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ABSTRACT

In this study the physiology and pharmacology of insect
ca2t channels has been investigated using two preparations.
In a skeletal muscle preparation from larvae of the moth
Plutella xylostella, all or none action potentials were
studied in the presence of TEA. These action potentials
were Ca2t-dependent as was shown by the decline in amplitude
and maximum rate of rise of the action potential when the
extracellular ca2t concentration was reduced, abolition in
ca2*-free saline and block by inorganic ca2* channel
blocking agents. Furthermore, TTX had no effect on the
action potential.

Removal of Cl1l~ ions from the external medium resulted
in a decrease in the maximum rate of rise of the action
potential, suggesting the involvement of inward C1~
currents. However, the Cl~ channel blocker ethacrynic acid
was without effect.

The organic ca2t channel antagonists of all 3 classes
had no effect on the action potential suggesting that L-
type channels were not involved. Furthermore, Lambert-Eaton
myasthenic syndrome IgG had no effect on the action
potential suggesting antigenic differences to L-type calcium
channels. Ryanodine greatly prolonged the action potential
possibly due to a decrease in release of ca2t from
intracellular stores, while the antihelminthic agent
avermectin, although causing changes in the passive
properties of cells had no effect on the action potential
indicating a lack of action on insect calcium channels.

To investigate neuronal ca?* channels, cells from



thoracic ganglia of the locust Schistocerca gregaria were
studied under whole cell patch clamp. Using 10mM Ba2*t or
ca2t as the charge carrier, large biphasic currents were
stimulated by depolarisation from a holding potential of
-80mV. These currents were unaffected by replacement of
external Na't with choline and thus were not carried by TT%}
insensitive Nat currents. The two current components
(sustained and transient) showed the same steady state
inactivation kinetics, but could be separated by 10uM caz2+
which selectively blocked the sustained current. For the
organic antagonists, verapamil inhibited both components of
current while nitrendipine was without effect. Single
channel recordings of ca2*t channels proved to be difficult,
the only channel seen appearing to have transient
characteristics. These data suggest that the channels in
both skeletal muscle and nerve of insects do not readily fit
into the pharmacological classification of L-, N- and T-type
ca2* channels used in many vertebrate systems.

Finally, ryanodine, avermectin and the pyrethroids S-
bioallethrin and deltamethrin were found to have no effects

on Ca2t channels in locust neurones.
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CHAPTER 1
GENERAL INTRODUCTION

The work presented in this thesis describes experiments
aimed at investigating the physiology and pharmacology of
calcium channels in insect skeletal muscle and neurones. As
a potential target site for rational pesticide development,
calcium channels have so far been overlooked, and the
exploitation of differences between insect and vertebrate
calcium channels may give rise to the development of more
specific pesticides than we already posess.

Insect calcium channels

Two preparations were used in this study; a skeletal
muscle preparation from larvae of the moth Plutella
xylostella, and a neuronal preparation from the thoracic
ganglia of the locust Schistocerca gregaria.

As far as this study is concerned, an important
difference between vertebrate and insect skeletal muscle is
the ionic basis of the muscle action potential. In
vertebrates, nerve stimulation 1leads (via transmitter
release) to depolarisation of the postsynaptic muscle fibre.
Voltage dependent sodium channels which can be blocked by
tetrodotoxin (TT;) are activated by this depolarisation and
the resulting inérease in sodium conductance gives rise to
an ‘'all-or-none' action potential which is propagated
throughout the skeletal muscle membrane. In contrast,
action potential propogation in a number of insect species

is not thought to involve voltage-dependent sodium channels.
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Although stimulation of excitatory nerves results in an
electrical response that is similar throughout the muscle
fibre due to its multiple innervation, direct stimulation of
the same fibre results in graded responses that do not
propagate throughout the muscle fibre (Belton, 1969,
Deitmer, 1977b). This graded response can be converted to
an all-or-none, propagating action potential when potassium
channel blockers such as tetraethylammonium (TEA) are used
(Fukuda and Kawa, 1977, Ashcroft, 1981, Miyamoto et.al.,
1984, Washio, 1972), suggesting the existence of a high
density of rectifying potassium conductances in the muscle
membrane. Removal of sodium ions from the bathing medium or
the presence of TTx have little effect on action potentials
(in the presence of TEA) in insect muscles (Fukuda et
al.,1977, Washio, 1972, Deitmer and Rathmeyer, 1976,
Ashcroft, 1981). However, when calcium is removed, action
potentials are abolished, while a reduction in the
extracellular calcium concentration results in changes in
the amplitude and rate of rise of action potentials similar
to those predicted by the Nernst equation assuming that the
muscle cell membrane becomes permeable to calcium during the
action potential (Fukuda et al., 1977, Washio, 1972,
Miyamoto et al., 1984, Deitmer and Rathmeyer, 1976,
Ashcroft, 1981). This suggests that ca2* channels underly
these action potentials in insects. Further evidence for
this is suggested by block of the action potentials by ca2t
channel antagonists such as Co?%, cd?* and La3+t (Deimer and
Rathmeyer, 1976, Ashcroft,1981) and the fact that these

action potentials can be triggered in salines where ca2* has
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been replaced by Ba2t or Sr2t (Fukuda et al.,1977, Washio,
1972, Deitmer and Rathmeyer, 1976, Ashcroft,1981). Voltage
clamp studies of insect skeletal muscle fibres have also
confirmed the existence of cCa2* channels in a number of
species (Ashcroft and Stanfield, 1982a,1982b, Yamamoto et
al., 1981, Yamamoto and Washio, 1981, Salkoff and Wyman,
1983). For instance, the inward current seen in Carausius
morosus muscle fibres (Ashcroft & Stanfield, 1982a, Ashcroft
& Stanfield, 1982b) was found to be activated at test
potentials positive to approximately -40mV from a holding
potential of -60mV. Maximum inward current was seen at test
potentials to approximately OmV, above which potential the
inward current declined, reversing at an apparent (since
leakage currents were not subtracted) test potential of
approximately +35mV. The current was increased by
increasing the Ca2t concentration in the external saline and
was blocked by La3* and cd2?* indicating that it was indeed a
calcium current. The current was also found to be
inactivating during the course of a voltage step, this decay
being attributed to Ca2+-dependent processes. In contrast
to cCarausius where the calcium channel was found to be
impermeable to sodium ions, the inward calcium current of
Tenebrio molitor was found to show a small degree of Na+
permeability (Yamamoto et.al., 1981, Yamamoto & Washio,
1981). In this preparation the inward current was activated
at a test potential of approximately =-20mV, reaching a
maximum at -5mV. This current was also seen to have two
phases to its decay and was completely blocked by co?t at a

concentration of 15mM. The dorsal flight muscle of
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Drosophila melanogaster (Salkoff & Wyman, 1983) shows
calcium currents which decay rapidly and completely when
ca2t js used as the charge carrying ion and choline has been
substituted for Na+ in the extracellular saline. If Na+ is
also present in the solution however, two phases of current,
one rapidly inactivating and one slowly inactivating are
seen. With Ba2t as the charge carrier the inward current is
only very slowly inactivating, and resembles the L-type
current seen in vertebrate neurones. The current in all
cases activates at a test potential of approximately -50mV
and reaches a maximum at -20mV. Thus the currents
underlying ca2t-dependent action potentials in skeletal
muscle fibres from a number of different insect species
appear to be slightly different in some respects, but all
show decay when Ca2t is used as the charge carrier and
activate over a similar test potential range.

The second preparation used to investigate insect ca?t
channels in this study was the neuronal somata freshly
dissociated from the thoracic ganglia of the 1locust,
Schistocerca gregaria. Certain cell bodies from these
ganglia produce action potentials that are carried by both
Na+ and Ca2t and which can be blocked by Co2* (Goodman &
Heitler, 1979). 1In peripheral neurosecretory neurones from
Carausius, action potentials in the nerve cell body are
carried solely by ca2t (Orchard, 1976). Byerley and Leung
(1988) have recently described voltage dependent calcium
channels in embryonic cultures of neurones from Drosophila.
In the latter preparation calcium currents were found to be

blocked by cd2%* and reduced by high concentrations of
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verapamil but were unaffected by dihydropyridines and
benzothiazepines.

Calcium channels from brain membranes of Drosophila
have been reconstituted into planar lipid bilayers resulting
in Ba2*-permeant channel activity that can be blocked by
co?t (Pelzer et al., 1989a). Different types of ca2+
channel are present in this preparation which are either
insensitive to verapamil and dihydropyridines or sensitive
to only one of these classes of ca2t channel antagonist.

Biochemical studies on the binding of organic calcium
channel antagonists to these membranes from Drosophila
brains reveal significant differences between the vertebrate
and insect preparations. Drosophila brain membranes show
very high affinity binding for phenylalkylamines which can
be inhibited by benzothiazepines as in vertebrates (Pauron
et al., 1987, Greenberg et.al, 1989). The dihydropyridines
only bind weakly to such membranes and do not inhibit the
binding of phenylalkylamines, suggesting perhaps that the
binding site for dihydropyridines is on a different type of
ca?t channel to that which binds the phenylalkylamines
(Pelzer et al., 1989a).

Vertebrate calcium channels

Although insect ca2t channels have not been
characterised in detail, more work has been done on ca2+
channels in vertebrates (see e.g. W.-Wray et.al., 1989).
There are at least 3 different types of calcium channels
underlying the Ca2t currents seen in both neurone and muscle
for vertebrates. These channel types were first described

by Nowycky, Fox and Tsien (1985a) in sensory nheurones
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cultured from chick dorsal root ganglia and have been
designated L, N and T. This classification is based on
activation thresholds, inactivation rate and sensitivity to
antagonists. The properties of these channels are given in
Table 1.1 and are discussed below.

The T-type current is activated by small
depolarisations (to test potentials of -50mV) from strongly
negative holding potentials (=70 to =-100mV). It is
transient in nature, with a time constant of inactivation of
milliseconds. With stronger depolarisations (to e.g. 0 or
+10mV) from the same holding potential, N- and L-type
currents become activated. The N-type current is transient
(but inactivates more slowly than the T-type current), while
the L-type current is sustained in nature. With more
positive holding potentials (e.g. =-40mV) the L-type current
can be seen in isolation from both N- and T-type currents
which are inactivated.

The single channel basis of the whole cell currents has
been investigated (Carbone and Lux, 1984, 1987a, Nowycky
et.al., 1985a) and shows that each current type is mediated
by distinct and separate calcium channels. Channels
mediating T-type currents have a lower conductance than
L-type, with N-type of intermediate conductance (Table 1.1).
T- and N-type channels tend to open in bursts near the
beginning of a voltage step giving rise to the transient
whole cell current. L-type channels on the other hand are
usually active throughout the duration of a voltage step and
consequently give rise to sustained currents. The different

channel types also differ in terms of the degree of block

18



*soToads pue suoTyeredaxd usemyaq ATIUPTTS Axea soryaedoad ossyl °£86T ‘Te 3@ TUSEUeIeN pue /86T ‘°Te
39 LSOO N ‘ec86T ‘Te 30 APAMON WXl usyey ‘Soucansu 93elgqeidsA UT sediy psuueyo +7%0 3O seTixsdaid

SAT3TSUSSUT JUEISTSaX SAT3TSUSSUT sdg ase3
SAT]TSUSS SAT3TSUSS SAT3ISUSSUT sdeT S3eRTPLISUT oT+
SATTSUSS SAT3TSUSS 9AT}ISUSS sdcz MOTS o)
(Aur)
UTXO30UcO-M +20 S3sTucbejUe Taureyo (4z®d WIOTT) PTOoysax3
+22 otuefxo adueoNPUcO =at= | UOTJeRATIOR adAy,
:Aq spooTq 03 KJTATITSUSS Touueyo 9TAUTS uoTjeATioeur oqeurrxaxddy  Tauuel)

T°T °19el



caused by inorganic cations (e.g. Co?t, cd?*, see Table 1.1)
and by the organic ca2t channel antagonists such as
dihydropyridines, which selectively modulate L-type
currents.

Calcium currents are modulated by a variety of
mechanisms (for reviews see Reuter, 1983, Reuter, 1987,
Tsien et al., 1988, Eckert and Chad, 1984, Kostyuk, 1980,
Dunlap et al., 1987, Dolphin, 1987). As far as accurate
measurement of calcium currents is concerned the most
important modulatory influences are those which cause
inactivation of currents either short-term during the
voltage step which elicits them or more slowly during the
course of an experiment ("run down"). Short term
inactivation of ca2* currents is now believed to involve
both the effects of voltage and of calcium ions which enter
through the channels themselves (Eckert and Chad, 1984,
Ganitkevitch et al., 1987, Kass and Sanguinetti, 1984, Lee
et al., 1985). L-type channels are highly susceptible to
run-down, i.e. inactivation over the long term, particularly
when the whole cell patch clamp technique is used. This is
caused by a loss of agents in the cytoplasm which
phosphorylate the channel, phosphorylation being required
for its normal functioning (Chad and Eckert, 1986, Kameyama
et al., 1988). The effects of dephosphorylation can be
overcome to some degree by the addition of cAMP, ATP and
Mg2t to the patch pipette (Fedulova et al., 1985). In
cardiac muscle cells, this phosphorylating mechanism may
represent a means of modulating the L-type calcium current

via p-adrenoceptors coupled to cAMP-dependent protein kinase
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systems (Osterrieder et al., 1982, Cachelin et al., 1983,
Trautwein et al., 1987).

The role of ca2t channels in excitation-contraction coupling
in skeletal muscle

The sarcoplasmic reticulum and transverse-tubules of
vertebrate skeletal muscle play an important .role in
excitation-contraction coupling. When the t-tubule membrane
is depolarised by the muscle action potential, calcium is
released from the sarcoplasmic reticulum, the elevated
intracellular calcium then gives rise to muscle contraction
(e.g. Constantin, 1975). The regions of muscle cell
membrane which form the t-tubules are rich in binding sites
for the dihydropyridine class of compounds suggesting a high
density of ca2%t channels, and cCa2%t entering the cells
through these channels might be expected to give rise to
Ca?t release from the sarcoplasmic reticulum (Meissner, 1984
and Meissner et.al., 1986). However, block of calcium entry
through t-tubule calcium channels does not prevent
contraction in vertebrate skeletal muscle (Gonzales-Serratos
at.al., 1982 and Knudson et al., 1986), indicating that ca2*
entry through these channels is not their main physiological
function. The function of these channels could be as a
'voltage sensor' in the membrane so that an action potential
in the t-tubule triggers Ca2*t release from the sarcoplasmic
reticulum (Schneider and Chandler, 1973, Beam and Knudson,
1988, Beam et al., 1989, Schwartz et al., 1985). Studies on
mice suffering from muscular dysgenesis show that
excitation-contraction coupling is severely disrupted in

these animals. Action potentials and the sarcoplasmic
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uptake of cCa?t in dysgenic muscle fibres are unaffected but
sarcoplasmic release of ca2t does not occur. However, whenl
the muscle fibres of dysgenic mice are made to express a
subunit of the purified calcium channel using cDNA
expression techniques excitation-contraction coupling is
restored (Tanabe et al., 1988). It has therefore been
suggested that the ‘'voltage sensor' is contained within the
t-tubule calcium channel and is connected to the calcium
release channel (the ‘'ryanodine receptor') in the
sarcoplasmic reticulum (Beam et al., 1989).

Little is known about the role of the calcium channel
in excitation-contraction coupling in insects. The insect
sarcoplasmic reticulum is well developed, and is
particularly dense in regions adjacent to the neuromuscular
junction (Belton, 1969). The amount of sarcoplasmic
reticulum present in a given muscle fibre appears to be
dependent on the type of contraction (either phasic or
tonic) that is elicited by prolonged K+ depolarisation in
that fibre (Cochrane et al., 1972). It would therefore seem
likely that the sarcoplasmic reticulum of insect skeletal
muscle plays a similar role to that of vertebrate muscle in
excitation-contraction coupling. Further evidence that
suggests a role of insect sarcoplasmic reticulum in
excitation-contraction coupling is provided by the actions
of the plant alkaloid ryanodine on insect skeletal muscle
(see below).

Calcium channel structure
Structural investigations of the L-type cCa2% channel

are aided by the high affinity of binding to the channel
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seen with the dihydropyridines. Photoaffinity labelling and
purification of the vertebrate channel using
dihydropyridines and phenylalkalamines 'has revealed the
channel to be an oligomeric structure made up of 5 distinct
subunits (reviewed by Catterall et al., 1989). These
subunits have been labelled a;, a@,, B, Y and 6. The
relative molecular mass of the intact calcium
channel/dihydropyridine receptor complex has been estimated
to be 416kDa and the masses of the a3, a3, B, Y and $§
subunits to be approximately 175kDa, 140kDa, 60kDa, 30kDa
and 26kDa respectively. cAMP-dependent phosphorylation
sites are present on the a; and B subunits while the a5, Y
and é§ subunits are heavily glycosylated. The binding sites
of all the classes of organic calcium channel antagonists
are believed to be situated on the a; subunit which also
appears to contain the Ca2+-permeable pore of the channel
(Pelzer et al., 1989b, Perez-Reyes et al., 1989). In
Drosophila brain membranes, the only insect preparation so
far studied, the protein involved in high affinity binding
of phenylalkylamines has been purified and has a relative
molecular mass of approximately 135 kDa (Pelzer et.al.,
1989a) which is somewhat less than that for the vertebrate
ay subunié above.

The a; and aj; subunits of the t-tubule calcium channel
from rabbit skeletal muscle (Tanabe et al., 1987, Ellis et
al., 1987) and the a; subunit of the rabbit cardiac calcium
channel (Mikami et al., 1989) have now been cloned. There
are slight differences in the primary structure between

cardiac and skeletal muscle ca?t channels, although certain
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areas are highly conserved (Mikami et al., 1989). The
differences may give rise to the minor differences in
channel properties seen between purified L-type channels
from cardiac and skeletal muscle when they are reconstituted
into planar lipid bilayers (Rosenberg et al., 1986, Pelzer
et.al., 1989b, Perez-Reyes et.al., 1989).

Further differences between L-type channels in
neurones, skeletal muscle and cardiac muscle of vertebrates
are highlighted by the actions of omega Conus Toxin
(w-CgTx). The effects of this 27 amino-acid polypeptide in
a variety of tissues and species are varied (summarised by
Yoshikami et al., 1989). In brief, w-CgTx blocks synaptic
ca2* channels in neurones but has no effect on similar
channels in skeletal or cardiac muscle (see e.g. McCleskey
et al., 1987). The effects of w-CgTx are further
complicated by the species specificity of the toxin.
However it would appear that these effects of w-CgTx support
the idea that there are significant differences between
L-type channels in nerve and muscle which may be exploited
therapeutically in the future.

Pharmacology of calcium channels
i) organic ca2* channel antagonists

The organic Ca2t channel antagonists and agonists fall
into 3 major structural classes; the 1,4-dihydropyridines
(e.g. nitrendipine, BAY K 8644), the phenylalkylamines (e.q.
verapamil) and the benzothiazepines (e.g. diltiazem). In
vertebrate tissues, all three compounds act by binding to
the al subunit (seeN;;;;;;”of the L-type ca?t channel at

sites which modulate the gating behaviour of the channel.
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Qiffg;gnt'binding sites exist for each class of compound and
these sites are believed to interact with each other (e.g.
Striessnig et al., 1986). The dihydropyridine class of
compounds normally act as either antagonists (e.g
nifedipine) or agonists (e.g. BAY K 8644) at L-type channels
although it is now believed that many dihydropyridines also
have partial agonist or partial antagonist effects (Brown
et.al., 1986). The expression of agonist or antagonist
behaviour by the dihydropyridines is thought to be a
function of membrane potential (Brown et al., 1986, Bean,
1984), being agonists at hyperpolarised and antagonists at
depolarised membrane potentials. Agonist responses are
promoted when the channel is in the resting state
(hyperpolarised holding potentials). The action of
"antagonist" drugs from all 3 classes can be converted to an
agonist response by the application of GTP analogues to the
internal surface of cell membranes (Scott and Dolphin,
1987). This suggests that the channel protein can be
stabilised in the conformation favouring agonist responses
(resting state) by the association of an activated G
protein. This effect is prevented by pertussis toxin,
suggesting further that the G proteins involved are members
of the Gi or Go families (Scott and Dolphin, 1987).

The mechanism by which modulation of the L-type channel
is brought about by these compounds is not believed to be
mechanical block of permeation as in the case of the
inorganic antagonist ions (see below) but rather an effect
on the gating characteristics of the channel. The L-type

channel shows 3 distinct modes of channel gating. Mode 1 is

25



characterised by brief openings occurring in rapid bursts of
activity and is the mode that is most commonly seen in
single channel recordings in the absence of drug. Agonist
modulation of the channel leads to a favouring of mode 2
behaviour where the openings become prolonged and hence
raise the open probability of the channel. In mode O
behaviour the channel becomes unavailable for opening and
this mode is favoured by drugs acting as antagonists (Hess
et al., 1984, Nowycky et al., 1985b).

An important difference between the different classes
of ca?t antagonist is the use dependence of block. Block of
the L-type current by phenylalkylamines requires the
repeated opening of the channels by depolarisation before
block can take place and a number of depolarisations are
required before full inhibition is achieved. This is also
seen to a lesser extent with diltiazem-like compounds, but
not with dihydropyridines where the block is immediate and
complete with the first depolarising step (Lee and Tsien,
1983).

The response of insect ca?t channels to the organic
ca2t channel antagonists has not been well defined. In
Carausius skeletal muscle, D-600, a derivative of verapamil,
completely blocks Ca2+-dependent action potentials
(Ashcroft, 1981). In Drosophila neurones however only a
weak blocking action is seen with D-600, and
dihydropyridines have no blocking effect whatsoever (Byerly
& Leung, 1988).

ii) Inorganic ca2?t channel blocking drugs

Calcium channel currents in vertebrates are blocked by
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inorganic cations such as co2%, cd2*, and ra3t. L- and
N-type currents are usually more susceptible to block by
cd2* than T-type currents (Nowycky et al., 1985a, Narahashi
et al., 1987) and the N-type current is preferentially
blocked by gadolinium (Gd3%t) ions (Docherty, 1988). Block
of channels by these agents is thought to be by their high
affinity binding to sites within the pore that are involved
in the permeation of ca2*. Unlike Ca2*, these ions will not
pass through the channel, and by binding within the channel
prevent the passage of ca2t (Lansman et al., 1986). co2t,
cd?* and La3* are generally found to block Ca2%-dependent
action potentials in insect skeletal muscle (Deitmer and
Rathmeyer, 1976, Ashcroft, 1981). In insect neurones
ca2t-dependent action potentials can be blocked by co2t
(Goodman & Heitler, 1979, Orchard, 1976) and ca2t currents
have been shown to be sensitive to cd2t (Byerly & Leung,
1988). No studies have so far been reported on the
differential sensitivity of ca2* current components in
either insect muscle or nerve to these drugs.
iii) LEMS antibody

Lambert-Eaton myasthenic syndrome (LEMS) is an
autoimmune disorder characterised by muscle weakness.
Unlike myasthenia gravis, where circulating antibodies are
directed against the postsynaptic ACh receptor of the
neuromuscular junction, LEMS antibody binds to, and causes
the loss of, ca2* channels at the presynaptic motor nerve
terminal causing reduced release of acetylcholine (Lang et
al., 1987a). In the NG 108-15 cell line and bovine

chromaffin cells, LEMS antibody has been found to cause loss
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of function of the L-type calcium channel although it is
without effect on the T-type channel (Peers et al., 1990,
Kim and Neher, 1988). However, the calcium channnels
involved in neurotransmitter release at the skeletal muscle
motor nerve terminal where n%ﬁs‘antibody acts do not appear
to be L-type (Burges and W.:ﬁfay, 1989). Furthermore, LEMS
antibody is without effect/on L-type channels in the heart
(Lang et.al, 1988). Thusrfegions of antigenic similarity
must exist between the calcium channels involved in
neurotransmitter release and neuronal L-type channels, while
there are antigenic differences between L-type calcium
channels of heart and nerve.
iv) Pyrethroids

The pyrethroids are divided into two classes by their
action on insects. Type I pyrethroids cause behavioural
changes associated with hyperactivity in the nervous system,
while type II pyrethroids are lethal at low doses but cause
few behavioural effects (Hart, 1986). Both type I and type
II pyrethroids act at the level of the voltage sensitive Nat
channel where they cause an increase in channel open time
(Narahashi, 1986). The »different action of these two
classes in vivo are brought about by the degree to which
channel opening is prolonged. Type I pyrethroids produce a
moderate increase in the open time of sodium channels. This
leads to a prolongedesodium current during and after the
action potential which in turn leads to repetitive firing in
neurones. Sodium channel open times with type 1II
pyrethroids are extremely prolonged, and give rise to large,

prolonged depolarisations of the nerve membrane. This leads
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to a depolarising block of nerve conduction causing
paralysis and death. In the N1E-115 cell 1line (mouse
neuroblastoma) a type I pyrethroid, tetramethrin, produced a
reduction in the T-type Ca?* current but had little effect
on the L-type current (Narahashi, 1986). 1In insects there
are no reported studies of the action of pyrethroids on ca2*
channels and experiments have therefore been carried out in
this thesis to investigate this.
v) Avermectins

Avermectins (AVMs) are potent antihelminthic and
insecticidal agents. The mode of action of AVMs is still
not fully understood but an irreversible action at
GABA-ergic synapses has been postulated (Fritz et al.,
1979). At the lobster neuromuscular junction AVM was found
by Fritz et al. (1979) to produce similar effects to GABA.
This action could be blocked by picrotoxin, a Cl1~ channel
blocking agent, or by the GABA antagonist bicuculline
(Mellin et al., 1983). AVM has been shown to induce the
release of GABA from mammalian brain synaptosomes (Pong et
al., 1980) and enhance GABA and benzodiazepine binding in
rat brain membranes (Paul et al., 1980). Since AVM does not
compete with GABA for binding to mammalian synaptosomes it
seems that the binding of AVM is not to the same site as
that occupied by GABA (Pong and Wang, 1980). AVM may
therefore act in any (or all) of three ways. Firstly, the
GABA-nmimetic effects of AVM may be caused by the stimulated
release of GABA from GABA-ergic synapses. Secondly, AVM may
act directly on the GABA-receptor/Cl~ channel complex to

induce the opening of the Cl1l~ channel. Lastly, AVM may act

29



by promoting GABA binding to the GABA-receptor, so promoting
opening of the channel. Direct effects of AVM not involving
the GABA receptor have also been reported. In 1locust
extensor tibiae muscle and neurones from Helix aspersa,
membrane potential changes and chloride conductance
increases are induced by AVM in cells that are insensitive
to GABA and do not posess an inhibitory nerve supply (Duce
and Scott, 1985, Bokisch and Walker, 1986). The
postsynaptic effects of AVM and GABA in locust neurones have
been compared using the noise analysis technique (Hart et
al., 1986). Both AVM and GABA were found to produce inward
currents at a -70mV holding potential, however the single
channel conductance (and open time) of the channels opened
by GABA were found to be significantly different from those
opened by AVM. Furthermore, reversal potentials for the
currents induced by AVM and GABA in these neurones were
found to be different (Lacey, 1987). These data suggest
that AVM and GABA act on different channels. The highly
positive reversal potential for the AVM induced current
together with the low conductance of the channels suggests
that AVM may possibly modulate or activate ca2* channels.
Some of the experiments described in this thesis were
performed to investigate this possibility.
vi) Ryanodine

Ryanodine modulates excitation-contraction coupling in
vertebrate skeletal muscle, cardiac muscle and vascular
smooth muscle. 1In general the application of ryanodine to
vertebrate skeletal muscle gives rise to a prolonged

contracture, whilst in cardiac muscle and cardiovascular
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smooth muscle a flaccid paralysis develops (Jenden and
Fairhurst,1969, Sutko et al., 1985, Ito et al., 1986). 1In
skeletal muscle it has been proposed that this effect is
primarily due to an increase in ca2t release from the
sarcoplasmic reticulum while in cardiac muscle and vascular
smooth muscle Ca2t release is inhibited (Sutko et al.,
1979). Radiolabelled ryanodine has been used to isolate its
'receptor' from the sarcoplasmic reticulum which has been
identified as the 'foot' structure that bridges the gap (of
approximately 100A) between the sarcoplasmic reticulum and
the t-tubule membrane (Lai et al., 1988). The ryancdine
receptor consists of 4 identical polypeptides each with a
relative molecular mass of approximately 400,000. Both the
primary structure (Takeshima et al., 1989) of the subunits
and the three-dimensional structure of the complex
(Wangenknecht et al., 1989) have now been described.
Reconstitution of this receptor into planar lipid bilayers
reveals that it acts as an ionic channel permeable to Ca2*
with a slope conductance of approximately 90pS in 50mM ca2t
(Lai et.al., 1988). This correlates well with the value of
100pS obtained from similar experiments in which the heavy
density sarcoplasmic reticulum fraction (which contains the
foot structure and hence the ryanodine receptor/Ca2+ release
channel) of rabbit skeletal muscle was incorporated in
planar lipid bilayers (Smith et al., 1986a, 1986b). In the
presence of ryanodine this channel enters a 1lower
conductance state of approximately 35pS (Imagawa et
al.,1987) but becomes almost permanently open, leading in

skeletal muscle to the contracture seen with ryanodine.
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Similar effects may occur for cardiac sarcoplasmic reticulum
ca2t channels, but the apparently opposite effect of
ryanodine in this muscle may be explained by ca?* depletion
from the sarcoplasmic reticulum stores (Fill and Coronado,
1988).

In locust skeletal muscle the application of ryanodine
gives rise to a period of contracture followed by a flaccid
paralysis. At the same time the electrical response to
depolarisation in these fibres is converted from a graded to
an all-or-none event (Usherwood, 1962). The change in the
electrical response was interpreted by Usherwood to be due
to a block or reduction in the potassium conductance of the
muscle fibre by ryanodine. A similar change in the K'
conductance following ryanodine treatment has been described
in crab muscle but was interpreted as an effect secondary
to the increased intracellular Ca2% concentration caused by
ryanodine (Goblet and Mounier, 1981). Thus it seems likely
that for insect skeletal muscle, ryanodine also acts to
alter intracellular ca2t levels suggesting an important role
for the sarcoplasmic reticulum in excitation-contraction
coupling in insects. The development of a flaccid paralysis
in 1locust may indicate a similarity of insect
excitation-contraction coupling mechanisms with those in
vertebrate cardiac muscle. Also, as in vertebrate heart,
ca2t* may play an important part in action potential
propogation and Ca2t entry may trigger release of ca?* from

the sarcoplasmic reticulum (Fabiato and Fabiato, 1979).

The experiments described in this study aimed to provide

32



information on the physiology and pharmacology of ca2t
channels in two different insect preparations. In the first
part of this thesis the properties of insect skeletal muscle
ca?2t channels were investigated by studying action
potentials in larval muscle fibres. The second part of this
thesis describes the investigation of Cca2t channel currents
in insect neurones using patch clamp techniques.
Preliminary reports of the work presented here have been
published (Barrett, Pearson and W.-Wray, 1988, Lees, Pearson
and W.-Wray, 1988, Lees, Pearson and W.-Wray, 1989, Pearson,
Newsom-Davis, Lees and Wray, 1989, Pearson, Lees and W.-

Wray, 1990).
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CHAPTER 2

EXPERI AL ME DS

1. Methods for Chapter 3

a) Preparation of Plutella muscle fibres for intracellular
recording

Larvae of the diamondback moth Plutella xylostella grow
to a maximum size of approximately 1.5cm in their final
instar. In these experiments, specimens of roughly 0.5cm
were used, at which size we would expect them to be in their
4th or 5th instar.

Individual larvae were pinned by head and tail on a
30mm plastic dish with a sylgard base and immersed in a
dissecting saline. A dorsal incision along the midline of
the larva allowed the body wall to be opened up and pinned
out flat. The viscera and fat body were then removed thus
exposing the muscle fibres of the body wall. The dish was
then transferred to the electrophysiological rig for

recording.

b) Salines used with Plutella

Dissection of the Plutella larvae was carried out using
a saline based on one described by Weevers (Weevers, 1966)
for lepidoptera (see Table 2.1). The solution was adjusted
to pH 7.0 using NaOH and to an osmolarity of 280 mosmol with
sucrose.
Recordings of action. potentials were performed in a similar

saline which contained, in addition, 25mM
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tetraethylammmonium bromide (TEA-Br) to block potassium
conductances and convert the action potential from a graded
to an all-or-none event (see Table 2.1). The concentration
of CaCl, was raised to 10mM (except where stated otherwise)
in order to aid resolution of action potentials. Instead of
adjusting the osmolarity as above, the osmolarity of the
saline was raised by replacing the 133mM glucose with 800mM
sucrose. This prevented muscle contraction during
stimulation of action potentials (Hodgkin et.al. 1957,
Howarth 1958).

In some experiments, the calcium concentration was
changed. No other changes were made to the salines to
compensate for the alteration in the osmolarity since the
osmotic differences between salines would be very small
indeed when compared to the overall osmolarity of the
solutions. In other experiments, the C1~ ions in the saline
were replaced with membrane impermeant salts (Table 2.1).
The CaSO4 used in this saline proved to be very difficult to
dissolve in aqueous solution and was found to form a
precipitate at concentrations higher than 5 mM. The calcium
concentration used in these solutions was therefore measured
directly using a calcium sensitive electrode, and the
calcium concentration in the Cl~-containing control saline
was adjusted to give the same concentration. All solutions
were made up fresh on experimental days using deionised
water, analytical reagent grade salts and a 1M CaCl; stock
solution (BDH Chemicals).

c) Electrophysiological recordings

Recordings of action potentials were always made from
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the same identified segmental muscle fibre in the 2nd
abdominal segment (Fig 2.1), since this allowed better
comparison of results between specimens. The dish
containing the prepared specimen of Plutella was mounted
under a 1light transmission microscope (Zeiss, 400
magnification), and the desired muscle fibre was identified.
The bath was then perfused with recording saline.
Intracellular recordings (using a Zeiss sliding-plate
micromanipulator) were performed using glass microelectrodes
made from thin-walled, fibre-filled capillary tubes (Clark's
GC 150TF-15) pulled on a Kopf 720 electrode Dpuller.
Microelectrodes (5-15 Ml) were filled with 3M KCl, mounted
in a teflon holder (Clark's EH 45T/1.5) and were connected
to the headstage of an Axoclamp-2A amplifier via an Ag-AgCl
interface in the holder. Voltage and current outputs from
the amplifier were passed to a Tektronix storage
oscilloscope where they were connected to D.C.-coupled
amplifiers (5A21N or S5A22N) in order to display signals from
the microelectrode. The voltage signal was 1low pass
filtered by the Axoclamp (3-5kHz) and passed via the
oscilloscope to an F.M. tape recorder (Racal store 4) and a
chart recorder (Gould BS 272) which was used to monitor
resting potentials on a slow time base throughout the
experiment.

Once the microelectrode had been immersed in the saline
in the dish, 0.1nA square-wave current pulses (20ms
duration, 1Hz) were passed through the microelectrode with
the amplifier in bridge mode. Contact with the muscle fibre

was seen as an increase in the amplitude of the square-wave
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Legend for Figqure 2.1 Stimulation of action potentials in
Plutella muscle fibres.

Diagram showing dissected specimen of Plutella xylostella
ready for recording. Recordings were always made from the

same identified segmental muscle fibre indicated in the

diagram.
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voltage response to current passage (i.e. an apparent
increase in microelectrode resistance). Oonce contact was
made with the muscle fibre, impalement was carried out by
either advancing the microelectrode slightly further or by
simply tapping the base plate of the microscope. Successful
impalement of the muscle fibre was typified by a conversion
of the voltage response from a square wave to a slowly
rising (and decaying) waveform and observation of the cell's
resting potential. After balancing of the bridge circuit to
neutralise the resistance of the microelectrode the
amplifier was switched to discontinuous current clamp (DCC)
mode. Early experiments using bridge mode for the recording
of action potentials were made more difficult by having to
constantly balance the bridging circuit during experiments
as small changes in the microelectrode's resistance occured.
This is not a problem in the DCC mode since the DCC mode is
independent of small changes in microelectrode resistance.
After impalement and observation of a steady resting
potential for 2-3 minutes, action potentials in the muscle
fibre were stimulated by passage of square-wave current
pulses through the microelectrode (40ms duration, every 10
seconds). The amplitude of the current pulses ranged from
8-20nA, the magnitude being adjusted so that the action
potential peak occurred earlier than the end of the pulse.
Where drug application caused changes in membrane
potential, the resting potential was kept constant at the
resting potential of each cell by D.C. current passage,
thereby allowing accurate comparison of control and test

parameters for action potentials. Where this was necessary
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it will be noted in the text. All experiments were carried

out at room temperature (22-24°C).

Drugs that were easily soluble in aqueous solutions
(cd2*, co2*, ra?*, TTx, ryanodine and ethacrynic acid) were
made up into stock solutions of 1lmg/ml in recording saline.
The stock solutions were then transformed by tenfold serial
dilution to give solutions which could be added to 250ml of
recording saline in manageable and appropiate quantities.

Drugs that were relatively insoluble in water were
dissolved in either ethanol (diltiazem, verapamil and
nitrendipine) or dimethylsulphoxide (avermectin) to give
concentrations of 1mg/ml in the organic solvent. These
stock solutions were also tenfold serially diluted in the
solvent to give concentrati%ons of drug that could be added
to the recording saline such that the concentration of
organic solvent was always less than 0.01% v/v. Where an
organic solvent was used, the control saline had an equal
concentration of the solvent added to it.

Analytical reagent grade chloride salts of co?t, caz+
and La3t were purchased from BDH. TTx was purchased from
Koch-Light Laboratories, diltiazem from Abbott Laboratories
and ethacrynic acid and verapamil were purchased from Sigma.
Nitrendipine was a gift from Bayer and avermectin B; was a
gift from Merck, Sharpe and Dome. Ryanodine was purified
from plant material at Wellcome Research Laboratories,

Berkhamsted and was 98.5% pure.
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Control and LEMS IgG fractions were prepared by Dr. B.
Lang and Mr. A. Roberts of the Department of Neurology,
Royal Free Hospital from human plasma using the
Rivanol/ammonium sulphate method (Horejsi & Smetana, 1954).
Fractions were 90-95% pure and after sterilisation by
millipore filtration were stored frozen at =-20°C in
Hartman's solution. LEMS IgG was obtained from the plasma
of a patient who had associated small cell carcinoma of the
lung and whose IgG has been previously shown to crossreact
with, and cause the loss of function of, presyhaptic ca?t
channels at the mouse neuromuscular junction (Lang et al,
1987a). Control IgG was prepared from the pooled plasma of
normal control humans. Stock solutions of IgG, containing
17-20mg IgG/ml were dialysed against Plutella dissecting
saline.

Muscles were perfused in the bath with control saline
at a rate of 10-15ml/min using a gravity feed system and
15-25 action potentials stimulated. The perfusing saline
was then switched to one containing the drug. Action
potentials (15-25) were then again recorded in the presence
of drug. Antibody application was made by incubating 10-15
unmounted, dissected specimens for 24 hours prior to
recording with control or LEMS IgG, present in dissecting
saline at a final concentration of 4mg/ml. During this
time, the solutions were bubbled with 100% 0O, at room
temperature (21-24°C). The insect muscles were then washed
in recording saline and mounted in individual dishes for

recording (i.e. in the absence of further antibody).
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e) Analysis of action potentials.

Analysis of action potential data was performed using a
Computer Automation computer with CED 701 interface using
programmes written by the author in Fortran. Recordings of
voltage were replayed from an F.M. tape recorder and stored
on floppy disc after digitisation at 5kHz. Blocks of 512
data points (i.e. 102.4ms) were read by the computer, and
blocks containing data which crossed above a preset
discriminating cursor (i.e. thoée blocks which contained an
action potential) were displayed on an oscilloscope screen.
Blocks which contained action potentials were aligned on the
screen so that the first point of the depolarising response
to cross the discriminating cursor occurred at the 128th
point on the display. This allowed several action
potentials to be averaged. The first one hundred points of
the display were averaged to give a value for the cell's
resting potential just prior to stimulation of the action
potential. Measurements of amplitude, overshoot and
duration at half amplitude were made and the action
potential measurements visually checked before acceptance by
means of displayed cursors. The voltage trace was then
differentiated to allow measurements of the maximum rate of
rise and maximum rate of fall of the action potential to be
made (Fig 2.2). Each action potential and its
differentiated trace were plotted on a Bryans X-Y plotter as
were the averaged traces at the end of analysis. Values for
each of the measured parameters were also averaged by the

program and standard errors for each parameter obtained.
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Legend for Fiqure 2.2 Measurement of action potentials in
Plutella muscle fibres.

Diagram showing measurements made from muscle fibre action
potentials. Action potentials were stimulated by passing
square wave current pulses through the recording electrode
(bottom trace). The computer program used for analysis
measured cell resting membrane potential (RP) and action
potential overshoot (0S), amplitude (AMP), and the duration
for which the action potential remained above half the
maximal value (Ty/2) from the voltage trace (middle). From
the computer-differentiated voltage trace (upper trace) the
maximum rate of rise (MAX. RISE) and maximum rate of fall

(MAX. FALL) were also measured by the computer program.
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f) Presentation of data

All measured parameters are presented as the mean t
standard error averaged over each group of cells in control
or test salines. Measurements made of the effect of LEMS
IgG were compared using the two tailed Student's t-test.
Values for application of all other test substances were
compared using the paired Students t-test. The value of

significance was set at p<0.05

2.Methods for chapter 4

a) Preparation of cells from locust thoracic ganglia for

atch clam e din

Cell bodies of neurones from the desert locust
Schistocerca gregaria were prepared from the three thoracic
ganglia which run down the midline of the ventral body wall
of the thorax. After removal of the head, two paramedian
incisions approximately 2-3mm either side of the midline
allowed the part of tﬁe thoracic wall containing the ganglia
to be bent away from the rest of the thorax. The thoracic
wall was then removed by an incision at the junction between
thorax and abdomen and was then immmersed in a dish
containing dissecting saline. The thoracic ganglia were
then removed from the wall and cleaned of fat and connective
tissue. The connective nerves between the three ganglia
were severed and the ganglia from 4-5 locusts were then

placed in dissecting saline containing 1mg/ml trypsin
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(bovine pancreatic trypsin, BDH). The ganglia were allowed
to digest for 10-15 minutes at 30°C to allow dispersion of
individual cell bodies when the sheaths were later removed
and to remove any adherent debris or glial cells from cell
surface membranes. The gaﬁglia were then placed in a
solution of 2mg/ml bovine séfum albumin (Sigma chemicals)
for approximately one minuté to inactivate the trypsin and
were then thoroughly washed iﬁ fresh dissecting saline. The
fine membranous sheaths surrounding the ganglia were removed
and individual nerve cell bodies were isolated by repeatedly
passing the ganglia through a narrow bore (1-1.5mm) glass
pipette. The cell suspension was filtered through a 50um
nylon mesh to remove the remains of ganglia and larger
debris, and the filtrate was then repeatedly (4-5 times)
spun down and washed in dissecting saline which contained
penicillin (200 U/ml) and streptomycin(200 U/ml) to reduce
the risk of bacterial or fungal infection of the cells.
Cell suspensions were prepared on the day of the experiment

and stored (at 4°C) for no longer than 16 hours.

b) Salines used for locust ganglia cells.
i) Dissecting saline

Dissection of the ganglia and isolation of cell bodies
was performed using a standard locust dissecting saline
(Table 2.2). The pH of the solution was adjusted to 7.4
using Tris and the osmolarity to 390 mosmol with sucrose.
ii) Salines used for whole cell recordings

The composition of the saline in which the cells were

bathed for whole cell recording is given in Table 2.2. The
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pH of the recording saline was adjusted to 7.4 with Tris and
the osmolarity to 390 mosmol with sucrose. In some
experiments cells were bathed in solutions in which all
cations other than the charge carrying ion (Ba2t or ca?t)
were replaced with choline (T&ﬁle 2.2). The osmolarity and
pH of these solutions were ;adjusted to the values given
above using the same methods:

The patch pipette was filled with a saline shown in
Table 2.2. The pH of the saline was again adjusted to 7.4,
this time with CsOH and the osmolarity was adjusted to 370
mosmol with sucrose. Pipette salines were filtered through
a 0.22um pore filter (Millipore) before being used to
back-fill patch pipettes. The slight hypotonicity of the
pipette saline appears to aid seal formation and rupture of
the patch when the whole-cell configuration is attempted
(Carbone and Lux, 1987a). EGTA was present in the pipette
solution to buffer intracellular levels of calcium (Carbone
and Lux, 1987a).

The pipette and bath salines were designed to block
potassium and other conductances which would otherwise
contaminate the calcium current in these cells. Thus TEA
blocks delayed rectifier, calcium-activated, inward
rectifier and 'A'-current potassium channels when applied to
both the inside or the outside of cell membranes (Hille,
1984). Furthermore, Cs?, present on the inside of the cell
from the patch pipette solution, blocks all potassium
channels (Stanfield, 1983). Sodium currents were eliminated
by the addition of TTx to the outside of the cell. The use

of Ba2' as the charge carrying ion in these experiments was
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because Ba2't has been shown to have a higher conductance
through some ca2* channel types (Nowycky et.al., 1985a), and
since Ba2' also minimises the run-down of the calcium
current (Eckert & Chad, 1984). Furthermore, Ba2t is also a
blocker of K+ channels (Stanfield, 1983).

iii) salines used for cell attached patch recordings

For experiments in which cell-attached recordings were
made, the cells were bathed in dissecting saline (see
above) . The patch pipette was filled with a saline of
composition shown in Table 2.2. The pH of the saline was
adjusted to 7.4 with Ba(OH), and the osmolarity was adjusted
to 390 mosmol with sucrose. The pipette saline was filtered
before being used to back-fill patch pipettes (as above).
High levels of Ba2* in the pipette when recording single
calcium channel currents are necessary because of their low
conductance which leads to a low signal to noise ratio. TEA
and TTx were also present as above.

Many workers use bathing solutions designed to zero the
cell resting potential when performing cell-attached
recordings (see e.g. Hess et.al., 1984). In the cells used
in this thesis however, it was found that such solutions
caused rapid deterioration of cell appearance and it became
difficult to obtain good pipette seals. It was therefore
necessary to use other means to ascertain absolute values
for the transmembrane potential during experiments (see

section d) iii), below).

c) Patch pipette preparation

Pipettes used for patch clamping were pulled on either
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a BB-CH Mecanex horizontal puller or a Kopf 720
microelectrode puller adapted for pulling patch pipettes.
Glass capilliary tubes were mounted in the puller and heated
by a platinum-iridium foil element. As the glass melted a
tapering waist was pulled on the tube. A second pull
produced pipettes that were steeply tapering with a blunt
end and a resistance of 4-8 MN for whole-cell pipettes, 5-10
M for cell-attached pipettes. Whole-cell pipettes were
pulled using thin walled capilliaries (Clark's GC150TF-15)
and cell-attatched pipettes using thick walled capillaries
(Clark's GC150F-15). Pipette tips were coated in Sylgard
resin which was heat cured in a microforge consisting of 3
turns of nichrome wire through which a current was passed.
The coating of the pipette tips in Sylgard markedly reduces
pipette capacitance (Hamill et. al., 1981). Fire polishing
of pipettes was carried out by advancing the pipette tip
very close to a heated, glass-coated loop of nichrome wire.
This smoothed the end of the tip and also burned off any
Sylgard which may have flowed to the very end of the

pipette.

d) .Electrophysiological recordings.

Cells were transferred to 35mm tissue culture dishes
(Corning) by dropping 0.1-0.2ml of cell suspension onto the
centre of a dish from a glass pasteur pipette. They were
left for 3-4 minutes to allow settling and adherance of the
cells to the bottom of the dish, and then washed with
recording saline. The fluid height in the dish at the end

of washing was left at approximately 2-3mm (volume 1-1.5ml
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of saline); the low level of saline helps measurements by
reducing pipette capacitance and probably also vibration of
the meniscus due to air currents. The dish was then mounted
on a microscope (Zeiss, Nikon TMS or Nikon TMD) and viewed
with either phase-contrast or Nomarski optics. Small,
spherical, smooth and phase-bright cells (10-30uM diameter),
were selected for recording.

The patch pipette was mounted in a teflon holder
(Clark's PC S3) and connected to the headstage of an
amplifier (Axoclamp 2A, List EPC-7 or Axopatch 1C) via an
Ag-AgCl wire in the pipette holder. Return to earth was
provided via an Ag-AgCl wire immersed in the bath. The
pipette was manipulated using a 3-plane hydraulic
manipulator (Narishige MO 103M). Voltage and current
outputs from the clamp amplifier were fed to a Tektronix
storage oscilloscope with D.C. coupled amplifiers (either
5A21N or 5A22N) and, after amplification by these, to an
F.M. tape recorder (Racal Store 4). The current output from
the oscilloscope was also fed to a chart recorder (Gould
BS272) on a slow time base to monitor baseline clamp current
throughout the experiment. For whole cell experiments,
signals were low-pass filtered at 3kHz by the clamp
amplifier and switching characteristics for the Axoclamp
were monitored throughout by a second oscilloscope. During
cell attached recordings, the current signal was low-pass
filtered at 1kHz by an 8-pole Bessel filter before being
passed to the oscilloscope.

i) Whole cell recording

Axoclamp
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The majority of whole cell recordings were carried out
using the Axoclamp 2A amplifier. With the pipette immersed
in the bath a repetitive current pulse was applied (1Hz,
0.1nA, 20ms) with the amplifier in bridge mode. The pipette
was advanced until the tip touched the surface of the cell.
This was seen on the oscilloscope as an increase in the
voltage response to the current pulse (i.e. an apparent
increase 1in the electrode resistance) and under the
microscope as a slight dimpling of the cell surface.
Slight, steady suction was then applied to the pipette via
the side-arm in the pipette holder. Formation of a seal was
characterised by an increase in the resistance of the
electrode and suction was sustained until a seal of greater
than 5 GN was achieved. At this point the deflection of the
voltage trace in response to the current pulse was around
0.5V. Rupture of the cell membrane was achieved by
application of short, sharp pulses of suction to the pipette
and successful rupture was seen on the oscilloscope as a
reduction in resistance and an increase in the rise time of
the voltage change, corresponding to the cell's resistive
and capacitative properties. The amplifier was then
switched to the discontinuous single electrode voltage clamp
(dSEVC) mode. In this mode the amplifier switches between
sampling and current injection modes at a frequency that can
be set by the user (8-15kHz in the case of these cells).
The amplifier was made to pass 10mV voltage stepsv(lnz, 20ms
duration) while the gain of the holding circuit was
increased as much as possible so that the voltage waveform

became square and the waveform on the monitoring
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oscilloscope showed that sampling of the membrane voltage
occured at a point when the voltage transients had decayed
completely. Further minor increase in the gain was possible
with the imposition of small amounts of phase lag, and in
this way the optimum clamp conditions for cells were
obtained.
List or Axopatch amplifiers

When the List or Axopatch amplifiers were used, sealing
of the pipette to the cell membrane was seen as a reduction
in amplitude of the current response to an applied 1mV pulse
with a duration of 20ms at a frequency of 1Hz. Once a seal
of 5GN or better had been obtained, brief suction pulses
were again used to rupture the membrane under the patch.
Successful rupture was seen as a large increase in the
capacitance transients at the beginning and end of the
voltage pulse and a fall in resistance. Increasing the
amplitude of the voltage step to 10mV allowed better
resolution of the capacitance transients in the current
trace which were reduced using the capacitance
neutralisation controls of the amplifier. Correct
adjustment of these controls allowed accurate measurement of
the cell's capacitance which could be read directly from the
dials on the amplifier.

Experimental protocol

The following experimental protocol was used for cells
clamped with either the Axoclamp or the List/Axopatch
amplifiers. The cell was clamped at a holding potential of
-80mV and a series of 30-35 voltage pulses to test

potentials of 10mV either positive or negative to the
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holding potential were made (200ms duration, 0.4Hz). These
were used during analysis for 1leakage and capacitance
subtraction. Cells were left at a holding potential of
-80mV for 30 seconds before applying voltage pulses to test
potentials of -90mV up to potentials of +60mV in 10mv
increments (or occasionally 5mV increments) in order to
construct I-V curves. When different holding potentials
(other than -80mV) were used on the same cell, a period of
90 seconds was allowed before the above procedure was
repeated to allow time for any steady state inactivation of
channels to become complete.

The frequency and duration of pulses were always
controlled using a Grass S48 stimulator. Pulse amplitude
was set using the inbuilt voltage/current generators in the
Axopatch and Axoclamp and by the Grass stimulator when the
List amplifier was used.

ii) cell capacitance

Because the Axoclamp amplifier had no provision for
direct measurement of cell capacitance it was necessary to
make measurements of cell capacitance after the above
experiments. This was achieved by switching the amplifier
to discontinuous current clamp mode and depolarising the
cell to a steady potential of +40 to +60 mV by steady D.C.
current passage of +0.5 to +0.1nA. Current pulses of
0.1-0.03nA (duration 200-400ms) were then superimposed at
0.4Hz. The charging of the cell membrane in response to the
current pulse is expected to be exponential, the time
constant of which is dependent on the cell's passive

resistive and capacitative properties, enabling calculation
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of cell capacitance (see Analysis of recordings, below).
Depolarisation of these cells to steady positive potentials
(+40 to +60mV, see above) was necessary because at the
resting potential of these cells in the recording saline
(approximately O0mV), hyperpolarising current pulses gave
voltage responses that showed apparent regenerative phases
(Fig. 2.3). Posssibly, voltage dependent channels may be
tonically active at the resting potential which would become
progressively inactivated by hyperpolarisation. Indeed, at
the end of the hyperpolarising current pulse an action
potential appeared to be initiated. Holding the cell at
hyperpolarised potentials was found to be very difficult
since, with few channels active at these potentials, the
cell resistance was very high and large fluctuations in
holding potential occurred.

iii) cell attached recording.

Recordings of single calcium channel currents were
performed using the List EPC 7 patch amplifier on cells
bathed in the locust dissecting saline. The protocol for
forming seals on the cell membrane was the same as that
given above, with the exception that the patch membrane was
not ruptured when a Gfi seal was formed. Because the cell
resting potential was not "zeroed" (i.e. made equal to OmV)
using high potassium salines it was necessary to obtain
values for resting potentials of cells by other means.
Measurement of resting potential was achieved by impaling
the cell with an intracellular microelectrode either before
a seal was formed or immediately after an experiment. After

making a seal with a resistance of better than 15-20GQ the
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current

L

voltage

Figqure 2.3 Regenerative responses seen in cells from locust
thoracic ganglia.

Current (top) and voltage (bottom) traces from a cell under
current clamp conditions. Repeated (0.5Hz) injection of
0.1nA of hyperpolarising current reéults.in the observation
of rebound action potentials in three of the five sequential

voltage traces.
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pipette potential (Vpip) was raised to a holding potential
of approximately +40mV to give a transmembrane potential
across the patch of -80mvV. From this holding potential,
Vpip was stepped to transmembrane test potentials of =30,
-20, -10, 0 and +20mV (duration 200ms, frequency O0.1Hz).
For each test potential, 20-30 steps were recorded for
subsequent analysis. In cases where no channel activity was
seen in the patch, other more hyperpolarised holding
potentials were used (giving transmembrane holding
potentials of between =90 and -200mV). Also, at each of
these holding potentials, larger test potential steps were
made (to give test transmembrane potentials of between =50

and +100mV), but no further channel activity was ever seen.

e ru reparati a icat

As in the experiments with Plutella muscle, drugs that
were easily soluble in aqueous solutions (cd?* and
ryanodine) were made up into stock solutions of 1mg/ml in
recording saline, and stock solutions were then transformed
by tenfold serial dilution to give solutions which could be
added to 250ml of recording saline in manageable quantities.
Drugs that were insoluble in water were dissolved in either
ethanol (verapamil and nitrendipine) or dimethylsulphoxide
(S-biocallethrin, deltamethrin and avermectin) to give
concentrations of 1lmg/ml in the organic solvent. These
stock solutions were tenfold serially diluted in the solvent
to give concentrations of drug that could be added to the
recording saling such that the concentration of organic

solvent was always less than 0.01% v/v. Where an organic
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solvent was wused the control saline had an equal
concentration of the solvent added to it.

Drugs were obtained from the same sources as those used
with the Plutella muscle fibres. Additionally, s~
bioallethrin and deltamethrin (99% pure) were supplied by
Wellcome Research Laboratories, Berkhamsted.

For application of all test salines other than those
containing ryanodine, deltamethrin and S-biocallethrin, cells
were perfused in the culture dish with control saline at a
rate of 5-10ml/min using a gravity feed system. Firstly,
control I-V curves were obtained as described above. Then
from a holding potential of -80mV, 200ms depolarising pulses
to a test potential of -10mV were applied every 10-20
seconds. Some cells showed ‘'rundown' (i.e. a progressive
decline in the ca?t channel current with time), but cells
were selected which showed 1little or no rundown. After
obtaining a steady baseline for inward current, perfusion
was switched to the test saline while continuing to apply
the depolarising test pulses as above. When the ca2*t
channel current reached a steady level with the test saline,
an I-V curve was again obtained as described above. For
ryanodine, deltamethrin, S-biocallethrin and some of the
experiments with nitrendipine, cells were not treated with
both control and test solutions; instead dishes of cells
(plated at the same time) were bathed in either control or
test saline and a single I-V curve from each cell was
obtained.

For the 1light-sensitive compounds (verapamil and

nitrendipine) all experiments and drug handling were carried
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out in darkened rooms illuminated by a sodium vapour lamp.

f) Analysis of patch recordings.

i) Whole cell recordings.

Data from recordings were stored on magnetic tape and
analysis was carried out wusing a Computer Automation
computer with CED 701 interface using programs written in
Fortran. Voltage and current analogue data were
simultaneously replayed from a tape recorder and after
digitisation at S5kHz, stored on floppy disc. Data from the
disc was read by the computer in blocks of 2048 data points
(i.e. 409.6ms/block). A preset discriminating cursor
identified blocks of data in which the cell voltage was
stepped to another potential. The voltage steps were
aligned so that the first point on the voltage trace above
the cursor (i.e. the beginning of a pulse) occured at the
256th data point in a block. Baseline current and voltage
values were calculated from the first 220 data points (44ms)
in the block. The value of the potential during the voltage
pulse was calculated by averaging 300 data points in the
centre of the step. Leak and capacitance subtraction was
performed by averaging together the 20-30 10mV steps made at
the beginning of each experiment (see above). The averaged
current trace so obtained was then scaled up to the size it
would have been for each test voltage step (i.e. x step
voltage/10) and subtracted from the current traces for the
appropriate test potential. The parameters measured on the
current trace after leak and capacitance subtraction were as

follows; the maximum current seen during the pulse, the
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(sustained) current obtained by averaging the data points
during the last 10ms of the step and the time taken by the
current trace to reach its maximum (see also Fig.2.4). The
difference between peak and sustained currents was also
calculated. All of the parameters measured on both current
and voltage traces were displayed on the oscilloscope by
means of horizontal and vertical cursors and checked by eye.
Currents could be manually measured in cases where artefacts

made computer calculations inaccurate.

ii) single channel recordings.

As for the above experiments, data from single channel
experiments were also stored on magnetic tape and digitised
at 5kHz by the computer before being stored on floppy disc.
Data were again read in 409.6ms blocks, and voltage pulses
again identified and aligned using a discriminating cursor
on the voltage trace. Leak and capacitance subtraction was
performed by averaging together test steps to the same
potential in which no channel activity occured and then
subtracting this average from all of the steps to the same
potential. After subtraction, 256 ms of current data
containing the step were plotted out using a Bryans X-Y
plotter. These hard records were then analysed by hand.
Parameters measured were channel amplitude, open time and
first latency.

iv) Measurement of cell capacitance.

As mentioned above, direct measurement of cell

capacitance was possible with the List and Axopatch

amplifiers, but a different approach was required when the
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CURRENT

TEST

POTENTIAL———

Figure 2.4 Measurement of whole cell currents in locust
neuronal cell bodies.

The diagram shows the current response to a step 1in
potential from the holding potential (Vyg) to a test
potential (Vpggyp). Current values measured were the maximum
inward current (Ipgk), the residual current remaining at the
end of the voltage step (Igyg) and the current that had
inactivated during the course of the potential step (Iprpr)-.
Iptrr 1is the difference between the Ipg and Igyg
measurements. When the current reversed at the highly
positive test potentials Ipgy was measured as the maximum

outward current.
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Axoclamp amplifier was used.

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 and time
being given by the relation;

V(t) = Vmax (1-e~t/7)
where V(t) is the voltage change at a time t after the
beginning of the pulse, Vp,y, is the maximum potential change
reached and 7 is the time constant for charging of the cell
membrane. The above was converted by taking natural
logarithms to obtain:;
1n (Vpax=V(t)) = 1n Vpay - t/7
and r was then obtained by 1linear regression. The time
constant, 7, is related to the capacitance (C) and the
resistance (R) of the cell by;
T = RC
Since R was calculated by dividing Vp,y by the amplitude of
the current pulse, and having calculated 7, C can therefore
be obtained.

A number of assumptions are inherent in using this
method. Firstly, the above equation is for a spherical
cell, the membrane of which acts as a simple
resistor/capacitor in parallel. Cells with long axon stumps
and longer, narrower cell bodies show voltage changes that
can not be described in the above simple manner (Katz,
1966). Therefore cells that were spherical as possible were
chosen for recording. Secondly, the above calculation is

for passive changes only and the presence of voltage
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activated channels in the cell membrane would 1lead to
erroneous results. Accordingly, small voltage changes only
were used (10-15mV) at a holding potential chosen so that
the membrane potential changes did not appear to cause
opening and closing of channels and so that good exponential
fits were obtained. Thirdly, the resistance of the seal
between pipette and cell membrane must be much greater than
the resistance of the cell to avoid errors in measuring cell
resistance and this was always the case. Fourthly, current
pulses must be longer than several time constants, since
charging of the cell membrane would not be complete by the
end of the pulse. Therefore pulses were always longer than
5 time constants, so that membrane charging was more than
99.4% complete. Data for capacitance calculation was stored
on magnetic tape and voltage and current records digitised
at 3kHz to floppy disc. Data blocks of 2048 points (676ms)
were read from disc, and when points on the current trace
crossed a preset discriminating horizontal cursor, were
displayed on an oscilloscope screen. Baseline current and
voltage values were measured by averaging the 100 data
points immediately preceding the pulse and current amplitude
was obtained by averaging 100 data points in the centre of
the pulse and subtracting the baseline value from it. Vpay
was calculated by averaging 50 data points at the end of the
pulse together and subtracting the baseline value from that
value, and hence cell input resistance was calculated as
above. Horizontal cursors were set on the calculated
baselines and maximal values by the computer so that

measurements could be checked by eye and discarded if they
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were incorrect. The computer then plotted a graph of 1n
(Vmax=V(t)) against t and fitted a straight line to the data
by linear regression to obtain 7 and hence capacitance as
described above. Values for input resistance and
capacitance were averaged for 15-20 pulses from the same
cell to obtain a mean value for input resistance and cell

capacitance.

g) Presentation of data.

Data from whole cell experiments is presented as both
absolute values for current in a set of cells and as values
normalised for cell capacitance. All data is presented as
the mean + the standard error for cells in control or test
salines, averaged over values for each cell. Values were
compared using Student's two tailed t-test or paired t-test
where appropriate with the 1level for significance set at

pP<0.05.
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CHAPTER 3

RESULTS

a) Introduction

The experiments described in this chapter were aimed at
determining the role of Ca2*t channels in action potentials
stimulated in skeletal muscle fibres from larvae of the moth
Plutella xylostella and to investigate their pharmacology.
Action potentials were stimulated by passing current pulses
through an intracellular microelectrode which was also used
for recording purposes. The effects of varying Ca2% and c1~
concentrations, TTX, organic and inorganic ca2t channel
antagonists, ethacrynic acid, ryanodine, avermectin and LEMS

IgG were tested on this preparation.

b) Properties of action potentials in muscle fibres of
Plutella xylostella.

All experiments were carried out at the resting

potential of the cells which ranged from -27 to -56mV, with
a mean value of 41.6 * 0.7mV (n=74 cells). In the absence
of TEA, a graded action potential was stimulated by
depolarisation of the «cell, with a higher amplitude
following stronger depolarisation. When TEA was applied,
however, the action potential was converted to an all or
none event that had the same amplitude despite stronger
depolarising current pulses once suprathreshold stimulation
had been achieved (see Figs 2.2 and 3.la for typical action

potentials). Action potentials in the presence of TEA had
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mean amplitudes of 62.5 + 1.3mV, and mean overshoots
(maximum positive potential achieved during the action
potential) of 21.0 + 1.2mV (n=74 cells). The rising phase of
the action potential had maximum rate of rise of 11.9
0.6Vs~1, The values for resting potential, amplitude,
overshoot and maximum rate of rise of the action potentials
of a given cell remained fairly constant over a time of 1-2
hours. on the other hand, the duration of the action
potentials was far more variable, quite frequently changing
considerably between consecutive events in a single cell and
varying over a wide range between different cells making
statistical analysis of data difficult. The duration at
which the action potential was above the half-maximal level
ranged in the 74 cells measured from 13ms to 3.34 seconds

with a mean of 90.03 * 44.75 ms.

c) Effect of altering the calcium concentration on action
potentials.

Experiments described in this section were aimed at
determining the involvement of ca2* ion movements during
action potentials in Plutella muscle fibres. To do this
cells were first perfused with saline containing 10mM ca2t
and 20-30 action potentials were recorded. The perfusing
saline was then switched to one containing either 5 or 2.5mM
ca?* and a further 20-30 action potentials recorded. For
cells perfused with 5mM ca2t the muscles were then perfused
with a saline in which ca2' had been removed completely and
again 20-30 action potentials were recorded. Following

this, cells were again perfused with 10mM Ca2* and a final
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group of 20-30 action potentials recorded. For cells
perfused with 2.5mM Ca?' perfusion with the ca2%-free saline
was omitted and perfusion was returned to the 10mM ca2t
saline for the final recording of action potentials.

The effects of reducing the calcium concentration to
5mM are summarised in Table 3.1. There was a reduction in
amplitude and overshoot of the action potential, but this
did not attain statistical significance. The maximum rate
of rise of the action potential was, however, significantly
reduced (p<0.05) to approximately half its original value.
The action potential duration was not significantly
different from controls.

When the calcium was removed altogether no regenerative
response was seen even when the current pulse amplitude was
increased (Fig 3.1).

Because the possible reduction in amplitude did not
attain significance with 5mM calcium, it was decided to
repeat the experiment using a test concentration of 2.5mM
ca?*. 1In 8 different cells where the calcium concentration
was reduced from 10 to 2.5 mM, the amplitude in all cells
was reduced. The maximum rate of rise was also reduced, as
was the overshoot (Table 3.2). The reductions in amplitude,
overshoot and maximum rate of rise attained statistical
significance in this case (p<0.001, P<0.001 and p<0.005
respectively). No significant effect was seen on the action
potential duration in these cells. Returning the cells to a
saline containing 10mM ca?* completely reversed the effects
of the 2.5mM ca2*t saline.

Theoretical values for the reduction in amplitude can
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20 mV}

20nA

current
Figure 3.1 Effect of ca2t concentration on action

potentials in Plutella muscle fibres.

Action potentials triggered from the same muscle fibre in;
a. 10mM Ca2+, b. 5mM ca?t, c. and d. omM ca?t. Increasing
the current pulse had no effect on triggering the action
potential in omM ca2t (c.). Similar effects were seen in

all other cells tested.
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be calculated using the Nernst equilibrium equation for
calcium in this preparation. The equation defines the
equilibrium reversal potential (E) of a given ion to be

given by;
__'1_' 1log10 [Ca2+ _1_
[cat

where R is the universal gas constant, T is the absolute
temperature (°K), Z is the valency of the ion (in this case,
2), F is the Farraday constant, [Ca2t]o is the external
calcium concentration and [Ca2*]i is the intracellular
calcium concentration. It can be seen that the equilibrium
potential will change with the logarithm of external calcium
concentration and thus it can be calculated that, if ca2t is
the major permeant ion during the action potential, the
action potential amplitude should be reduced by 8.7mV with
smM Ca2* and 17.5mV in 2.5mM ca2*. These values compare
reasonably well with the experimental values of 11.2 * 5,.0mV
and 13.5 + 2.1mV that were obtained for the 5mM and 2.5mM
ca2* salines respectively.

The maximum rate of rise is also related to [Ca?%*)o,
but in this case the relationship is direct. The current
flow (I) across a membrane with a membrane capacitance C,
will give rise to a potential that changes with time
(dv/dt), the relationship being;

I =Cdv
dt

Since the size of the current during pure calcium-dependent
action potentials will be directly proportional to [Ca2%t]o
then we would expect the maximum rate of rise of these
action potentials to be directly proportional to [Ca2t]o if

72



they are indeed calcium-dependent.

When the [Ca2t]o was changed from 10mM to 5mM the
maximum rate of rise was reduced by 42.9 * 8.9% close to the
expected 50% and from 10mM to 2.5mM by 56.1 * 4.9%
(expected=75%) .

The theoretical values for both the changes in
amplitude and maximum rate of rise assume that at the peak
amplitude of the action potential the cell membrane is
freely permeable to ca?* ions and that all other
conductances are blocked.

These experiments therefore suggest that action
potentials in these muscle fibres are based on the movement

of ca2t jons through voltage-sensitive ca2* channels.

d) Effect of inorganic calcium channel antagonists on
action potentials.

Experiments described in this section were designed to
investigate the effects of inorganic ca2t channel
antagonists (co?t, cd2t and La3%) on action potentials and
so further confirm the role of ca?t in action potentials.

Action potentials were repetitively stimulated and
groups of 20-30 were recorded in control saline, in the
presence of the blocking ion and following washout of the
test solution. The chosen concentrations of blocking ion
were those which are known in other systems to cause a high
degree of block of cCa2t channels but which are not high
enough to have non-specific effects.

The effects of perfusing muscles with these substances

is shown in Figure 3.2. Co2* at a concentration of 20mM
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Legend for Fiqure 3.2 Effect of inorganic ca2% channel
antagonists on action potentials in Plutella muscle fibres.

Each row shows action potentials triggered in the same
muscle fibre in control saline (left), in the presence of a
blocking ion (middle), and following washout in control
saline (right). Dotted lines on each trace represent the
cell resting membrane potential (bottom line) and the OmV

level (top line).
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rapidly (4-5 mins) blocked the action potential. This
effect was fully reversible on washing (n=3). ca?+ (1mM)
also blocked the action potential (n=3), this effect was
again fully and rapidly reversed by washing. La3t (1mM)
also produced a rapid block of the action potential (n=3).
This block however was almost completely irreversible even
after 20 minutes of perfusion with the control saline.
Increasing the amplitude of the current pulse to produce
stronger depolarisation of the muscle membrane did not
overcome the block of these substances to any degree.

These results for Co2%, cd2t and La3t are what would be
expected if the action potential is dependent on ca2*t influx

through Ca2* channels.

e) Effect of organic gaZi antagonists on action potentials.

The organic calcium channel antagonists used were
chosen from three chemical classes, 1,4-dihydropyridines
(nitrendipine), phenylalkylamines (verapamil) and
benzothiazepines (diltiazem). All are thought to block the
'L'-type calcium channel (see Introduction) and were applied
to the Plutella muscle fibres in order to test for the
involvement of such channels in the action potential.

As with the inorganic antagonists, the concentrations
of drug used were those which were as high as possible but
which do not give non-specific effects in other preparations
(Godfraind et.al., 1986). Action potentials were recorded
in the control saline just prior to perfusion of the test
saline and after 10-15 minutes in the presence of the drug

(see Methods). The tissues were then washed by perfusion
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with the control saline for 15-20 minutes and further action
potentials were recorded (Table 3.3).

Verapamil (1uM) had no significant effect on action
potential amplitude, overshoot, duration or maximum rate of
rise as compared with either control saline or following
wash of the muscles. Neither were wash values significantly
different from controls.

A similar lack of significant effect on the above
action potential parameters was also obtained from cells
bathed with either 5uM diltiazem or 1uM nitrendipine (see
Table 3.3).

In summary, therefore, the results presented in this
section show that the ca2t channels which appear to underly
action potentials in the muscle fibres of larval Plutella
xylostella are insensitive to block by all 3 classes of
organic ca2* channel antagonist at the concentrations used,

suggesting the absence of L-type channels.

f) Effects of tetrodotoxin on action potentials.

In vertebrate tissues the skeletal muscle action
potential is based mainly on an influx of Nat through
voltage sensitive sodium channels (see Introduction). To
investigate whether Na' ion movements were involved in
action potentials in Plutella muscle, tetrodotoxin (TTgb,
which blocks voltage-sensitive Na' channels was applied.
Action potentials were again stimulated in muscle fibres and
recorded in control saline, 5-10 minutes after perfusion
with TTx (2.5uM), and 10-15 minutes after wash with control

saline. There was no significant effect of TTx on resting
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potential or on the amplitude, overshoot, duration or
maximum rate of rise of action potentials as compared with
control or wash values (Table 3.4). Control and wash values
were also not significantly different from each other.

This lack of effect of T‘;?;(/ on the action potentials in
Plutella muscle fibres s;ggests that voltage-sensitive
sodium channels play no clear part in action potential

propagation.

g) Effect of reducing or removing Cl= on action potentials.
Many (but not all) of the muscle fibres in this

preparation showed an after-hyperpolarisation following the
action potential (see Figs. 2.2, 3.1, 3.2). Since a large
proportion of the (hyperpolarising) potassium conductance
should be blocked by the presence of TEA in the recording
medium, the basis of this hyperpolarising potential could be
due to inward chloride ion movements. Thus it might be
expected that removing Cl1~ from the recording saline would
abolish the after-hyperpolarisation and possibly alter the
measured parameters of the action potential. This was
investigated in these experiments.

As 1in other experiments, action potentials were
stimulated repetitively (0.1Hz) by passing current pulses
through the recording electrode and action potentials were
recorded continuously from the same muscle fibre during
perfusion with control (98mM Cl~) saline, Cl™-free saline,
and after washing. The Ca?' concentration in both control
and test salines for these experiments was adjusted to 5mM

since the poor solubility of the CasO4 used in the Cl™-free
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saline (see Methods) made it impossible to use higher
concentrations.

The results of applying Cl™-free saline to the muscle
fibres are given in Table 3.5. Values for amplitude,
overshoot or duration measured after 10-15 minutes perfusion
with Cl7-free saline were not significantly different from
either control values or after 10-15 minutes wash. However,
the maximum rate of rise in Cl7-free saline was
significantly reduced when compared against both control
(p<0.01) and wash (p<0.05) values. None of the above values
were significantly different when control and wash values
were compared. All 6 cells studied showed
after-hyperpolarisations. The amplitude of these
after-hyperpolarisations (maximal negative deflection from
the baseline) was unchanged by perfusion with the Cl™-free
saline.

From these results it would appear that the
afterhyperpolarisation often seen after an action potential
in these cells is not caused by an influx of Cl~ ions into
the muscle cell. Cl~ may have a role in the action
potential since Cl1™ removal leads to a decrease in the
maximum rate of rise of action potentials, but it is
unlikely to underly the action potential since it is not

blocked by Cl1~ removal nor is its amplitude changed.

h) Effect of ethacrynic acid on action potentials.

Ethacrynic acid is reportedly a blocker of Cl~ channels
in erythrocytes and algal membranes (Motais & Cousin, 1976,

Lunevsky et.al., 1983) and was therefore used to investigate
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the effect of Cl1© channel block on action potentials.
Muscles were impaled and action potentials were stimulated
(0.1Hz) during perfusion with solutions as above. Action
potentials were analysed in control saline, after cells had
been perfused with ethacrynic acid (100uM) for 30-40
minutes, and after washing the cells for 30-40 minutes in
control saline. None of the measured parameters (resting
potential, amplitude, overshoot duration and
after-hyperpolarisation) were affected significantly by
ethacrynic acid, as compared with controls or values after
washing. Although the rate of rise was reduced by
ethacrynic acid, this did not attain statistical
significance.

Consistent with the results of the preceding section,
these data indicate that firstly, C1~ ions are not involved
in after-hyperpolarisations, and secondly, support the idea
that C1© ions are not required to trigger an action
potential. The hint of a decrease in rate of rise by
ethacrynic acid is similar to the decrease in rate of rise
produced in Cl™-free saline. This may again point to a
possible role for Cl~ ion movements in the action potential,

presumably giving rise to inwardly-directed currents.

i) Effect of ryanodine on action potentials.

As well as acting on Ca?* channels in the sarcoplasmic
reticulum, the insecticidal compound ryanodine may have
effects on calcium channels in the plasma membrane (see
Introduction). The aim of experiments described in this

section was to investigate the effects of ryanodine on the
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ca2*-dependent action potentials in insect skeletal muscle.
Action potentials were stimulated at 0.1Hz as before
and continuous recordings from the same muscle fibre were
made during perfusion with 1 or 10uM ryanodine for 10-25
minutes and after 30 minutes washing. Data from these cells
before, during and after treatment with ryanodine were
averaged together and are presented in Table 3.7. Values
obtained for resting potential, amplitude, overshoot,
maximum rate of rise and duration of action potentials were
not significantly affected by 1uM ryanodine as compared with
either control or wash values. The most obvious change seen
in the action potential during 10uM ryanodine application
was a significant (p<0.005) increase in duration as compared
with controls (Table 3.7). This effect could not be
reversed even after 30 minutes washing; values for action
potential duration after wash were not significantly
different from values in 10uM ryanodine, but were
significantly (p<0.005) greater than control values. To
investigate further this increase in duration the rate of
fall of the action potential was also measured; it was found
to be not significantly affected by ryanodine (10uM).
Action potential amplitude and overshoot were significantly
increased (p<0.01) after treatment with 10uM ryanodine.
Again, values after washing were not significantly different
from values in the presence of ryanodine. As compared with
controls the maximum rate of rise was also increased in the
presence of ryanodine, although this increase was not
statistically significant. Resting cell input resistance

was also measured and was not found to be significantly
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different between test and control salines.

In summary, 1luM ryanodine had no effect on action
potentials while 10uM ryanodine caused a marked increase in
action potential duration and smaller increases in
amplitude, overshoot and possibly, maximum rate of rise.
These changes could not be reversed by washing. Possible

interpretation of these results are discussed further below.

Effects o vermect i a o ot ials and input
resistance.

A possible action of antihelminthic agent avermectin on
calcium channels (see Introduction) was investigated here.
The effects of avermectin on cell membrane potential and
input resistance were firstly investigated, since avermectin
application causes changes in membrane potential and an
increase in the conductance of the cell membrane in locust
muscle and nerve (Duce and Scott, 1985, Lacey, 1987). Input
resistance was measured by applying hyerpolarising current
pulses with an amplitude of 10nA and duration of 500ms to
muscle fibres at a frequency of 0.2Hz. The effect of
perfusing Plutella muscle fibres with avermectin at
concentrations of 100nM and 10nM are shown in Figure 3.3 and
mean values are given in Table 3.8. At both 100nM and 10nM,
avermectin produced irreversible depolarisations accompanied
by significant (p<0.001) and irreversible reductions in the
input resistance of the cells. It was found that attempting
to stimulate action potentials following application of
avermectin was very difficult since the increase in

conductance meant that very large current pulses needed to
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100nM' avermectin 2 min

10nM avermectin

Figure 3.3 Effect of avermectin on muscle fibre membrane
potential and input resistance in Plutella larvae.

Hyperpolarising current pulses (10OnA, 500ms) were passed at
a frequency of 0.2Hz. 100nM avermectin (trace A) and 10OnM

avermectin (trace B) were applied during the bar.
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be passed through the iwfacellular electrode before any
regenerative response was seen. At 10nM however, both the
depolarisation and the increase in conductance, although
irreversible, were small enough to allow recordings of
action potentials following avermectin applicgpion.

As in previous experiments muscle fibres were impaled
and action potentials were repetitively (0.1Hz) stimulated
whilst perfusing with control saline and saline containing
avermectin (10nM). The resting potential of cells was kept
to the same value as that of the cell in control saline by
DC current passage so as to reduce possible changes in ca2¥
channel activation kinetics and make comparisons more
meaningful. The effect of 10nM avermectin on action
potential parameters is shown in Table 3.9. Comparison of
the values obtained in control saline against values
obtained 10, 20 or 30 minutes after avermectin (10nM) was
first applied revealed that no significant changes in action
potential parameters occured.

Thus, although avermectin caused an increase in
membrane conductance at the concentration used it did not
appear to affect the Ca2t channels involved in the action

potential.

k Effe [o) ctio tentials.

Immunoglobulin (IgG) from patients with the autoimmune
muscle weakness disorder Lambert-Eaton Myasthenic syndrome
(LEMS) acts on voltage sensitive ca2t channels at the motor
nerve terminal to cause their 1loss of function (see

Introduction). The aim of the study in this section was to
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determine whether LEMS IgG had any effect on ca2+ dependent
action potentials in Plutella muscles. Dissected specimens
of Plutella were incubated for 24 hours in a dissecting
saline containing. either LEMS or control IgG before
recordings of action potentials were made (Table 3.10).

There were no significant differences between resting
potentials in test and controls although resting potentials
in both groups were slightly lower than those obtained in
cells which had not been incubated for 24 hours (cf Table
3.6). The measured action potential parameters were not
significantly affected by LEMS IgG as compared with controls
(Table 3.10), indicating a lack of effect of LEMS IgG on

these insect ca2*t channels.

l) Discussion,

In this chapter the results show that the skeletal
muscle fibres from larvae of the moth Plutella xylostella
exhibit ca?t-dependent action potentials in the presence of
TEA to block K' channels. This was shown by the fact that
action potentials were reduced in amplitude and maximum rate
of rise by a reduction in the external ca2t concentration
and abolished in ca2*-free solutions or in the presence of
inorganic ca2* channel antagonists. Sodium channels did not
seem to be involved since TTX was ineffective on the action
potential, and activation of Cl1~ channels did not seem to be
essential for action potential generation since removal of
Cl™ or blockade of Cl~ channels with ethacrynic acid did not
affect action potential generation.

The action potentials were found to be insensitive to
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drugs from the three major classes of organic ca2* channel
antagonists in Plutella, suggesting that L-type ca2t
channels are not involved in the response. Neither are
these channels antigenically similar to ca2t channels at the
neuromuscular junction or L-type channels in NG108-15 cells
as shown by the lack of action of LEMS IgG (which acts on
such channels) on the action potential.

The types of Ca2t channel involved in insect muscle
action potentials have not so far been determined. Ashcroft
(1981) reported that D-600, a derivative of verapamil,
blocks action potentials in the muscle fibres of stick
insect at micromolar concentrations. The lack of effect of
these drugs in Plutella may indicate a difference in drug
sensitivity or alternatively a species difference. Those
studies where fibres have been voltage clamped suggest that
both fast inactivating and slowly inactivating channels may
underlie the action potentials (Ashcroft and Stanfield,
1982a,b, Yamamoto et.al., 1981, Yamamoto & Washio, 1981,
Salkoff & Wyman, 1983).

TTX was ineffective on the action potentials in
Plutella muscle fibres as it is in a number of other insect
preparations (Deitmer and Rathmeyer, 1976, Ashcroft, 1981).
This possibly indicates a lack of involvement of Nat
channels in the action potential, indeed a 1lack of
sensitivity to removal of Na' has been shown in a number of
insect muscle preparations (Fukuda et.al., 1977, Washio,
1972). However, it is possible that TTgfinsensitive Na*t
channels may exist in Plutella muscle fibres. The apparent

lack of involvement of voltage-sensitive Na't channels in the
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action potential may be a reflection of the different
methods of exerting control over muscles in insects, as
compared with vertebrates. In insects, fine control of
contraction is produced by having graded, non-propagating
'action potentials' together with multiple inhibitory and
multiple excitatory motor inputs which allow an individual
muscle fibre to contract in a graded manner. This compares
with the all-or-none contractions of individual vertebrate
muscle fibres where graded contractions of fibre bundles are
produced by changing the number of fibres contracting.

Experiments with Cl1~ ion free solutions and the C1~
channel blocking drug ethacrynic acid indicated that
chloride ions were not necessary for triggering action
potentials and that the after-hyperpolarisation was not due
to chloride shifts. However, these experiments showed that
Cl~ movements modified the action potential. The rate of
rise of action potentials was larger in the presence of Cl1~
ions, indicating larger inward currents. If we assume that
the action potentials are based entirely on Ca2?% influx then
this effect could be explained as a modulatory effect of C1~

ions on ca2't channels or, more unlikely as a modulatory
effect of the supposedly inactive anions used to substitute
for C1°.

An alternative hypothesis is that part of the inward
current that underlies the action potential is based on a
movement of Cl~ out of the cell. Removing external Cl1~ is
expected to also reduce the internal Cl~ concentration
(Rheuben, 1972), and this may account for a reduction in

outward C1~ current and hence maximum rate of rise. This
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hypothesis requires that the reversal potential for C1~ in
this preparation 1lies positive to the resting membrane
potential. In many Lepidopteran preparations this is indeed
the case (Djamgoz, 1987). In this preparation, the use of
3M KCl1l in the intracellular microelectrode may give rise to
Cl~ (and K*') loading of the muscle fibres and produce a
further shift of the Cl1~ reversal potential in the positive
direction. Large reductions in the rate of rise of action
potentials by ethacrynic acid (100uM) were seen but these
reductions did not attain statistical significance.
However, although the results were not statistically
significant for ethacrynic acid the rate of rise was
markedly reduced and it may be that if further experiments
had been done this may have attained statistical
significance in which case C1~ ions may contribute to the
total ionic current under the conditions used in this study.

Further evidence for the existence of an additional
inward current that is not based on Ca2%t in these fibres
comes from experiments in which the external ca2*
concentration was reduced from 10mM to 2.5mM. The expected
change in rate of rise of action potentials (75% reduction)
was greater than the actual change seen (56.1 * 4.9%).
Although this discrepancy may lie within the bounds of
experimental inaccuracy, it nevertheless could be taken as
evidence for the existence of channels other than ca2t
channels being involved in the action potential. Since the
complete removal of cCa?t abolishes the action potential,
this putative Cl~ channel would have to be cCa?t activated.

It should also be stressed that the action potential cannot
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be abolished by the removal of C1~. Thus the action
potentials in these fibres are largely dependent on cCa2t
influx, but a small contribution from a ca2t-activated C1~
current cannot be completely discounted.

The lack of involvement of Cl1~ ion movements in the
afterhyperpolarisation may indicate that the K' currents in
this preparation were not completely eliminated. In
Carausius muscle fibres an 80% block of the delayed Kt
current is achieved with 120mM TEA (Ashcroft & Stanfield,
1982a) while in Drosophila 128mM TEA totally blocks this
current (Salkoff & Wyman, 1983). In 1larval Tenebrio
skeletal muscle fibres Yamamoto et.al. (1981) report that
50mM TEA is sufficient to block all outward currents. It is
possible that in this preparation the K' currents have not
been completely eliminated by the 25mM TEA used, although
this concentration is sufficient to give an all-or-none
response to depolarisation.

In Plutella muscles it was found that 10uM ryanodine
greatly increased the duration of action potentials.
Furthermore, the amplitude and overshoot of action
potentials were also slightly increased and these effects on
the action potential could be explained by direct actions to
block Kt currents or increase ca2*t currents, or an indirect
action on these currents by an alteration of intracellular
calcium levels. An action of ryanodine to block the
repolarising effects of K' currents in a 1locust skeletal
muscle preparation was suggested by Usherwood (1962).
However, no significant effect of ryanodine at this

concentration was seen on the rate of fall of the action
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potential as might have been expected if the K' current was
blocked rendering the above explanation unlikely. The
action of ryanodine in crab muscle fibres has been
investigated by Goblet & Mournier (1981). In voltage
clamped muscle fibres ryanodine was found to increase the
calcium current at a given test potential, to inhibit the
fast transient outward ('Ik;') current and to increase the
delayed outward ('Ig;') current. It was established that
the changes seen in the calcium current with ryanodine were
due to changes in the activation/inactivation
characteristics in the current. In the presence of
ryanodine the cCa2t channels underlying the current open at
more negative potentials and are slower to inactivate (i.e.
remain open for longer). Since crab muscle fibres undergo a
prolonged contracture in the presencé of ryanodine it was
proposed that these changes (and those associated with the
Kt currents) were secondary to an increased intracellular
ca?t concentration which will give rise to a 'surface charge
effect'! (Hille, 1984). This shifts the intramembrane
potential seen by the putative voltage sensor of the ca2t
channel in the depolarising direction. In Plutella muscle
we see an increase in action potential duration and
amplitude. This could also be explained in terms of an
increase in ca2* current amplitude and duration. In rat
cardiac muscle, ryanodine also prolongs action potentials
(Mitchell et.al., 1984a, 1984b). This prolongation of the
action potential was ascribed to a reduction in the
intracellular ca2t concentration (by an inhibition of caZ2*

release from intracellular stores) reducing the degree of
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ca?*-dependent inactivation of the calcium current (Eckert &
Chad, 1984). This theory of reduced intracellular ca2t
could also be applied to the changes seen in Plutella muscle
fibre action potentials. Which of the two possible actions
of ryanodine (i.e. either an increase or a decrease in
release of ca2* from intracellular stores - see
Introduction) are occurring in Plutella muscle fibres cannot
be determined directly from the experiments reported here.
No evidence could be found for an action of avermectin
on the ca2' channels underlying action potentials in
Plutella at a concentration of 10nM. At this concentration
significant changes in both input resistance and resting
membrane potential occurred which indicates that AVM would
have affected the action potentials if its main action were
on insect ca2* channels. The findings reported by Hart
et.al (1986) in 1locust neurones show that AVM and GABA
appear to act on different postsynaptic ion channels. The
channels activated by AVM in the neuronal preparation show
characteristics one might expect of ca2t channels (Lacey,
1987), but our experiments clearly show that AVM has no
effect on the voltage-activated ca2t channels underlying

Plutella action potentials.

In summary, we have presented evidence that indicates
that ca2t channels underlie the action potential in skeletal
muscle fibres of larval Plutella. Ryanodine appears to
delay the inactivation of cCa2t channels possibly via its
action on intracellular ca2* channels. Avermectin had no

effect on these ca2*t channels, and neither did LEMS IgG
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which acts on certain vertebrate ca2t channels.
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CHAPTER4
RESULTS

a) Introduction.

In this chapter, experiments were designed to
investigate the physiology of calcium channels in insect
neuronal cell bodies and to study their pharmacology. To do
this, dissociated cells from the thoracic ganglia of the
desert locust Schistocerca gregaria were voltage clamped
using the whole cell patch clamp technique. Ba2t was used
as the charge carrier, and currents were elicited by step
depolarisations. The types of calcium channels present were
investigated by changing the holding potential and size of
the depolarising steps. The effects on these calcium
channels of inorganic and organic ca2t channel antagonists,
ryanodine, pyrethroid insecticides and avermectin were

investigated.

b) Properties of whole cell currents in locust neuronal
somata. 7

The first priority in this study was to determine
whether calcium currents exist in 1locust neuronal cell
bodies and to identify their general characteristics. In
this section the properties of inward currents seen in these
cells under whole cell patch clamp are described.

Whole cell patch clamp of dissociated cell bodies from
thoracic ganglia of locust using salines designed to isolate

the calcium channel current (see Methods) revealed the
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presence of 1large inward currents activated by
depolarisation of the cell. Figure 4.1 shows currents seen
in a typical cell held at -80mV and with 10mM Ba2t being
used as the charge carrying ion and Figure 4.2 shows the I-V
relationships for the currents in the same cell. 1In this
cell an inward current was first seen when the cell was
depolarised to test potentials equal to or greater than
-35mV. At this test potential the current was small and
sustained, being only very slowly inactivated throughout the
step. Further depolarisiation to test potentials of =30 and
-25mV resulted in larger inward currents which were also
sustained in nature. With stronger depolarisation to test
potentials of -20 to -10mV a rapidly inactivating phase of
current was present together with the sustained current.

In most cells a similar current was seen. In three of
the cells however, the sustained current was extremely small
and only a transient current could be readily seen. The
current seen in one of these cells is shown in Figure 4.3.
In this cell an inward current was activated by a step to a
test potential of -30mV from a -80mV holding potential. The
current measured at the end of the depolarising step was
very small in all cases (less than 0.06nA) and at all test
potentials was less than 10% of the peak inward current.

Currents in these cells varied greatly in amplitude
leading to large standard errors when IV curves from a group
of cells were averaged together. More importantly, the
presence of a cell with a larger inward current in a group
leads to a weighting of the averaged IV curve in favour of

that cell. 1In order to try to give cells of different sizes
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Legend for Fiqure 4.1 Example of whole cell calcium
currents in a locust neuronal cell.

Typical currents seen in a locust neuronal cell body under
whole cell voltage clamp. The cell was held at a potential
of -80mV and step depolarised to the test potentials as
indicated next to each current trace. All records are leak
and capacitance subtracted and were recorded sequentially
from the same cell. The IV relationships for the peak and
sustained current measurements from these traces are shown

in figure 4.2.
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Figqure 4.2 Current-voltage relationships for peak and

sustained current measurements in a locust neuronal cell.

I-V relationship for the peak (Ipg) and sustained (Igys)

measurements from the same cell shown in figure 4.1.
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Figure 4.3

1nA

see over for legend
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Legend for Figqure 4.3 Currents and I-V relationship from a
cell showing only transient currents.

This figure shows currents evoked in a cell (above) by
stepping from a holding potential of -80mV to the test
potentials (in mV) shown by each current trace. Below is
the I-V relationships for the peak (open circles) and
sustained (filled squares) current measurements made from

the same cell.
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equal weighting when IV curves were averaged together,
currents in each cell were normalised by dividing by the
capacitance of that cell, since this should correct for
variations in cell surface area. The value obtained by this
normalisation procedure indicates the density of current per
unit area of cell membrane assuming that cell capacitance is
directly proportional to membrane surface area. Figure 4.4
shows averaged IV relationships for 58 cells before
normalisation (graph A), and after normalising (graph B) by
dividing the current in each cell by the cell's capacitance
before averaging IV curves together for the same group of
cells. This gives smaller standard errors in the points of
the IV curve after normalisation and this reduction may
indicate that the current is indeed proportionally related
to the cell capacitance. A scatter diagram showing the
relationship between the peak inward calcium channel current
at OmV test potential, =-80mV holding potential, to the
capacitance in each cell is plotted in Figure 4.5. This
indicates that there is indeed a roughly linear relationship
between cell capacitance and the size of the inward current
seen in these cells. There is of course, still some scatter
about this line. The slope of the line fitted for the data
in Figure 4.5 was 57.1pA/pF. At the test potential used for
this graph inward currents were maximal (see fig.4.4). If
we assume that the membrane of these cells has a capacitance
of 1uF per cm? (Katz, 1966), then this represents a current
density of 57.1uA/cm?* or 0.571pA/um?

In summary, freshly dissociated neuronal cell bodies

from the thoracic ganglia of 1locust show 1large inward
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Legend for Fiqure 4.4 Averaged IV relationships before and
after normalisation.

Mean IV relationships from control cells. In graph A, peak
(Ipg) and sustained (Igyg) currents are shown. In graph B,
these currents for the same cells as in graph A were first
normalised by dividing by the cell capacitance before being
averaged. The holding potential was -80mV and leak and
capacitance artefacts have been subtracted. Values shown

are means * s.e.m. averaged over 58 cells.
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Legend for Figure 4.5 Relationship between inward current
and cell capacitance.

Graph of peak inward current plotted against cell
capacitance. Each point is for a different cell. Peak
inward current (Ipg) was measured usng a holding potential
of -80mV and a test potential of OmV. The straight line is

a linear regression fit to the data and has a slope of

57.1AF"1,
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currents. These Ca2% channel currents usually showed two
phases, one inactivating and the other sustained. Current
amplitude was roughly proportional to cell size, indicating
a similar current density between cells and allowing the

normalisation of currents between individual cells.

c) Run-down o i e r

Calcium currents in many neuronal preparations under
whole cell patch clamp are notoriously labile and will
rapidly decrease ('run down') due to exchange ('dialysis')of
intracellular factors with the pipette solution. Run-down
was present in the 1locust neuronal cells and although a
variety of phosphorylating agents and protease inhibitor
'cocktails' were used, none appeared to markedly prevent the
gradual disappearance of the current.
In subsequent experiments however, it was observed that
rundown varied markedly between batches of cells and seemed
to depend to a certain degree on seal resistance after
rupture of the membrane patch to achieve the whole cell
configuration. In all experiments in this thesis, cells
were therefore chosen in which the seal resistance was
better than 5 GA and in which 3-4 depolarising steps to -10
mV did not initially show marked rundown. An average
experiment required 10-15 minutes, so that potentially
rundown could be important. However, this was controlled
for by; (i) the above choice of cells which showed little or
no rundown, (ii) calculating the rundown by also measuring
currents after washing off drugs (where possible) at the end

of every experiment.
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d) Effect of holding potential on calcium currents.

In many neuronal cell types it has been found that
different components of the calcium channel current can be
isolated by imposing more depolarised holding potentials on
the cell. The 'T'-type component is largely inactivated at
holding potentials of =40 to =-30mV leaving mainly the
'L'-type current. In these experiments 14 cells were held
at a range of holding potentials and test depolarisations
applied. The IV curves at each holding potential are shown
in Figure 4.6 for the peak current. From a holding
potential of -80mV, activation of the inward current started
to occurr at approximately -40mV and reached a maximum at
around -10mV. At holding potentials of -60mV to -30mV, the
current was significantly reduced in amplitude but the
maximum (-10mV) and activation voltage (-40mV) were largely
unchanged. At -20mV holding potential no inward current was
seen, the mean current from this group of cells being always
outwardly directed. Apparent reversal potentials were found
to become more negative as the holding potential became more
positive. This change however may be due to incomplete
block of background outward currents in these cells. When
the inward current is large any outwardly directed currents
would be masked, but at the more depolarised holding
potentials, where the calcium channel current |is
inactivated, the effect of the outward current in shifting
the apparent reversal potential in the more negative
direction would dominate. This effect is most obvious at

the -20mV holding potential where the calcium channel
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Figqure 4.6 Effect of holding potential on peak current.

I-V relationships at different holding potentials (shown on
graph in mV) for the peak inward current. Cells were held
successively at each holding potential while I-V
relationships were constructed. Values shown are means =
s.e.m. of the peak inward current averaged over 14 cells at
each holding and test potential. Values were 1leak and
capacitance subtracted but not normalised and are from the

same cells shown in figure 4.7.
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Figure 4.7 Effect of holding potential on sustained

current.

I-V relationships at different holding potentials (shown on
graph in mV) for the current measured at the end of a
voltage step (sustained current). Cells were held
successively at each holding potential while I-V
relationships were constructed. Values shown are means #
s.e.m. of the sustained current averaged over 14 cells at
each holding and test potential. Values were 1leak and
capacitance subtracted but not normalised and are from the

same cells shown in figqure 4.6.
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Figure 4.8 Comparison of steady state inactivation kinetics

of peak and sustained currents.

Peak (PK) and sustained (SUS) currents are shown here
expressed as a percentage of the peak and sustained currents
at a holding potential of -80mV and plotted against the
holding potential from which they were measured. Individual
cells were held successively at each holding potential for
90 seconds before an I-V relationship at that test potential
was constructed. Current values at each holding potential
and the test potentials between =-20mV and +20mV for each
cell were then expressed as percentages of the current at-
80mV and averaged over the 14 cells used. No significant
differences between peak and sustained values at each

holding potential were found (paired t-test).
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current is completely inactivated and hence only the outward
current is seen.

For the sustained current (Igyg) similar results were
observed (Figure 4.7) as for peak currents, except that
currents were of course smaller. To investigate the
relative extent of inactivation of peak and sustained
currents at different holding potentials, the curves shown
in Figures 4.6 and 4.7 at different holding potentials were
expressed as percentages of the values at -80mV (Figure
4.8). There were no significant differences between the
peak and sustained measurements at each test potential and
holding potential. Thus the degree of steady state
inactivation was the same for both peak and sustained
currents. As expected, percentage currents were similar at
the same holding potential but at different test potentials
showing that the steady state inactivation for Ipg and Igyg
currents was the same throughout the test potential range.
In summary, both peak and sustained currents are maximal at
a holding potential of -80mV and have similar steady state
inactivation characteristics. Thus there could be two types
of channel (transient and sustained) with similar steady
state inactivation kinetics or simply one type of channel

displaying both transient and sustained characteristics.

e f o ium substitution a choline substitution

on calcium channel currents.

The experiments described in this section were
performed to test whether the inward current was carried by

ca?t as well as Ba2t and also to determine any possible
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involvement of Na' in the inward current.

In early experiments a saline containing ca2?t as the charge
carrier and with choline substituting for Nat and K was
used to bathe the cells during recordings (see Methods,
Table 2.2). A similar saline, containing 10mM Ba2* and
choline was also used on some cells. The currents obtained
when 1locust neuronal cell bodies were bathed in these
salines are compared against control currents from cells
bathed in the standard recording saline in Table 4.1.
Currents measured in cells bathed in the saline containing
10mM Ba2* and in the presence of Nat, k' and Mg2t were
significantly (p<0.0l1) larger than those measured in 10mM
Ba?*t but with choline substituting for all other cations.
This is perhaps a reflection of the size of cells used,
since after the normalisation procedure which corrects for
variations in cell size between groups of cells (see above)
no significant differences between the amplitude of currents
in these two groups of cells could be found.

On the other hand, the absolute values of currents
measured using ca?t as the charge carrier showed no
statistically significant differences from those in cells
bathed in either of the Ba?t salines, but normalised values
were significantly lower (see Table 4.1). Again, the size
of the cells sampled in each group may be important. The
cells bathed in ca2?' saline were significantly bigger than
those in either of the Ba2t salines (if we assume that cell
capacitance is a reliable indicator of cell size) which
might explain this apparent anomaly. Thus it would appear

that the ca2* channels underlying the inward current in
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these cells are more permeable to Ba2' than ca2t. The mean
apparent reversal potentials of these currents in all three
of the bathing salines did not significantly differ from
each other, suggesting that Ba+ and ca2t (but 1little, if

any, Nat) permeates the ca2t channel in these cells.

f) Effect of cadmi c i curr

In order to ensure that the inward current seen in
these cells is indeed based on the influx of Ba2t through
voltage sensitive ca?t channels, the inorganic ca2* channel
blocking agent cd?t was applied to cells.

To obtain the control IV curve, neuronal cell bodies
were voltage clamped at a holding potential of -80mV and
step depolarised (200ms, 0.1Hz) to test potentials ranging
from -60 to +60mV under perfusion in the bath with control
saline. Repetitive (0.1Hz) steps of 200ms duration to a
test potential of -10mV were then performed continuously
before and during perfusion with saline containing cd?*, and
during washout of cd2* with the control saline. In some
experiments, IV curves were also obtained before, during and
after treatment with cd2t using a range of test potentials
as above.

Figure 4.9 shows the effect of 1mM cd2* on the inward
current in one of these cells. As cd2?t was applied, the
amplitude of the current rapidly decreased until after 4-5
minutes the current had disappeared altogether. This effect
could be reversed by washing the cell in control saline. 1In
all 3 cells tested Cd?* at a concentration of 1mM was found

to completely abolish the inward current, and in each case
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Legend for Fiqure 4.9 Effect of 1mM cd?* on calcium channel
current.

Block of inward current by 1mM cd2t. cd2t was added by
perfusion to the saline bathing a cell held at a potential
of -80mV and repeatedly stepped to a potential of -10mV
(0.1Hz for 200ms). The inset shows the current before and

during perfusion with cd2t on an expanded timescale.
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Figure 4.10

4 mins
1nA
2
10MM Cd”*
1 min
DIFFERENCE
1nA

10 |[UM Cd2+
CONTROL

200 ms

see over for legend
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Legend for Fiqure 4.10 Effect of 10uM cd2* on calcium
channel current.

cd?* was applied by perfusion during the bar. The holding
potential of the cell was -80mV and the cell was repeatedly
stepped to a test potential of -10mV (0.1Hz for 200ms). The
inset shows this effect on the current on an expanded
timescale. Also shown in the inset is the difference
current which was obtained by subtracting the current evoked
in the presence of 10uM Cd2* from the control current. This
difference current represents the current component blocked
by 10uM cd2t. During the 4 minute gap before wash of the
cell an I-V relationship was constructed and 1leak and

capacitance subtraction steps were made.
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was found to be readily reversible by washing. Thus it is
clear that Ca2* channels are involved in the inward current.

Lower concentrations of Cd2% selectively inhibit L- and
N-type ( but not T-type channels) in vertebrates, so
experiments were performed here to investigate the channel
types involved using a concentration of 10uM ca2t (Figures
4.10 and 4.11). It can be seen in Figure 4.10 that only a
partial block of the calcium current occurs. The inset
shows the extent of this block more clearly, together with
the difference current, obtained by subtracting the current
obtained in the presence of 10uM Cd?* from the control
current. This difference current, which represents the
blocked component of current, can be seen to be only very
slowly inactivating. The IV relationships in control saline
and following treatment with 10uM cd2* are given for the
same cell in Figure 4.11. It can be clearly seen that there
was a marked reduction in the sustained component (Igyg)
together with a negligible effect on the transient component
(IprFr)- The small reduction in Ipg appears to come about
via the underlying reduction in the sustained component
rather than a change in the transient component. This was
confirmed by averaging values of the percentage changes in
each current measurement for 3 cells, mean values being
reduced by; 46 * 14 % (Ipg), 70.5 £ 6.6 ¥ (Igyg) and 19 * 12
% (IprFr)- This action on the sustained component can also
be clearly seen when IV relationships for the difference in
current in the presence or absence of cd2t are studied
(Figure 4.12). The IV curves show that the blocked

component of current is indeed sustained in nature since
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Legend for Fiqure 4.11 Effect of 10uM cd2* on 1I-V

relationships.

I-V relationships for Ipg (top left), Igyg (top right) and
Iprrr (bottom) before and during perfusion with 1o0pM cd2*,
Values were leak and capacitance subtracted and were

obtained from the same cell shown in fig 4.8 and 4.10.
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Legend for Figqure 4.12 I-V relationship for the current
component blocked by 10uM cqzt.

Values for each parameter (Ipg, Igys and Ipypfp) Were
obtained by subtracting the current measured at each test
potential in the presence of Cd?% from the control current
measurement at the same test potential. Currents were leak
and capacitance subtracted before measurement. The inset
shows the equivalent current traces for the component of
current blocked by 10uM cd?t at test potentials ranging from
-40mV to -10mV. These were obtained by subtracting the
current trace obtained in the presence of 10uM cd?* from the
control current trace at the same test potential. Data are

from the same cell shown in figures 4.8 and 4.9.
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IpIFF is near zero (ie both Ipg and IRLX values are almost
exactly equal) throughout the range of test potentials
studied (see also inset). It is also apparent that this
cd2t sensitive component is activated at a test potential of
approximately -45mV and reaches a peak at approximately
-10mV. These values are similar to those seen in control
cells.

In summary therefore, these results demonstrate firstly
that ca2t channel currents underly the inward current, and
that two components of the calcium current exist in these
cells. One is blocked by 10uM cd?* and is sustained (slowly
inactivating) in nature, the other is transient in nature

and is completely abolished only by application of 1mM cd2+.

d) Effect of verapamil on calcium currents.

Organic calcium channel antagonists act on L-type
channels in vertebrates (see Introduction), and in this
section the action of verapamil was tested on the calcium
channel currents in cells from locust ganglia in an attempt
to pharmacologically classify the channel types present.

Neuronal cell bodies were voltage clamped at a holding
potential of -80mvV, again»using the whole cell patch clamp
technique. Whilst being perfused in the bath with control
saline (5-10ml/min) cells were depolarised from the holding
potential to test potentials ranging from -60 to +60mV
(duration 200ms, at 0.1Hz) to allow construction of 1IV
relationships. Following this the cells were then
repetitively (0.1Hz) stepped to a test potential of -10mv

and perfusion after 3-4 minutes was switched to a saline
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containing 1uM verapamil. After 8-10 minutes with verapamil
the test potential was again ranged from -60 to +60 mV to
allow construction of the IV relationship in the presence of
verapamil. Verapamil caused significant reductions in
amplitude of the peak current in the range of test
potentials between -10 and +40mV as compared with controls
(Figure 4.13). The maximal inward Ipg currents for the 5
cells occured at a mean test potential of -3.410.87mV in
control saline and were not significantly different from
those in verapamil (-8.4+2.0 mV). The IV curve for
sustained current (Figure 4.14) was also altered by the
application of verapamil, the current being again
significantly reduced in the test potential range between
=10 and +40mV. The maximal inward current was found to
occur at =5.0%1.6mV in the control saline, but with
verapamil was shifted significantly (p<0.0l1) in the
hyperpolarising direction to =-14.210.9mV. The transient
component, Ipyrr (Ipk-Isys) was also significantly reduced
by verapamil in the test potential range from =10 to +50 mV
(Figure 4.15). The magimal inward current in control cells
occured at a mean of -6.811.4mV and was not significantly
affected by verapamil (-4.6%3.5mV). Figure 4.16 shows the
mean percentage reduction in current seen with verapamil at
each test potential for the Ipg, Igyg and IpypF measurements
in the 5 cells. The reduction in current observed at each
test potential was compared statistically and it was found
that at the test potentials of 0 and +10mV significantly
different (p<0.02 and p<0.01 respectively) degrees of

current block occurred between sustained current and
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Figure 4.13

Ipk (AFY
-10

: Vtest (mV)
1}
—-10 i
o CONTROL
M VERAPAM
-20|/ | ° W IL

-40

see over for legend

133



Legend for Figure 4.13 Effect of verapamil on peak current.

Mean I-V relationships for peak current (IPK) of cells in
the control saline and following application of 1/iM
verapamil. Values for 1leak and capacitance subtracted
current measurements in either control saline or saline
containing 1/#*M verapamil were normalised by dividing by the
cell capacitance. Normalised values for each current
measurement at each test potential used were then averaged
over the 5 cells and are presented as the mean * s.e.m.
Values were obtained from the same cells shown in figures

4.13 and 4.14.*, p<0.01, ** p<0.005, paired t-test.
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Figure 4.14
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Legend for Fiqure 4.14 Effect of verapamil on sustained

current.

Mean I-V relationships for current measured at the end of a
voltage step (Igyg) of cells in control saline and following
application of 1uM verapamil. Values for 1leak and
capacitance subtracted current measurements in either
control saline or saline containing 1uM verapamil were
normalised by dividing by the cell capacitance. Normalised
values for each current measurement at each test potential
used were then averaged over the 5 cells and are presented
as the mean * s.e.m. Values were obtained from the same
cells shown in figures 4.12 and 4.14. *, p<0.01, **%,

p<0.005, paired t-test.
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Figure 4.15
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Legend for Figqure 4.15 Effect of verapamil on inactivating
component of current.

Mean I-V relationships for the inactivating component of
current (Ipyfpr) ©f cells in control saline and following
application of 1uM verapamil. Values for 1leak and
capacitance subtracted current measurements in either
control saline or saline containing 1uM verapamil were
normalised by dividing by the cell capacitance. Normalised
values for each current measurement at each test potential
used were then averaged over the 5 cells and are presented
as the mean * s.e.m. Values were obtained from the same
cells shown in figures 4.12 and 4.13. *, p<0.01, *%*,

p<0.005, *%**, p<0.001, paired t-test .
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Eloure 4.16 Percentage change in components of calcium

channel current by verapamil.

The percentage change in current for peak (PK), sustained
(SUS) and inactivating (DIFF) components of current after
treatment with 1uM verapamil are shown plotted here over the
range of test potentials between =20 and +20mV. The
percentage change in current values from each cell after
treatment with verapamil were calculated for each test
potential and were averaged over the 5 cells used. Peak and
inactivating current values were compared against sustained

values (paired t-test). *, p<0.01, **p<0.002.
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transient current with the sustained current being the most
affected by verapamil.

To summarise, verapamil (1uM) caused reductions in the
calcium channel currents. The degree of block is greatest
at a test potential of OmV and is also greater in the Igyg
measurement than it is in the Ipg and Ipypr measurements.
Furthermore, the maximal inward current seen in Igyg is

shifted in the hyperpolarising direction by verapamil.

h) Effect o itrendj e on calcium currents.

The organic ca2t channel antagonist, nitrendipine was
applied to nerve cell bodies to test its effect on ca2*
channel currents.

Initially, the same protocol used for verapamil was
followed, i.e. an IV relationship was obtained in control
saline, following which cells were depolarised to a test
potential of -10mV at a frequency of 0.1Hz in control saline
followed by perfusion with saline containing 1uM
nitrendipine and IV curves again obtained. The averaged IV
curves for Ipx and Igyg in cont'rol saline and following
treatment with 1uM nitrendipine are shown in Figure 4.17.
There was no significant effect of nitrendipine on peak or
sustained currents, whether currents were normalised or not
(although the scatter was greater for un-normalised
currents). In other experiments, instead of comparing
measurements from the same cell before and after
nitrendipine, experiments were carried out using a larger
group of cells bathed in control saline and a different

group of cells bathed in 1uM nitrendipine. Six 200ms steps
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Legend o) e 4.17 Effect of perfusion with
nitrendipine on peak and sustained currents.

Mean I-V relationships for the peak (Ipg, left) and
sustained (Igyg, right) current measurements are shown. The
same cells were recorded from before and during perfusion
with saline containing 1uM nitrendipine. Values in each
cell were normalised by dividing by the measured cell
capacitance before averaging. Subtraction of 1leak and
capacitance artefacts was performed before currents were
measured. Values shown are the mean * s.e.m. averaged over
the 6 cells used. No significant differences between
control values and nitrendipine-treated values at each test

potential were found (paired t-test).
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Legend for Figqure 4.18 Effect of nitrendipine on peak and
sustained currents in non-perfused cells (-80mV holding
potential).

Mean I-V relationships for the peak (Ipg, 1left) and
sustained (Igyg, right) current measurements elicited from a
holding potential of -80mV are shown for 13 cells bathed in
control saline and 15 different cells treated with 1uM
nitrendipine. Values in each cell were normalised by
dividing by the measured cell capacitance before averaging.
Subtraction of leak and capacitance artefacts was performed
before currents were measured. Values shown are the mean %
s.e.m. averaged over the number of cells wused. No
significant differences between control values and
nitrendipine-treated values at each test potential were
found (paired t-test). Values were obtained from the same

cells shown in figure 4.19.
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Legend for Fiqure 4.19 Effect of nitrendipine on peak and
sustained currents in non-perfused cells (-40mV holding
potential).

Mean I-V relationships for the peak (Ipg, 1left) and
sustained (Igyg, right) current measurements elicited from a
holding potential of -40mV are shown for 13 cells bathed in
control saline and 15 different cells treated with 1uM
nitrendipine. Values in each cell were normalised by
dividing by the measured cell capacitance before averaging.
Subtraction of leak and capacitance artefacts was performed
before currents were measured. Values shown are the mean %
s.e.m. averaged over the number of cells used. No
significant differences between control values and
nitrendipine-treated values at each test potential were
found (paired t-test). Values were obtained from the same

cells shown in figure 4.18.
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to a test potential of -10 mV were performed at a frequency
of 0.1Hz before the test potential was ranged from =60 to
+60mV to construct an IV relationship. The early steps were
imposed so that any use-dependence in the block by
nitrendipine could take effect (Lee & Tsien, 1983).
The mean, normalised IV relationships obtained for control
(13 cells) and test (15 cells) solutions are plotted in
Figure 4.18. Again nitrendipine had no significant effect
on peak or sustained currents (similar results were obtained
from un-normalised data). These cells were also held at a
potential of -40mV and step depolarised as before to give IV
curves. The mean, normalised IV relationships obtained from
a holding potential of -40mV in control cells and in cells
treated with 1uM nitrendipine are shown in Figure 4.19.
Again, no significant differences between the currents
obtained in the presence of nitrendipine at each test
potential as compared with controls were found.

Thus in summary, using both experimental procedures,
nitrendipine had no effect on the calcium currents in this

preparation.

i) Effect of ryanodine on calcium currents.

In Chapter 3 of this thesis experiments on skeletal
muscle fibres of moth larvae were reported in which
ryanodine (10uM) was found to produce a marked increase in
the duration of electrically stimulated action potentials.
The aim of experiments described in this section was to
determine whether ryanodine directly affects calcium

channels in the cell membrane in addition to its known
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Legend for Fiqure 4.20 Effect of ryanodine on Ca2t channel
currents (-80mV holding potential).

I-V curves are shown for the peak (Ipg, left) and sustained
(Isys, right) current measurements in cells clamped at -80mV
and bathed with either control saline (21 cells) or saline
containing 10uM ryanodine (18 <cells). Currents were
normalised by dividing by the individual cell capacitance.
Leak and capacitance artefacts were subtracted by computer
before measurement of currents. Values given are means
s.e.m. averaged over the number of cells in each group. No
statistically significant differences in currents between
control or ryanodine-treated cells at each test potential

were found (two-tailed t-test).
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Legend for Fiqgure 4.21 Effect of ryanodine on ca2t channel
currents (-40mV holding potential)

I-V curves are shown for the peak (Ipg, left) and sustained
(Isys, right) current measurements in cells clamped at -40mV
and bathed with either control saline (21 cells) or saline
containing 10uM ryanodine (18 cells). Currents were
normalised by dividing by the individual cell capacitance.
Leak and capacitance artefacts were subtracted by computer
before measurement of currents. Values given are means *
s.e.m. averaged over the number of cells in each group. No
statistically significant differences in currents between
control or ryanodine-treated cells at each test potential
were found (two-tailed t-test). Currents were measured from
the same cells shown in figure 4.20 following a period of 2
minutes at the -40mV holding potential to allow any steady-

state inactivation to take place.
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effect on calcium release channels in the sarcoplasmic
reticulum.

Dissociated cell bodies from locust thoracic ganglia
were bathed in either control saline or saline containing
10uM ryanodine. Cells were clamped at a potential of -80mvV,
again using the whole cell patch clamp technique, and
voltage steps (200ms duration at 0.1Hz) to test potentials
ranging from -60 to +60mV were performed. Cells were then
held at a potential of ~40mV for 2 minutes before similar
test potential steps were made. Figure 4.20 shows the
effect of ryanodine on peak and sustained currents elicited
from a holding potential of -80mV.

At all test potentials no significant differences were
found between currents (peak or sustained) for
ryanodine~treated cells as compared with control cells.
This also held true whether normalised or un-normalised
values were compared.

The IV relationships for the same cells held at a
potential of -40mV are shown in Figure 4.21. Currents
evoked from a holding potential of -40mV were smaller than
those seen at -80mV, but ryanodine again had no significant
effect on either peak or sustained currents. Thus these
experiments indicate that ryanodine at a concentration of
10uM had no significant effect on calcium currents in these

cells at the holding potentials and test potentials used.

j) Effect of pyrethroids on calcium channel currents.

The pyrethroid class of insecticides act on voltage

sensitive sodium channels, prolonging open times of

152



channels. It has recently been reported that type I
pyrethroids also block calcium channels, particularly
'T'-type, and to a lesser extent 'L'-type channels in the
N1E-115 cell line (Narahashi, 1986). The aim of experiments
reported in this section was to determine the effect of both
type I and type II pyrethroids on calcium currents in the
insect neuronal preparation used throughout this chapter.

Freshly dissociated cells from 1locust ganglia were
bathed in either control saline or saline containing 1uM of
either S-biocallethrin (the active metabolite of a type I
compound) or deltamethrin (a type II compound). As before
cells were clamped using the whole cell patch technique at a
holding potential of -80mV and step depolarised (200ms,
0.1Hz) to a range of test potentials (-60 to +60mV). After
this cells were current clamped and their capacitances
measured as before (see Methods).

Fifteen cells were treated with 1uM S-bioallethrin and
were compared against 12 cells in control saline. Iv
relationships for peak and sustained currents in both
control and treated cells are shown in Figure 4.22. There
were no significant differences between control and
S-bioallethrin-treated cells for peak or for sustained
currents at all test potentials. This was also found to be
true whether normalised or wun-normalised values were
compared.
Thirteen cells were treated with 1uM deltamethrin and were
compared against 12 control cells. The IV relationships for
both control and test groups are shown in Figure 4.23.

Again there were no significant effects of deltamethrin as
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Legend for Figqure 4.22 Effect of S-bioallethrin on ca?*
channel currents

I-V curves are shown for the peak (Ipg, left) and sustained
(Isys, right) current measurements in cells clamped at -80mV
and bathed with either control saline (12 cells) or saline
containing 1uM S-biocallethrin (15 cells). Current values at
each test potential from individual cells were normalised by
dividing by the cell capacitance. Leak and capacitance
artefacts were subtracted by computer before measurement of
currents. Values given are means * s.e.m. averaged over the
number of cells in each group. Values obtained at each test
potential in control or S-biocallethrin-treated groups were
statistically compared (two-tailed t-test) but no

significant differences were found.
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Legend for Figqure 4.23 Effect of deltamethrin on ca2t
channel currents

I-V curves are shown for the peak (Ipg, left) and sustained
(Isyg, right) current measurements in cells clamped at -80mV
and bathed with either control saline (12 cells) or saline
containing 1uM deltamethrin (13 cells). Current values at
each test potential from individual cells were normalised by
dividing by the cell capacitance. Leak and capacitance
artefacts were subtracted by computer before measurement of
currents. Values given are means t s.e.m. averaged over the
number of cells in each group. Values obtained at each test
potential in control or deltamethrin-treated groups were
statistically compared (two-tailed t-test) but no

significant differences were found.
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compared with controls for either peak or sustained currents
(normalised or un-normalised) at any of the test potentials
used. Thus these results show that at a concentration of
1uM neither S-bioallethrin or deltamethrin had an effect on

calcium channel currents in locust neuronal cell bodies.

k) Effect of avermectin on cacium channel currents.

Avermectin is believed to act at as a powerful GABA-mimetic
but might also act on ca2t channels (see Introduction).
Therefore the experiments described in this section aim to
study the effect of avermectin on the calcium currents seen
in the locust neuronal preparation used in this chapter.

Cells were patch clamped and held at a potential of
-80mV throughout the experiment. Cells were perfused with
control saline whilst a range of test potential steps
(200ms, O0.1Hz) from =60 to +60 mV were made to allow
construction of control IV curves. Following this, cells
were repetitively stepped to a test potential of -10mV for
200ms at a frequency of 0.1Hz and such stimulation was
continued while the perfusing medium was changed to one
containing avermectin. After 5-8 minutes in the presence of
avermectin the test potential was again ranged from -60 to
+60mV to construct IV curves.

With concentrations of avermectin greater than 1nM,
large and irreversible increases in the holding current were
observed which made accurate leak subtraction and effective
voltage clamping of the cells difficult. When 6 cells were
treated with a saline containing 1nM avermectin however,

only very small changes in steady state leak were observed,
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Legend for Fiqure 4.24 Effect of avermectin on ca?* channel
currents

I-V curves are shown for the peak (Ipg, left) and sustained
(Igyg, right) current measurements in cells clamped at -80mV
and perfused fistly with control saline and then with saline
containing 10nM avermectin B, for 5-8 minutes. Currents
were normalised by dividing by the individual cell
capacitance. Leak and capacitance artefacts were subtracted
by computer before measurement of currents. Values given
are means * s.e.m. averaged over the 6 cells tested. No
statistically significant differences in currents obtained
after treatment with avermectin as compared with controls
were found at any of the test potentials applied (paired t-

test).
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and it was possible to compare IV relationships obtained in
control saline and after avermectin treatment (Figure 4.24).
At this concentration there was no significant effect of
avermectin on the IV curves whether for peak or sustained
currents.

Thus it would appear that avermectin at a
concentration of 1nM has no effect on the calcium current in
these cells. Effects at higher concentrations of avermectin
cannot be ruled out but are impossible to detect using this
technique due to the large increases in leak that occur with
avermectin application.

1 Sin ch e ings o cium channel currents.
In the experiments described in the earlier sections of
this chapter it was only possible to separate components of
the calcium current by use of 10uM caz+. The different
components appeared to have similar voltage dependence of
steady state inactivation and so could not be separated by
using more depolarised holding potentials, in contrast to
avian dorsal root ganglion cells: (Nowycky et al, 1985a). To
investigate whether two (or more) different types of channel
are present it 1is necessary to study single channel
currents.
The resting potentials of cells bathed in dissecting saline
(see Methods) were measured either during the course of the
experiment or immediately after the experiment by means of
an intracellular microelectrode and mean resting potential
values were =-39.5 + 0.7 mV (n=232 cells). After formation

of a seal of 10GR or better the holding potential of the
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pipette was set to near +40mV (as required) so that the
transmembrane potential across the patch was exactly 80mvV
with the intracellular surface negative with respect to the
extracellular surface. From this holding potential, to
depolarise the patch, the pipette potential was stepped to
more negative holding potentials (range, -60 to +60mV)for a
duration of 175ms and at a frequency of 0.1Hz. Other
holding potentials (=100 to -150mV) and test potentials (+70
to +150mV) were also used when no channel activity was seen.
In all, 232 high quality seals (seal resistance > 10Gfl) were
made onto cells, and in all but one of these patches<29

channel activity was detected. These experiments were
carried out using 110mM Ba?* in the pipette saline (see
Methods), but when the pipette was filled with either a high
potassium saline or dissecting saline outward single channel
currents were observed; presumably due to Kt or C1~ channel
activity.

For the one patch where calcium channel activity was
seen the resting potential (measured immediately after
rupture of the patch) was -40mV. Examples of the inward
channel current are shown in Figure 4.25 and the properties
of these channels are summarised in Figure 4.26. The number
of channel openings in the patch became more frequent with
stronger depolarisations (Figure 4.26, A) and the mean
duration of each opening also became longer (Figure 4.26,
C). The increased channel opening frequency and duration of
opening is also reflected in the increase in mean total open
time (Figure 4.26, D) during the steps. More depolarised

test potentials also gave rise to a reduction in the latency
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lLegend for Figqure 4,25 Unitary ca2t currents in locust
neurones.

Typical current records seen in a cell attached patch held
at a transmembrane potential of -80mV. Currents were
activated by step depolarisations to the transmembrane test
potentials (Vpggr) shown by each pair of current traces.
Currents were filtered at 1kHz using an 8-pole Bessel filter

and leak and capacitance artefacts have been subtracted.
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Legend for Fiqure 4.26 Properties of unitary Ca2t channel
currents.

The mean number of openings per voltage step (graph A), mean
first latency (graph B), mean open duration of all openings
(graph C) and total open duration per voltage step (graph D)
are shown plotted against test potential for the cell

attached patch shown in figure 4.25.
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Figqure 4.27 Slope conductance of unitary ca2*t channel

currents.

Mean amplitudes of ca?t channel currents are shown plotted
against test potential. Linear regression fit of a straight
line to the data gave a slope of 6.9pS and an apparent
reversal potential of 81.8mV. Data were obtained from the
same membrane patch. Standard error bars for the test
potentials above =-30mV are smaller than the symbols used

here.
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to the first channel opening in a step (Figure 4.26, B).

In Figure 4.27 the mean channel amplitude is plotted
against test potential and a linear regression fit through
the points gave a slope conductance of 6.9pS with a reversal
potential of +81.8mV. Figure 4.28 shows frequency histogams
of amplitude at given test potentials. The most noticeable

feature of all these graphs is the 1lack of a normal

distribution. The wide range of amplitudes with possible
multiple peaks may suggest that either there is more than
one channel present in the patch or that there is only one
channel present with a number of subconductance states.
Frequency histograms of channel open time for various
depolarising steps are shown in Figure 4.29. Single
exponentials fit the data resonably well at the -10 and
-20mV test potentials and a multiple exponential fit has
been made to the data at the 20mV test potential.

Steps to each test potential which showed channel
activity were averaged together by computer and are shown in
Figure 4.30. These averaged traces represent the change in
probability that the channel is open during the time course
of the potential step and show that in the case of steps to
test potentials of -10mV and OmV the probability of channel
opening declined throughout the step, i.e. the channel
observed in the patch was transient in nature. At a test
potential of +20mV however, the channel open probability
appeared to remain fairly constant throughout the course of
the 175ms step. This may imply that at strongly depolarised
potentials the channel does not inactivate and gives rise to

sustained currents in the whole cell configuration.
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Figure 4.28 Amplitude frequency histograms of unitary ca2+t

channel currents.

Frequency is plotted against the amplitude for currents seen
at test potentials of -20mV (A), -10mV (B), OmV (C) and 20mV
(D). Amplitude bin width was 0.03pA. Data were obtained

from the same membrane patch.
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Legend for Fiqure 4.29 Open duration frequency histograms
of unitary ca2t channel currents.

Frequency of open duration times of currents seen at test
potentials of -20mV (A), =-10mV (B) and 20mV (C). Open time
bin width was 0.2ms (graphs A and B) and 5ms (graph C).
Exponentials fitted to the data using the sum of squares
method gave values for 7t of 1.8ms (A), 1l.7ms (B) and a
double exponential fit with values of 5ms and 100ms (C).

Data were obtained from the same membrane patch.
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Fiqgure 4.30
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Legend for Fiqure 4.30 Ensemble average currents obtained
from single channel recordings.

Mean current records shown were obtained by averaging
together those steps which showed channel activity at each
test potential. The amplitude calibration is 0.17paA,
0.25pA, 0.25pA and 0.5pA for the -20, -10, 0 and 20mV traces
respectively. Current records were subtracted for

capacitance transients and leak before averaging.
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Figure 4.31

2+ | (AFY
110 Ba .F5o
-1 0

50 Vtest (mV)

1-200

174

see over for legend



Legend for Figure 4.31 Whole cell Ca?* channel currents in
110mM Ba2*,

I-V curves are shown for the peak and sustained current
measurements in cells bathed in a saline containing 110mM
Ba2t as the charge carrying ion. Currents from 6 cells were
normalised by dividing by the individual cell capacitance
before being averaged. Values given are the mean * s.e.m.
Leak and capacitance artefacts were subtracted before

measurement.
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When the 110mM Ba2*t pipette saline was used in the bath
and whole cell recordings were made, whole cell calcium
channel currents were observed. Mean, normalised current
amplitudes were approximately 3 times larger than those seen
when 10mM Ba2t was used and displayed similar
characteristics (i.e. both transient and sustained
components) although the IV curves appeared to be shifted by
approximately 10mV in the depolarising direction (Figure
4.31). This therefore shows that ca2t channel currents do
occur in the presence of 110mM Ba?* and the solution used in
the cell attatched pipette does not appear to prevent ca2t
channel activity.

In summary, the observation of single ca?t channel
currents in these cells proved to be very difficult. 1In the
one patch where channel activity was observed a 1low

conductance channel was characterised.

m) Discussion,

The experiments described in this chapter were designed
to study ca?t channel currents in the somata of neuronal
cells freshly dissociated from the thoracic ganglia of
locust, Schistocerca gregaria. Large inward currents were
seen when cells were depolarised with Ba?t used as the
charge carrying ion. Evidence that these currents were
carried through ca?* channels was provided by a number of
different experiments. 1In the first place, all experiments
were carried out under conditions which should prevent
currents carried by other ions; TTX was present in the

bathing solution to block voltage-dependent Na't channels,
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TEA was present both inside and outside the cell to block K'
channels, and the use of Ba?t in the bathing solutionAand
cst in the pipette solution also reduced K' currents.
Furthermore, when Nat was replaced in the bathing solution
with choline, no significant differences in the inward
current in cells were seen, again showing a lack of
involvement of Nat in the inward current. This inward
current (which was also carried by ca2') was blocked by
cd?*, the inorganic ca2* channel blocking agent. Taken
together, these oservations all suggest that the inward
currents are carried by the passage of Ba2*t through
voltage-dependent ca2t channels.

The inward ca2?% current an@itudes in these cells
were proportional to the cell capacitance and hence
presumably, cell surface membrane area; indicating a roughly
constant Ca2% current per unit area for the cells recorded
from. This provided a convenient means to normalise ca?*
currents between cells and prevent weightings of
unnormalised averaged currents towards those in the larger

cells.

Is the calcium channel current carried by more than one type

of channel?

The Ca?t channel currents seen in these cells appeared to
show two phases. At a holding potential of -80mV a
sustained phase, activated at test potentials positive to
-40mV and a transient phase activated from test potentials
positive to approximately -30mV were seen. In all cases

where both phases were seen, the sustained current threshold
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was at a more negative potential to the transient current
threshold. These two current components could not be
separated by imposing more depolarised holding potentials on
the cells, since both peak and sustained currents showed the
same degree of steady state inactivation at each holding
potential. This would suggest that if two different
channels underlie the peak and sustained components of the
ca2t channel current, then these channels have similar
steady state inactivation properties and very slightly
different activation kinetics. If, however, both peak and
sustained components of the current are based on a single
channel type showing both transient and sustained phases,
then this would also be consistent with the above results,
with the rate of inactivation simply depending on the test
potential.

These currents differ from those in other cell types
where both transient and sustained components of current are
seen. For instance in cultured neurones from dorsal root
ganglia, the transient component is inactivated at more
depolarised steady state holding potentials (around -40mV)
leaving the sustained component as the only current
activated by step depolarisation (e.q. Nowycky et al,
1985a) . Furthermore, again in contrast to other cell types,
the transient component of the Ca2t current in these locust
neurones is activated by slightly larger depolarising steps
than those required to activate the sustained component of
current. These transient and sustained components of the
ca2t channel current could, however, be separated by their

differential sensitivity to block by €d2*. The block of the
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sustained component of current (seen at low concentrations
of Cd2+) provides strong evidence that two channel types
exist. On its own however, this does not provide conclusive
proof of separate ca2t channel types. If the two phases of
current are carried by a single channel type, then it is
possible that cd?t preferentially blocks the channel when it
is in a state that favours sustained-type behaviour.
Verapamil, which also might have been expected to block
only the (i;;) sustained component of the ca2* channel
current, aSB;;red to have an effect on both components,
although the sustained component was affected to a greater
degree than the transient component, possibly supporting the
idea of two channel types. Nitrendipine had no effect on
the ca2*channel currents in these cells and therefore proved
to be of no use in determining whether more than one channel
type existed. Furthermore, type I pyrethroids, which
preferentially block T-type channels in the N1E-115 cell
line (Narahashi, 1986), had no effect on the ca?* channel
currents in these locust neurones. Conclusive evidence for
either one or two channel types might have been expected
from the single channel experiments, but only limited data
could be obtained. In the only patch in which channel
activity was seen, the ensemble average traces showed that
at the lower test potentials (-20 to OmV) the current was
transient in nature, but at a test potential of +20mV it
became sustained. This dual nature may indicate that both
sustained and transient activity may be shown by the same
channel. However, it would be expected from the currents

seen in whole cell recordings that the sustained current
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would be seeen at the more negative test potentials and the
more transient current at more positive test potentials.
Clearly this experiment is inconclusive and further single
channel recordings would be required to clarify this result.

Thus in summary, the experiments reported in this
chapter have not shown conclusively that the biphasic nature
of the cCa2% channel current in these cells is mediated by
more than one channel type. However the balance of evidence
probably favours two channel types, one béing' sustained,
activated at more negative potentials and more sensitive to
Ccd2t than the other, cd2t resistant, transient current type.
If this is the case both channel types would have similar
steady state inactivation characteristics and similar

sensitivity to verapamil.

Pharmacolo o s eurona cium channels.
Pharmacologically the ca?t channels of locust neurones
do not closely resemble those seen in vertebrate systems.
As stated above, the ca2t channels underlying the Ba2t
current in this preparation appeared to be blocked by
verapamil but not by nitrendipine. This agrees well with
the biochemical studies of Pauron et al (1987) and Greenberg
et al (1989) on another insect neuronal preparation. Both
groups found that in Drosophila head membranes the
phenylalkylamines bound to the membranes with a very high
affinity but that a very much lower affinity binding was
associated with the dihydropyridines. Furthermore, in
experiments where these brain membranes were reconstituted

into planar lipid bilayers channels were found which were
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(as for locust) highly sensitive to phenylalkylamines but
insensitive to dihydropyridines. Other channel types were
also observed which were sensitive to dihydropyridines but
not phenylalkylamines or which were insensitive to both
class of compound. Byerley and Leung (1988) have reported
that benzothiazepines have no effect on the ca2* current in
cultured neurones from Drosophila embryos, but that a weak,
reversible blocking effect could be seen with high
concentrations of phenylalkylamines.

It is interesting to note that in our experiments
verapamil did not appear to have a significant blocking
effect at the lower test potentials which elicited an inward
current. Use dependence (Lee and Tsien, 1983) can be ruled
out as a factor causing this since the cells were repeatedly
depolarised during the run-on of verapamil. It may thus be
possible that the sustained component of the ca2t current
consists of a further subdivision of types with one type
insensitive to verapamil activated at the 1lower test
potentials and the other type sensitive to verapamil and
activated at more positive test potentials;

Although pyrethroids act on mammalian sodium and
calcium channels (Narahashi, 1986) and on insect sodium
channels (Hart, 1986, see also Introduction), in 1locust
neuronal cell bodies pyrethroids of both classes had no
effect on the ca2* channel current. It would therefore
appear that there are further pharmacological differences
between vertebrate and insect Ca?* channels.

Ryanodine was found to have no action on 1locust

neuronal Ca2t channels. This is in contrast to its marked
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effect on Ca2*-dependent action potentials in moth larval
skeletal muscle (Chapter 3). Thus it is possible that
ryanodine produces its effect on Ca?t currents in skeletal
muscle via an indirect mechanism, probably by its known
action to alter Ca?t release from the sarcoplasmic reticulum
(see Introduction) which in turn can indirectly affect ca2*t
channel kinetics. The lack of action on the locust neuronal
ca?t currents may be due to the fact that cells were
dialysed with a solution containing EGTA and any
intracellular release of Ca2* would be strongly buffered.
Furthermore, no direct action of ryanodine on other neuronal
ca?* currents has yet been shown (see e.g. Nishio et al,
1986), although a recent report has indicated that there
exist ca2% release channels similar in structure to the
ryanodine receptor in neuronal endoplasmic reticulum but
which are gated by inositol 1,4,5-triphosphate (Mignery
et.al., 1989).

Avermectin, at low concentrations (1nM) was not found
to have an effect on the Ca2' channel current. At higher
concentrations avermectin caused an increase in conductance
in the 1locust neurones and because of this it was not
possible to resolve its action on the ca2' channels. The
apparent similarity between the properties of
avermectin-operated channels and ca2t channels (Hart et al,
1986, Lacey, 1987) might therefore be simply coincidental.
The recent report that AVM may induce the appearence of
non-selective cation channels in cell membranes (Martin and
Pennington, 1989) may provide a better explaination for the

effects of AVM in this preparation.
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To summarise this chapter (see also Table 4.2), the
results of investigations into the physiological and
pharmacological properties of insect neuronal Ca2% channels
are reported. Evidence was presented showing that ca?t
channels are present in this preparation. Based on
inactivation rate and preferential block by cd2*, there may
be two types of channel present, one transient and the other
sustained. These channel types differed from both the
physiological (e.g activation and inactivation kinetics) and
pharmacological (e.g. actions of ca2t antagonists  and
pyrethroids) properties of the L, N and T types of channel

described in vertebrate neurones.
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