and SGI at dilutions of 1:25.
In cells replated in the presence of non-immune serum the
sustained current size at 240 seconds was 2.86 ± 0.32nA and
0.75 ± 0.21nA for the CsAsP intracellular saline alone and
with GTPyS (200pM) in the patch pipette respectively.

Cells

replated with 0C2 and SGI had sustained currents reduced to
0.79 ± 0.28 nA (n=6) and 0.97 ± 0.42 nA (n=3) respectively
these values are shown in figure 4.13.
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Figure 4.12 The effect of GTPYS infusion in cells replated in the
presence of anti-Ga protein antibodies.
Shows the mean sustained current values after 240 seconds infusion with
the CsAsp intracellular saline for DRGs replated with serum (1:25) and
the inclusion of G T P y S (200)jlM) in the patch pipette for serum, 0C2 and
SGI loaded cells (1:25). The number of recorded cells are given in
parentheses.
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The effect of GTPyS infusion in the serum, 0C2 and SGI
loaded DRGs on the sustained current amplitude,

time to peak

and time constants of current activation are given in table
4.4.

No significant difference was seen between the three

groups of cells.

Table 4.4 Shows the effect of GTP y S on the sustained current amplitude, time to peak and time
constants of current activation for s e m m , 0C2 and SGI loaded cells.

Group

n

Sustained current
(nA)

Time to peak
(ms)

(ms)

Serum

0.75 ± 0.22

70.9 ± 8.9

1.2

±

0.2

23.2 ± 5.6

0C2

0.79 ± 0.28

74.6 ± 5.5

1.2

±

0. 1

26.8 ± 6.4

SGI

0.97 ± 0.42

91.8 ± 1.6

1.3 ± 0.3

(ms)

35.7 ± 2.8

(JÜ
«■J
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4.3 DISCUSSION
4.3.1 Summary of results
1) Antibodies can be introduced into acutely replated DRGs
during the replating procedure.
2) Replating DRGs in the presence of anti-Goo antisera, OCl
(1:100 and 1:50) and 0C2 (1:25), was able to
significantly reduce baclofen inhibition of the HVA Isa*
3) Replating DRGs with the GC q decapeptide (BOpg/ml) alone
was able to significantly reduce baclofen inhibition of
the HVA calcium channel current.
4) The effect of 0C2 and the G o q decapeptide can be reversed
if the two are pre-incubated together for one hour at
37°C.
5) The range of the reduced baclofen inhibition in DRGs
replated with 0C2 is complemented by the range of loading
efficiency seen with fluorescence microscopy.
6) DRGs replated with 0C2 pre-incubated with the G o q
decapeptide were additive in their effects and
significantly reduced the current density.

This effect

is opposite to the result of pre-incubation on baclofen
inhibition of the HVA Ig^.
6) GTPyS modulation of the HVA Ig^ is not affected by
replating DRGs with O C l , 0C2 or S G I .
4.3.2 Introduction of antibodies into acutely replated DRGs.
4.3.2.1 The mechanism of antibody entry bv acutely replatino
DRGs.
I have shown that antibodies can be introduced inside DRGs
during the replating procedure and that there is a range of
loading efficiency.

The replating procedure is physically

similar to scrape loading because the cell body is removed
from the substratum.

The antibodies enter the cells by

diffusion through transient pores which are made as the
attachment plaques and neurites are severed.

The attachment

plaque is the structure where the DRG cell body is attached
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to the polyornithine/laminin coated coverslip.

In the

original evaluation of the scrape loading procedure it was
estimated that transient pores were created wide enough for
SOOkD macromolecules to diffuse into Swiss 3T3 cells (McNeil
et ai.1984).

The size of the transient pore made in acutely

replated DRGs will depend on the size of the attachment plaque
and the number of neurites of each cell replated.
4.3.2.2 An estimation of the average number of antibodies
introduced per cell.
McNeil et al.

(1984) looked at the extent of loading for a

range of dextran sizes and concluded that on average 10 ^
fluorescent dextran molecules (70kD) entered each cell during
scrape loading with an extracellular concentration of lOmg/ml
of fluorescent dextran.

The extent of loading was

heterogeneous and the fluorescent intensities ranged more than
100-fold across the population of loaded cells.

They plotted

the mean number of molecules loaded for three weights of
dextran used and their loading curve would predict that less
than 10^ IgG molecules (ISOkD) would be loaded on average into
each Swiss 3T3 cell.
(Ortiz et al.1987) estimated that 4 x 1 0 ^

IgG molecules or

lOOfl of the extracellular medium with IgG (lOmg/ml) were
introduced into each L929 cell by the scrape loading
procedure.
The final concentration of specific anti-Ga antiserum present
in the replating medium was not known, however the weight of
total serum protein was calculated to be 2 .4mg/ml for the nonimmune serum and 0C2 at a dilution of 1:25.

If 10% of the

total antiserum protein is IgG and 1% of the total IgG
concentration is specific for the Gqq decapeptide (G.Milligan,
personal communication), then there is approximately 2.4pg/ml
of specific IgG in the 1:25 dilution of 0C2.

If a similar

proportion of extracellular IgG is loaded in acutely replated
DRGs as in the L929 cells then the mean IgG loading will be
approximately 10^ IgG molecules introduced per cell.
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Previously it has been calculated for cultured cerebellar
granule neurones that 5 x 1 0 ^

neurones have 5]ig of membrane

protein (E.Huston, personal communication).

If a maximum of

0.7% of the total membrane protein is Goq (Gierschik et
ai.1986), then the total protein weight of the Gqq subunits
per cell is approximately 7 x 10“ ^^g.

Since GQq has a

molecular weight of 39kD then 7 x 10“ ^^g is equivalent to 10^
Gqq protein subunits per cell.

The protein weight calculation

for cultured cerebellar granule neurones includes extensive
neurite outgrowth whilst acutely replated DRGs just consist of
a cell body. The total protein concentration must therefore be
less for acutely replated DRGs and therefore the number of Gqq
per cell.

The above calculation of the number of Gqq subunits

per cell is probably an overestimate.
If the number of G q q in acutely replated DRGs is approximately
10^ and the amount of IgG loaded is proportional to the
loading efficiency in Swiss 3T3 and L929 cells (ranging from
10^ to 10^), then the concentration of loaded IgG should
theoretically be sufficient to record an effect in some cells.
4.3.3 The effect of reflating DRGs in the presence of anti-Ga
antisera.
4.3.3.1 The effect of baclofen inhibition of the HVA calcium
channel current in DRGs replated in the presence of anti-Ga
antisera.
The anti-Goi antiserum was originally shown to be effective in
GTPase assays at a dilution of 1:100 (McKenzie at aJ.1988).
Assuming the same concentration dependence, anti-Ga antisera
were then injected into NG108-15 cells in a volume calculated
to be one hundredth the volume of the cell.

The anti-GOg

antiserum (OCl) was shown to significantly reduce
noradrenaline inhibition of the calcium channel current
(McFadzean at al.1989).
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In the present studies OCl was diluted to 1:100 and 1:50 in
the replating medium and both these dilutions were shown to
significantly reduce baclofen inhibition of the HVA iBa^ which
is in agreement with McFadzean et a i . (1989).
replated with ONI

(1:50) baclofen inhibition of the HVA

was not significantly prevented.
finding,

When cells were

In agreement with this

it is the C-terminal of GCq that is thought to be

important in receptor and effector coupling whereas the Nterminal is thought to be coupling to the G 6 y subunits
(Heideman and Bourne,

1990; Birnbaumer et ai.1991).

ONI has

however been shown to be effective at preventing baclofen
stimulation of GTPase activity in neuronal membranes (Sweeney
and Dolphin,

1992).

This difference in the antiserum activity

may be due the types of preparation used, the replating
procedure introduces antisera into the cytoplasm of the DRGs
whilst the GTPase assays were performed with rat brain
membranes.

ONI recognised GCq on immunoblots at a dilution of

1:4000 whilst OCl was required at a dilution of 1:2500.

SGI

at a dilution of 1:1000 recognised Ga^ on immunoblots (Huston
et ai.1993).
Cells replated with SGI at 1:50 and 1:25 did not reduce
baclofen inhibition of the HVA Iga*

These results indicate

that in acutely replated DRGs, GC q is responsible for
transducing baclofen stimulation of the GABAg receptor to the
N-type calcium channels.
4.3.3.2 The establishment of anti-Ga^ antiserum specificitv
using pre-absorption with the Gcg (C-terminal) decapeptide.
The specificity of the anti-Gao antiserum was established by
pre-absorption of the antiserum with the peptide it was raised
against.

The immunocytochemical results established that

I.Opg/ml of Gao decapeptide was sufficient to block Gao
immunoreactivity with 0C2 (1:2000).

Previously it has been

shown that similar excessive peptide concentrations are
required to pre-absorb out an antibody. Crouch (1991) used
1mg/ml to block affinity purified antibody binding to

Balb/c3T3 cultured cells.
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The second titre of anti-Gao antiserum, 0C2 was found
ineffective in preventing baclofen inhibition at dilutions of
1:50 in the replating medium.

When DRGs were replated with

0C2 (1:25), baclofen inhibition of the HVA
significantly prevented as before.

was

When the non-immune serum

was pre-incubated with the Gug decapeptide (80pg/ml) for one
hour at 37®C, baclofen inhibition of the HVA Ig^ was also
significantly prevented.

This concentration of GQq

decapeptide is equivalent to 1.0pg/ml used with 0C2 (1:2000).
The Gag decapeptide is thought to be binding to GABAg receptor
and interfering with native Gag C-terminal coupling.

The Gag

decapeptide sequence corresponds with the last 10 amino acids
on the C-terminal of the Gag subunit, the C-terminal is
thought to be important in receptor coupling (Master et
al.1988).
It has recently been shown that synthesised oligopeptides that
correspond to part of the effector domain of the small GTPbinding protein RabSa can stimulate complete exocytotic
degranulation,

like the whole RabSa protein stimulated with

GTPyS, in mouse mast cells (Oberhauser at al.1992).

This

result supports the proposed mechanism of the Gag decapeptide
mimicking the Gag subunit and competing for the binding site
on the GABAg receptor.

The ability of the Gag decapeptide to

reduce baclofen inhibition of the peak HVA Ig^ independently,
supports the thinking that the C-terminal of the Gag subunit
is involved in receptor coupling.

This result is also

interesting because the Gag decapeptide sequence is virtually
identical between the two known functional Gag subunits, Goi
and Go 2 (Hsu at al.1990).

This result possibly indicates that

the C-terminal decapeptide sequence on Gag may be sufficient
for receptor coupling and subsequent catalysis of GDP exchange
for GTP on the Gag subunit.

However, if molecular diversity

has functional relevance then the similarity of the C-terminal
decapeptide sequences between Gagi and the Gag2 subunits is
puzzling.
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It has recently been shown that specific G 6 subunit subtypes
are involved in specific signal transduction pathways.

The

muscarinic receptor inhibits calcium channel currents via the
G 6 i subunit coupled to GcqI whilst the somatostatin receptor
inhibits calcium channel currents via the G 63 subunit coupled
to Gco2 (Kleuss et aJ.1992).

The ability of a receptor to

activate a specific G olq subunit may possibly be regulated by
the GB subunit subtype in a particular heterotrimeric
configuration thereby providing diversity in that signal
transduction pathway.

The functional role of the Gy subunit

is not yet known.
The significant prevention of baclofen inhibition induced when
replating with 0C2 and the GC q decapeptide alone was reversed
when the two were pre-incubated for one hour at 37°C.

The GC q

decapeptide in the replating medium (80pg/ml) is in excess of
0C2 (estimated as 2.4pg/ml), pre-incubation however appears to
absorb a sufficient proportion of the G c q subunits to
partially reverse both the 0C2 and the GC q decapeptide
independent effects on baclofen inhibition of the HVA Ig^.
Both 0C2 and the GQ q decapeptide partially reduced the current
density.

The independent effects of 0C2 and the GO q

decapeptide were additive with pre-incubation and the current
density was significantly reduced.

How the antiserum and the

decapeptide reduce the current density is not known but they
seem to be acting by a mechanism that is different from their
effect on signal transduction from the GABAg receptor to the
calcium channel.

Pre-incubation of 0C2 and the GC q

decapeptide have opposite effects on baclofen inhibition of
Iga than on the current density.

A significant correlation

between the current density and the percentage inhibition by
baclofen on the peak current was only seen in DRGs replated in
the presence of 0C2 pre-incubated with the G o q decapeptide.
Since the current density is significantly reduced in the 0C2
and Gao decapeptide group and baclofen inhibition is not
significantly different from the control, this is a further
indication that the two effects on current density and
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baclofen inhibition are independent.
4.3.4 The effect of GTP y S infusion in cells loaded with antiGa antiserum.
The ability to fit a double exponential to the current traces
of acutely replated DRGs infused with GTPyS increased over
time.

This effect of GTPyS infusion was previously reported

in cultured chick DRGs, once the rate of current activation
had slowed sufficiently to fit a double exponential,

the

relative contribution of the slow component (B/A+B) increased
to a final plateau value of 0.7 (Marchetti and Robello,

1989).

It was rare in acutely replated DRGs for the relative
proportion between the two current components to similarly
change over time.

The currents were slowed with GTPyS and

this was clearly seen in the increase of time to peak current.
However, the ability to fit a double exponential to all the
current traces within a group was only seen with DRGs replated
with SGI

(n=3).

The inability to fit a double exponential may

possibly be related to there being no DHP sensitive L-type
calcium channels in acutely replated D R G s . There may also a
higher proportion of the total HVA

acutely replating

DRGs being carried by calcium channels that have inactivation
rates which complicate the activation kinetics over the test
step.
The effect of GTPyS infusion on current amplitude and kinetics
over time was compared between control and OCl loaded DRGs.
The ability of GTPyS to modulate the HVA Ig^ was not affected
by replating DRGs in the presence of OCl or 0 C 2 .

The anti-

GC q antisera, OCl and 0C2 were raised against the C-terminal
of the GC q subunit and not the site that binds GDP and on
activation GTP.

Therefore it must be concluded that the C-

terminal of the GO q subunit is a sufficient distance from the
GTPyS binding site for the antibody to be unable to occlude
GTPyS activation.
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This result contrasts with the pre-incubation of PTX, which
ADP-ribosylates one amino acid in the same decapeptide
sequence that OCl and 0C2 were raised against.

PTX has been

shown in some systems to affect GTPyS activation of the Ga
subunit (Dolphin and Scott, 1987; Bergamaschi et aJ.1992).
The ADP-ribosylation by PTX may possibly be creating a
conformational change of the GQ q subunit.
4.3.5

Comparisons with other methods of anti-Ga antiserum and

antibody entry into cells.
I started my investigation using the criteria of McFadzean et
al (1989) where calcium channel currents were recorded
after one hour from antiserum entry.

The antiserum injection

to a final dilution of 1:100 would provide nanomolar
concentration of specific anti-GOg antiserum inside NG108-15
cells.

If NG108-15 cells have a similar number of GOq

subunits as cultured cerebellar granule neurones (10 ^), then
there was approximately three times as many specific
antibodies injected inside the cell as GOq subunits.

Even

with this excess of intracellular specific antibodies
McFadzean at aJ.(1989) were unable to completely prevent
noradrenaline inhibition of the calcium channel current with
OCl.

The anti-Gi antiserum injected had no significant

effect.

Noradrenaline inhibition of the calcium channel

current in NG108-15 cells has however been shown to be
prevented by pre-treatment with PTX (Kasai, 1992).
If the effect of OCl injection is compared to the results of
OCl entry by scrape loading, with nanomolar concentrations in
the replating medium, then either microinjection is not as
efficient at introducing antiserum as calculated or the
ability for OCl to bind native GO q subunits is limited in
NG108-15 cells or facilitated in acutely replated DRGs.
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Another approach using anti-Ga antibodies to study the
involvement of specific G-protein subtypes in transduction
pathways has been to include them in the patch pipette (Lledo
et al.1992).

In the whole cell configuration of the patch

clamp technique the cell cytoplasm exchanges with the medium
in the recording patch pipette (Pusch and Neher,

1988).

In

the investigation of Lledo et al they filled the tip of the
patch pipette with affinity purified anti-Go antibodies
(180pg/ml).

After 1-2 minutes from the onset of recording the

calcium channel current was inhibited by the application of
dopamine which in the rat anterior pituitary cells is working
via the D 2 receptor.

This inhibition was then taken as the

control.
After 15 minutes infusion of the cell, dopamine inhibition of
the calcium channel current was almost completely abolished
and this was not due to receptor desensitisation.

The authors

stated that no consistent blockade was seen when the cells
were infused for 10 minutes even though fluorescently labelled
antibodies could be seen inside the cells after 6-7 minutes
under ultraviolet light.

The slowed onset of the antibody

action probably reflects the rate of diffusion of the ISOkD
IgG molecule into the cell and binding to the GQq subunit.
The virtually complete block after 15 minutes shows that
transduction was solely through G q .
Finally, preliminary results have shown that anti-Go antiserum
diluted in the patch pipette (1 :2 0 ) is capable of preventing
]jL-opioid receptor reduction of N-type calcium channel current
in acutely dissociated DRGs (Wiley at ai.1992).

The antiserum

was raised against the N-terminal of the GQq subunit and a
diffusion time of 20 minutes was required for the antiserum to
be effective.

All the results using anti-Ga antibodies to

study PTX-sensitive modulation of calcium channels in neurones
have indicated that GCq is a common G protein subtype
transducing the signal of receptor activation to calcium
channels.
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4.3.6 Conclusions
Only the anti-Go antiserum reduced GABAg inhibition of the
calcium channel current.

The site of action of 0C2 was most

likely to be the C-terminal of GQ q because the action of 0C2
was lost with pre-absorption with the GQ q decapeptide.

In

addition OCl and 0C2 were ineffective in reducing GTPyS
modulation of the HVA IgaSince I have shown baclofen inhibits the w-CTx-GVIA sensitive
(N-type) calcium channels, it can be concluded that the GABAg
receptor acts via G q to inhibit N-type calcium channels in
acutely replated DRGs.
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CHAPTER FIVE
RESULTS III
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5.1 The localisation of Ga subunit immunoreactivitv in DRGs
using anti-Ga peptide antisera and confocal microscopy.
5.1.1 INTRODUCTION
The aim of this section of my investigation was to use the
anti-Ga antisera and confocal laser microscopy to localise
Ga immunoreactivity in cultured DRGs.

The

electrophysiological findings described in chapter 1:6 and
the prepulse results shown in chapter 3.2.8 predict that the
Ga proteins involved in calcium channel modulation are
closely localised with the calcium channels in the plasma
membrane.
Using confocal laser microscopy it is possible to view a
specimen in horizontal sections at specified vertical
distances and acquire high resolution immunofluorescent
images.

This chapter only covers Ga immunoreactivity in

cultured DRGs.
5.2 RESULTS
5.2.1 Anti-Go^ (C-terminal) antiserum staining in DRGs.
Using 0C1 at a dilution of 1:2000 GUq immunoreactivity was
seen on DRG cell bodies and their neurites.

Figure 5.1

shows eighteen consecutive cross sections taken at

1)jLm

intervals through one unreplated DRG, which has been four
days in culture.

The top right section shows the attachment

plaque of the DRG with neurites.

As the scanning progresses

up through the cell its morphological features become clear
in relation to the cell's height above the coverslip.
stains predominantly the cell membrane, neurites and
attachment plaque.

0C1
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Figure 5.1 Shows anti-GOp (C-terminal) antiserum staining in cross
sections through an unrepTated DRG.
Shows eighteen consecutive cross sections of GOq (C-terminal)
inunuoreactivity taken at 1)im intervals through one unreplated DRG. CCI
(1:2000) stains predominantly the cell membrane, neurites and attachment
plaque. The scale bars are lOpun.

All these images can be superimposed to create one picture
showing Qq -immunoreactivity through the whole depth of the
cell, see figure 5.2.

151
This picture is similar to conventional fluorescence
microscopy except that the image is sharper because it has
been built up from individual focused sections.

4!r

Figure 5.2 Shows a combined confocal section image of anti-Go^ (Ctenainal) antiserum staining through an unreplated DRG
”
All the cross sections through the unreplated cell shown in figure 5.1
have been superimposed to give this combined image. The scale bar is
10iim.

In acutely replated DRGs 0C1 was seen to produce intense Oc q
immunoreactivity at the plasma membrane and attachment
plaque, this is shown in figure 5.3.

The distribution of

GQo immunoreactivity is very similar to unreplated DRGs.
The attachment plaque in an acutely replated DRG is
synthesised de novo once the cell suspension is plated out
onto another coverslip following the replating procedure.
The intense Go q immunoreactivity of the attachment plaque
possibly indicates a role for GQq in attachment plaque
function.
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Figure 5.3 Shows confocal sections of anti-GOg (C-terminal) antiserum
staining in an acutely replated DRG.
~
The figure shows nine confocal section images of 0C1 staining (1:2000)
taken at 2.0pun intervals through one acutely replated DRG. The
attachment plaque (top right hand image) and the plasma membrane show
intense COq immunoreactivity. The scale bar is lOvim.

5.2.2

Anti-GOg (N-terminal) antiserum staining in

unreplated DRGs.
In contrast to 0C1

(1:2000) the antiserum ONI

unable to intensely stain DRGs.

(1:2000) was

The brightest confocal

section of N-terminal GOq immunofluoresence and its
corresponding phase contrast image are shown in figure 5.4
The non-neuronal cells had more immunoreactivity than the
central DRG marked with the large arrow.

Figure 5.5 shows

the brightest confocal section of N-terminal Gclq
immunofluoresence taken on a different day.

The plasma

membrane of the central DRG showed more immunoreactivity
than the previous example (indicated by the small arrow).
The most intense immunoreactivity was in the nucleus
(indicated by the large arrow).
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Figure 5.4 Shows anti-Ga^ (N-terminal) antiserum staining of an
unreplated cell with the corresponding phase contrast image.
This image is the brightest confocal section using ONI (1:2000) showing
GQo (N-terminal) immunofluoresence on the left and the corresponding
phase image on the right. The central DRG is indicated by a large arrow
and one of the non-neuronal cells with the small arrow. The scale bar
is 25)im.

Figure 5.5 Shows the most intense anti-Go^ (N-terminal) antiserum
inmmnnreactivitv Seen in an unreplated DRG.
The intense staining by ONI of the nuclear region of the central DRG is
indicated by the large white arrow and the immunoreactivity of the
plasma membrane with the small arrow. The scale bar is 10pm.
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5.2.3 Anti-Gcj (C-terminal) antiserum staining of unreplated
DRGs.
SGI was unable to stain the plasma membrane as intensely as
0C1.

The intensity of SGI immunoreactivity in cultured DRGs

was variable.

Figure 5.6 shows nine confocal sections taken

through one unreplated DRG incubated with SGI (1:2000).

The

plasma membrane has intense immunoreactivity.

Figure 5.6 Shows confocal sections of anti-Ga^ (C-terminal) antiserum
staining in an unreplated DRG.
~
Shows nine confocal sections through one unreplated DRG.
immunoreactivity is most intense at the plasma membrane.
is lOum.

Goi
The scale bar

Another example of Gaf immunoreactivity with SGI (1:2000) is
shown in figure 5.7.

In this confocal section showing a

central DRG the distribution of Goi immunoreactivity is not
so specific.

Only weak immunoreactivity can be seen in the

plasma membrane and the neurite and most immunoreactivity
can be seen in the cytoplasm and perinuclear region.

In a

later attempt to view intense Gai immunoreactivity SGI was
used at a dilution of 1:500.

This dilution of SGI was twice

the concentration required to recognise Ga^ on immunoblots
(Huston et aJ.1993).

Figure 5.8 shows Ga^ immunoreactivity

with SGI (1:500) in two plates of unreplated DRGs, only the
cytoplasmic area shows weak immunoreactivity and none can be
seen at the level of the plasma membrane (see arrows).
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Figure 5.7 Shows a section of anti-Ga^ (C-terminal) antiserum staining
in an unreplated DRG.
This confocal fluorescent image shows the most intense Gai
immunoreactivity in the perinuclear and cytoplasmic regions of the DRG
(large arrow). Weak Ga^ immunoreactivity of the plasma membrane and the
neurite are indicated by the small arrows. The scale bar is lOpim.

Figure 5.8 Shows Gcj immunoreactivitv using anti-Gay (C-terminal)
antiserum in two plates of unreplated DRGs.
The two images on the left were stained with SGI (1:500) and their
corresponding phase images are on the right. Ga^ immunoreactivity in
these examples cannot be seen at the plasma membrane (arrows). The
scale bars for the upper and lower images are 25 and 50vim respectively.
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5.2.4 The localisation of anti-Ga^ (C-terminal) antiserum in
unreplated DRGs
CS1, an antiserum raised against the C-terminal decapeptide
of the Gag subunit was unable at a dilution of 1:2000 to
stain the DRGs above the level of the non-immune serum
control.

Since no image was obtained with immunoreactivity

greater than figure 5.9 no figure is shown.
5.2.5 Control immunofluorescence and anti-Neurofilament
antibody staining of unreplated DRGs.
Figure 5.9 shows a confocal section through two closely
associated unreplated DRGs incubated with non-immune serum
(1:2000) and the corresponding phase image.

No specific

immunoreactivity can be seen.

^4^
Figure 5.9 Shows a confocal section of unreplated DRGs stained with nonimmune rabbit
The figure shows two closely associated unreplated DRGs which have been
incubated overnight with non-immune rabbit serum (1:2000). The
fluorescent confocal image is on the left and the corresponding phase
image is on the right. The scale bar is 50um.

Neurofilament is a protein that is specifically expressed in
neurones.

In order to establish that the cells are

neuronal, the cells were stained with a monoclonal anti
neurofilament antibody (1 :20 0 0 ), raised against the
neurofilament of molecular weight 68 kD.
Figure 5.10 shows the brightest confocal section of anti
neurofilament 68 immunofluoresence on the left with the
corresponding phase image on the right.

Only the large

diameter phase bright cells which are 25-30pm deep are seen
to stain with their neurites.
immunoreactivity.

All non-neuronal cells lack
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Figure 5.10 Shows anti-Neurofilament antibody staining of unreplated
DRGs «
A confocal section of anti-neurofilament 68 monoclonal antibody (1:2000)
immunoreactivity is shown on the left with the corresponding phase image
on the right. Only the large diameter phase bright cells are seen to
stain with their neurites. The scale bar is 50pm.

5.2.6 Anti-GOg (C-terminal) antiserum staining in unreplated
DRGs.
In agreement with the electrophysiological results, 0C2 was
also less effective than 0C1 for immunocytochemistry.

At a

dilution of 1:2000 the 0C2 stain of an unreplated DRG can be
seen in figure 5.11.

This figure shows consecutive confocal

sections through one unreplated DRG.

0C2 stained the DRGs

less intensely and the distribution of G u q immunoreactivity
was also less specific.

The antiserum still intensely

stained the plasma membrane but the immunoreactivity of the
attachment plaque was less pronounced whilst the
immunoreactivity of the perinuclear region was greater.
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Figure 5.11 Shows confocal sections of anti-GOg (C-terminal) antiserum
staining in an unreplated DRG.
~
This picture consists of nine consecutive confocal sections taken at
1.6)m intervals through one unreplated DRG with 0C2 (1:2000). 0C2
intensely stained the plasma membrane, the immunoreactivity of the
attachment plaque was less pronounced than with 0C1 whilst the
immunoreactivity of the perinuclear region was greater. The scale bar
is 25^m.

0C2 was also seen to intensely stain areas of cell-cell
contact in unreplated DRGs.

The closely associated DRGs in

figure 5.12 show most intense staining at the level of cell
cell contact.
5.2.7 The localisation and specificity of anti-GOg (C-terminal)
antiserum staining in unreplated DRGs.
Figure 5.13 is one confocal section showing GO q
immunoreactivity in an unreplated DRG using 0C2 (1:2000).
The intense GC q immunoreactivity can be seen at the level of
the plasma membrane and also in the perinuclear region.

To

show the localisation of the G q q immunoreactivity in this
unreplated DRG figure 5.13 has been superimposed on the
corresponding phase image and this is shown in figure 5.14.
The staining of the plasma membrane, neurite and perinuclear
region clearly correspond with the phase image.
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Figure 5.12 Shows anti-Ga^ (C-terminal) antiserum staining of cell-cell
contacts in unreplated DRGs
This figure shows a confocal section of unreplated DRGs in two closely
associated groups of two and six cells. Coq immunoreactivity is most
intense at the points of cell-cell contact. The scale bar is 50)im.

V

I

Figure 5.13 shows one confocal section of anti-Ga^ (C-terminal)
antiserum staining through an unreplated DRG.
~
Shows one confocal section taken through an unreplated DRG stained with
0C2 (1:2000). GGq immunoreactivity is seen intensely at the plasma
membrane, the perinuclear region and the neurites which are only partly
within the depth of the confocal sections. The scale bar is 25)jLm.
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Figure 5.14 Shows anti-GOg (C-terminal) antiserum staining from one
confocal section through an unreplated DRG superimposed on the
corresponding phase contrast image.
This figure shows 0C2 staining superimposed on the corresponding phase
contrast image. GOq immunoreactivity corresponds with the plasma
membrane, neurite and perinuclear region seen with the phase contrast
image. The scale bar is 25^m.
In order to confirm the specificity of 0C2 staining and
complement the electrophysiological result, 0C2 was pre
incubated with the Gc q decapeptide (1.Opg/ml) for one hour
at 37°C.

0C2 alone was incubated at 37°C for one hour as a

control, the staining can be seen in figure 5.13.
The brightest confocal section fluorescent image of 0C2 plus
the GOq decapeptide staining for one unreplated cell is
shown in figure 5.15.

Pre-absorption of 0C2 with Gq q

decapeptide blocks aQ-immunoreactivity at the level of the
plasma membrane but not in the perinuclear region (compare
figures 5.13 and 5.15).
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Figure 5.15 Shows GOq immunoreactivity following pre-incubation of the
anti-GOp (C-terminalT antiserum with the GOq decapeptide.
This fi^re shows the brightest confocal section of GOq immunoreactivity
taken through an unreplated DRG that was stained with 0C2 (1:2000)
following pre-incubation with the GGq decapeptide (I.Opig/ml) for one
hour at 37®C. GQq immunoreactivity of the plasma membrane is blocked
and this is indicated by the small arrows. The scale bar is 25)im.
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5.3 DISCUSSION
5.3.1 Summary of results
1) 0C1 intensely stains the plasma membrane,

attachment

plaque and the neurites of cultured DRGs.
2) The same profile of O u q immunoreactivity is seen in
acutely replated DRGs.
3) 0C2 was less immunoreactive and the distribution of GQ q
was different to 0 C 1 .

The plasma membrane still stained

intensely but the immunoreactivity of the attachment
plaque was reduced and the perinuclear region greater.
4) 0C2 immunoreactivity at the level of the plasma membrane
was blocked by pre-absorption with the G o q decapeptide
whilst G q q immunoreactivity in the perinuclear region was
only slightly reduced.
5) SGI was more variable than 0C1 and 0C2 staining; however,
Goi immunoreactivity was seen at the plasma membrane,
neurites and perinuclear region.
5.3.2 Control immunocvtochemical experiments.
5.3.2.1 Non-immune serum staining of cultured DRGs.
The level of autofluorescence and non-specific staining of
the non-immune rabbit serum and the secondary antibody (goat
anti rabbit conjugated to FITC) were evaluated.

Using

confocal laser scanning microscopy the gain of the
photomultiplier tubes was adjusted so that the control
background level was zeroed.

The autofluoresence level was

the same as incubation with the non-immune serum and the
secondary antibody separately or together.

This gain level

was set so that the combined fluorescent image with the nonimmune serum using the goat anti-rabbit FITC conjugate was
zero and this is shown in the results.
5.3.2.2 Anti-neurofilament staining of cultured DRGs.
Cultured DRG immunofluorescence is easily identified from
non-neuronal background cells by the height of the neurones
above the coverslip which is easily calculated using
confocal microscopy.

Further confirmation is obtained by

visualising the cells with phase contrast after the
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fluorescent image has been recorded.

DRGs are phase bright,

characteristically round and range in diameter from 20-50pm.
The fixed and permeabilized DRGs look very similar to the
DRGs that were recorded electrophysiologically.

However,

order to confirm this morphological identification,

in

the

neurones were incubated with a monoclonal antibody which was
raised against neurofilament (M.W.SSkD), a protein only
found in neurones.
was confirmed.

The morphological identification of DRGs

None of the background cells stained and are

therefore non-neuronal.
5.3.3 The localisation of anti-Gog (C-terminal) staining in
cultured DRGs.
5.3.3.1 The distribution of C-terminal GO q immunoreactivitv
in unreplated and replated DRGs using 0 C 1 .
GCq is a membrane bound protein that accounts for up to one
percent of the total membrane protein in specific regions of
the brain (Gierschik et aJ.1986).

The rapid and reversible

relief of G-protein inhibition of the HVA

by a prepulse

would predict a tightly coupled GQq subunit and N-type
calcium channel.

This result predicts that most of the GCq

immunoreactivity to be found at the plasma membrane.
predominance of G olq at the plasma membrane,

The

localised

alongside calcium channels, would also be expected from the
result with GTPyS infusion.

GTPyS is able to activate all

the G-protein subtypes, yet when infused into acutely
replated DRGs, it mimics the application of baclofen which I
have shown is transduced by GCq.

0C1 stained specifically

the plasma membrane, neurites and the attachment plaque.
5.3.3.2 The distribution of C-terminal GOg immunoreactivitv
in unreplated DRGs using 0C2.
0C2 was less effective in my electrophysiological
experiments and the dilution in the replating medium had to
be doubled.

GC q immunoreactivity was also reduced and there

were differences in the localisation of G q q
immunoreactivity.

0C2 still intensely stained the plasma

membrane whilst the attachment plaque stained less and the
perinuclear region stained more intensely than before.
was raised in another rabbit.

0C2
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5.3.3.3 The investigation into the specificity of Ga^
immunoreactivitv using the Ga^ decapeptide.
The intense GO q immunofluorescence at the plasma membrane is
blocked by pre-incubation of OC2 with the GC q decapeptide.
The GC q decapeptide (I.Oiig/ml) was in excess of 0C2 (1:2000
» approximately 30ng/ml).

In the electrophysiological

experiments the 0C2 concentration was sufficient to reverse
the effect of the G q q decapeptide alone on baclofen
inhibition of the HVA Isa*

contrast to the GO q

immunoreactivity of the plasma membrane the perinuclear and
cytoplasmic immunoreactivity was not blocked as effectively
by pre-incubation with the G q q decapeptide.

Since the block

of the plasma membrane G q q immunoreactivity was so effective
when 0C2 was pre-incubated with the GO q decapeptide then it
is possible that 0C2 is recognising another protein in
addition to GO q in the perinuclear and cytoplasmic regions.
5.3.3.4 The distribution of N-terminal Ga^ immunoreactivitv
in unreplated DRGs.
ONI did not intensely stain the DRG plasma membrane and most
immunoreactivity was seen at the level of the nucleus.

The

ONI immunoreactivity in the non-neuronal cells were also as
intense as the DRGs.

Even though this antiserum did not

prevent baclofen inhibition of the HVA

acutely

replated DRGs, ONI was effective in a preparation of
neuronal membranes at blocking baclofen stimulation of
GTPase activity (Sweeney and Dolphin,

1992).

In immunoblots

ONI has been shown to recognise Goq at a dilution of 1:4000
whilst 0C1 only recognised GOq at a dilution of (1:2500)
(Huston et ai.1993).

The N-terminal of the Ga subunit is

thought to couple GOy subunits in the cell membrane
(Birnbaumer at a i .1991).
with paraformaldehyde,

When the cultured DRGs were fixed

this region may be fixed in a

position unavailable for coupling with the antiserum or the
N-terminal of GCq was modified during the fixing procedure.
The specificity of the stain on the non-neuronal cells was
not evaluated further.
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5.3.4 The localisation of anti-Gaj

(C-terminal) anti R m m m

staining in cultured DRGs.
The intensity of anti-G^ antiserum staining varied between
DRGs.

Gai immunoreactivity was observed at the level of the

plasma membrane, neurites and the perinuclear region.
was shown to recognise Gai
et ai. 1993).

SGI

immunoblots at 1 :1000 (Huston

In some experiments no plasma membrane Gai

immunoreactivity was seen even with SGI at a dilution of
1:500, the reason for this variability was not established.
Since Gai immunoreactivity was so variable , pre-absorption
studies were not attempted.

Gai localisation in the plasma

membrane would be expected because it is involved in
inhibition of adenylyl cyclase activity.

It has been shown

in the cerebral cortex that the concentration of Gq is five
times that of Gi (Gierschik at ai. 1986) therefore the
concentration of Gai subunits may possibly be much less than
GOq subunits in the plasma membrane of cultured DRGs.
5.3.5 Anti-Gag antiserum staining in unreplated DRGs
The anti-Gag antiserum has been shown to be effective at
recognising Gag on immunoblots at a dilution of 1:10000
(Huston at ai. 1993).

However no immunoreactivity above the

background was seen.

The result from the immunoblot again

does not agree with the immunocytochemistry result.

The two

procedures differ considerably in the way the Ga proteins
are prepared.
5.3.6 Comparisons with other investigations using anti-Ga
antisera.
Most of the studies of GOq immunoreactivity have been
performed using immunoblots of neuronal membrane fractions
(Gierschik at aJ.1986; Inanobe at aJ.1990; Asano at
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ai.1992).

Previously, the ultrastructural localisation of

Gq had been shown in whole brain and cultured murine
neurones, using affinity-purified polyclonal antibodies
raised against the CCq subunit (Gabrion et ai.1989).

The

electron micrographs produced showed labelling on the
cytoplasmic face of the plasma membrane lining the cell body
and the neurites, especially in 'cell-cell' contacts, but
also in the cytoplasmic matrix, between the endoplasmic
reticulum and Golgi cisternae.
In cultured DRGs I too saw intense GCg-immunoreactivity at
cell-cell contacts and the cytoplasmic matrix.

Gqq

immunoreactivity has also been seen in growth cones (data
not shown).

The functional significance of GOq in these

regions is not clear.

However, Gqq represents a significant

percentage (0.7%) of total membrane protein so it is
probably involved in more roles than neurotransmitter
modulation of calcium channel currents.

There is evidence

in PCI 2 cells that calcium influx through L- and N-type
calcium channels is important for neurite outgrowth and this
mechanism is sensitive to PTX (Doherty at aJ.1991).
The main finding of Gabrion et al. was that GO q
immunoreactivity was not observed on the inner face of the
pre- or postsynaptic membranes in adult brain and cultured
neurones.

This last finding led them to conclude that there

was a strong suggestion that G o q protein is not involved in
transducing chemical signals at the level of the synapse.
If acutely replated DRGs are a reasonable model of their
pre-synaptic terminal in vivo then my electrophysiological
data disagrees with this suggestion.
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5.3.7 Conclusion
Using immunocytochemical techniques I have shown that of the
two PTX sensitive G-proteins subtypes found in neurones, the
major PTX substrate GU q shows the most immunoreactivity at
the level of the DRG plasma membrane.

Using concentrations

of anti-Gi antiserum which have been shown to be effective
in immunoblots I was unable to routinely visualise intense
Gai immunoreactivity at the plasma membrane.

The

predominant GQ q immunoreactivity in the plasma membrane
complements the electrophysiological results that GQ q is the
PTX sensitive G-protein responsible for calcium channel
modulation by GABA q receptors.
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CHAPTER SIX
DISCUSSION
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6.1 CONCLUSIONS
I have shown that the G-protein responsible for transduction
of GABA q receptor inhibition of calcium channel currents in
acutely replated DRGs, is GU q .

The calcium channel subtype

which is modulated through the G q q pathway is the w-CTX-GVIA
sensitive, N-type calcium channel.

The rapid and reversible

relief of G protein inhibition by a pre-pulse, would predict
that this G-protein and calcium channel were tightly coupled
at the plasma membrane.

This prediction is supported by the

result that GQ q immunoreactivity is intensely localised at
the plama membrane in cultured DRGs.

Both the reduction of

baclofen inhibition of the calcium channel current and the
intense immunofluorescence produced with the anti-Gog
antisera were reversed by pre-incubation with the GQ q
decapeptide.
6.2 Future investigations
Four Gcg-type proteins have been purified from the bovine
brain (Inanobe et ai.1990) and two forms of Goq have been
shown to exist by

immunocytochemical (Asano at ai.1992) and

electrophysiological experiments (Kleuss at a i .1991).

The

anti-Goco antisera (0C1 and 0C2) were raised against the end
C-terminal decapeptide (residues 344-345) that correspond to
the GCqI sequence (ANNLRGCGLY ), the Gaç^2 C-terminal
decapeptide sequence differs from GCqI by one amino acid
residue in this region.
Lysine residue.

The Asparagine (N) is replaced by a

0C1 and 0C2 antisera are probably able to

identify both forms of Goq because there is insufficient
variability for specific antiserum generation in the Cterminal decapeptide region.
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It may be possible to differentiate between the two Goq
subtypes by loading DRGs with antisera that have already
been generated which distinguish between GoqA and GuqB on
immunoblots (Asano et ai.1992).

Asano et al. raised

specific antisera with amino acid sequences from GqA and GqB
(GoqI and Gao2) that had no homology (between residues 294311).

These sequences are still within the last 40% of Ga

subunit that is thought to be responsible for coupling to
the receptor (Heideman and Bourne,

1990; Masters at

ai.1988).
Since the G q q decapeptide was effective at preventing
baclofen inhibition of the HVA iBa/ then another approach
that could be used to distinguish between the Ga subtypes
involved in a transduction pathway would be to replate cells
with specific peptide fragments of Ga subunit subtypes.
This approach was used originally to evaluate the role of Ga
subunits in signal transduction.

Following pre-incubation

with PTX, neurotransmitter inhibition was restored by
infusing cells with purified Ga subunits from the pipette.
Reconstitution studies have indicated that calcium channel
currents are not inhibited exclusively by GOq because Ga^
can also restore neurotransmitter inhibition of calcium
channel currents (Hescheler at ai. 1987; Toselli at ai.1989;
Linder at ai. 1990).

Intracellular application of anti-Ga

antiserum however, have implicated that Gag and not Ga^
transduce neurotransmitter inhibition of the calcium channel
current (McFadzean at ai. 1989; Lledo at ai.1992).
Recently microinjection of Gagl, Gag2 and Ga^S peptides,
activated with GTPyS or Gpp(NH))p, have shown that Gag2
selectively reduces the HVA calcium current in Helisoma B5
neurones.

Gagi and Ga±3 are ineffective at 10 times the

concentration of Gag2 (Man-Son-Hing at ai.1992).

The

specificity of this result using pre-activated Ga subunits
compared to the reconstitution studies may result from the
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different concentrations used in the two preparations.

The

investigation of Hescheler et a l . (1987) included purified Gf
and G q in the patch pipette at concentrations of 3.8 and
0.4nM respectively to restore DADLE inhibition of the
calcium channel current in neuroblastoma x glioma cells.
The intracellular dialysis of GOo at the same concentration
(lOnM) as the holo-protein

(Gq)

was also shown to be as

effective at restoring acetylcholine inhibition of the
calcium channel currents in hippocampal neurones (Toselli et
ai. 1989).

Linder et a l . (1989) used lOOnM of recombinant Ga

subunits in the patch pipette, the subtypes G a ^ l , G a ^ Z , Ga^S
and GQq were all able to reconstitute bradykinin inhibition,
while Gai2 was inactive at restoring neuropeptide Y
inhibition of the calcium channel current in DRGs.

Man-Son-

Hing et a l . (1992) however, estimate that the microinjection
solution (InM) is diluted 1:100 when injected into cells.
The threshold concentration for pre-activated GQ o 2
inhibition of the calcium channel current was therefore
estimated to be about lOpM.
The use of peptides or peptide fragments is especially
suited for the acutely replated DRG model because these
relatively small molecules would be efficiently loaded
during the replating procedure.
inhibition of the HVA

My results of baclofen

DRGs replated in the presence

of the anti-Ga antisera and the Gao decapeptide were taken
60-90 minutes following the replating procedure.

This time

was sufficient for cell adhesion and to record an effect.
Replated DRGs were able to put out extensive neurites after
90 minutes and could be successfully maintained, at their
lower density,

in culture.

The introduction of

macromolecules by the replating procedure can therefore be
studied over longer time periods.

This approach has been

used to introduce active enzymes, missing because of a
genetic defect, in the L929 cell line (Ortiz at ai.1987) as
well as the evaluation of ras oncogene proteins in the
intracellular signal transduction pathway of neurotrophic
factors (Borasio at ai.1989).

The replating procedure could

also be used for the introduction of DNA oligonucleotides.
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6.3 Molecular biological approaches to investigate G-protein
modulation of calcium channels.
During my investigation using anti-G-protein antibodies two
molecular biological approaches have also been used by
others to evaluate G protein tranduction pathways.
first technique

The

is to block the synthesis of a specific

protein at the level of the DNA by the introduction of
antisense DNA.

This technique manipulates the continual

cycle of protein degradation and synthesis which occurs in
all cells.

Once the antisense DNA has bound to a specific

sequence of DNA the transcription of that DNA sequence,
translation and subsequent protein synthesis is blocked
(Hélène and Toulme,

1990).

The total level of the protein

falls as the rate of degradation and turnover exceeds
production until finally that protein is not expressed in
the cell.

Antisense DNA specific for the DNA sequences of

GQqI and GUgZ have been injected into GH3 cells.

Modulation

of calcium channel currents by muscarinic receptor
activation is only blocked with antisense DNA for GQqI
whilst antisense DNA for GCo2 blocks calcium channel
modulation by somatostatin receptor activation (Kleuss et
aJ.1991).

This study was extended using antisense DNA

specific to DNA sequences that encode the G 6 subunits,

to

investigate the involvement of GB subunits in this
transduction process.

It was shown that of the four GB

subunits tested, GB1 and GB3 were selectively involved in
signal transduction from muscarinic M4 and somatostatin
receptors respectively, to inhibit voltage-operated calcium
channels (Kleuss at aJ.1992).

This result highlights the

importance of the GB subunit for specific receptor coupling
and also expands the possible number of combinations of
heterotrimeric G proteins which may be specifically
associated to a receptor subtype.
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The second molecular biological approach used to study G
protein transduction pathways has been to generate using
site directed mutagenesis a GQqA subunit that is PTX
resistant (Taussig et ai.1992).

The DNA template of NG108-

15 cells was hybridized with the mutated oligonucleotide
sequence and a modified DNA template was created which
encoded a GQqA subunit with a cysteine to serine change (4
residues from the carboxyl terminus).
ADP-ribosylation by PTX.

This is the site of

Modified DNA was then transfected

into an NG108-15 cell line.

After treatment with PTX, the

mutant GqqA rescued the Leu-enkephalin and noradrenaline
pathways but not the somatostatin inhibition of calcium
channel currents in NG108-15 cells.
Both of these techniques take advantage of the wealth of
molecular biological information available for G proteins.
In combination with the recent advances in calcium channel
cloning and expression it is now possible to accurately
investigate G-protein transduction and modulation of calcium
channels.
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