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abstract

The properties of calcium channels were studied and the
role of the inactivation of the channel‘s conductance in
intracellular calcium regulation was assessed in an identified
class of FRMRamide sensitive neurons in a marine snail,
Hermissenda crassicornis. Two calcium channel subtype (low
and high-voltage activated channels) may be present in the
neurons. However, under the conditions examined here, the
high-voltage activated channel predominated.

Calcium current appeared at potentials positive to -30
mV and peaked at +20 mV, from holding potentials ranging from
-70 to -50 V. Current activation was voltage dependent, with
a sigmoidal relationship, which could be fitted with an H-H
formalism of m?. However, the inactivation kinetics were
dependent on calcium influx and voltage with the voltage range
of inactivation lying between —100 and -20 mV. The time
course of inactivation was biphasic (at 0 mV in 10 mM [Ca],
Tiast (T7) = 20 = 29 ms, T, (7,)= 410 - 536 ms). But at -30,
+40 and +50 mV step voltages the current waveform decayed
monotonically with voltage.

The channel was reversibly blocked by lanthanum (350 uM)
and cadmiuﬁ (350 uM) but was less sensitive to nickel and
cobalt ions. While nanomolar concentrations of the organic

calcium channel blocker, e—-Conotoxin, irreversibly blocked the

v



channels even micromolar doses of the dihydropyridiﬂes (DHP)
had little effect on the channels. If anything, the effects of
the DHPs could only be described as non-specific.

It is suggested in this thesis that the inactivation of
calcium conductance is regulated by voltage and currentt. Both
vmechéniSms work in concert to fine tune calcium influx

following activation of voltage-dependent calcium channels.
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CHAPTER X

INTRODUCTION

Ever since the introduction of techniques for recording
electrical activities of neurons, it has become clear that the
movement of calcium ions (Ca”), from the extracellular to
intracellular compartments, is of central importahce to
neuronal function. Intracellular free calcium (Caf*) serves
as a second messenger and a rise in cytoplasmic calcium ion
concentration initiates several biochemical activities.
Paradoxically, it has been shown that a rise in Ca.i‘2+ beyond a
certain concentration can cause neuronal death. Thus, neurons
must maintain a balance between the influx and efflux of
calcium. This thesis describes calcium channel properties and
the inactivation mechanisms of the channel. Inactivation of
calcium channel conductance is one of the mechanisms by which
neurons regulate intracellular free calcium concentration
(Eckert & Chad, 1984). An identified class of neurons in the

nudibranchk mollusc, Hermissenda crassicornis was studied.

INTRACELLULAR CALCIUM

Functions and Regulation in Neurons.

Calcium plays an important role in s’gnalling and
processing of information in the nervous system. This

1
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includes the transduction of sensoy: 2timwii (e.g. mechanical,
chemical into electrical impulses), &I transmission of
chemical signals across synapses and the integration and
storage of information to effect coordinated motor responses.

Calcium based action potentials were first observed in
crustacean muscle (Fatt & Katz, 1953) and later in other
invertebrate and vertebrate neurons {(Horn, 1978, Llinas &
Hess, 1976). Even during pure sodium spikes (Hodgkin &
Huxley, 1952), “°ca®* flux experiments show that intracellular
calcium rises to about 3 times that of baseline level (Bianchi
& Shanes, 1959) as a result of activation of calcium channels
and deactivation following the repolarization phase of the

action potential. Thus, Ca?®" influx through voltage-sensitive

calcium channels (VSCC) down its electrochemical gradient

serves to raise [Cafﬁ]. Furthermore, some calcium channels
open in response to membrane receptor agonists -receptor
operated channels~, namely the binding of ATP in smooth muscle
preparations and HNMDA receptors in central neurons (ROC
Bolton, 1979; Adamss et al., 1980; Thomson et al., 1985;
MacDermoctt et _al., 1986; Brenner & Eisenberg, 1986). Aside
from the extracellular supply, the intracellular free calcium
level can be raised by release from calcium stores (Berridge
& Irvine, 1984; sSpat et al., 1986). All these events can
result in an increase in ca;?* from, less than 107 M to about
10 M (Brinley, 1978; Miller, 1987).

Many intracellular seccnid messengers and enzynmes are
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activated with a rise in [Ca;*]; these include cyclic
nucleotides, diacylglycerol, inositol phosphates, and protein
kinases (Cheung, 1980; Berridge, 1987; Kennedy, 1989).
Presumably, transient events, like neuro-secretion and
adaptive reactions including regenerative processes following
injury or diseases (Van der Zee et al., 1989), as well as
long-term storage of memory are directly (Alkon et al., 1990)

or indirectly (Lederhendler et al., 1990) effected through the

second messenger systems. The regulation of intracellular
second Tmessengers ‘therefore depends, partly, on Caiz+
homeostasis.

A rise in intracellular calcium is known to activate
certain classes of potassium channels (Meech, 1974; Swandulla
& Lux, 1985) and chloride channels (Byrne & Large, 1987) to
repolarize the membrane to l1imit calcium entry. In addition,
the inactivation of calcium currents, in ciliates, Aplysia
neurons and insect muscles (Brehm & Eckert, 1978; Brehm et
al., 1980; Tillotson, 1979; Eckert et al., 1981; Chad et al.,
1984; Ashcroft & Stanfield, 1981), Helix neurons, sympathetic
ganglion cells, adenohypophysial cells and cardiac myocytes
(Brown et al., 1981; Adams, 1981; Thornton, 1982; Hume &
Giles, 1983; Brown et al., 1984; Mitchell et _al., 1983) are
dependent wholly or in part on calcium influx. Hence, calcium

participates in a negative feedback mechanism to regulate the

+

free Caf level. Oother mechanisms known, in principle, to

prevent calcium overload are; (1) sequestration of calcium
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into intracellular stores, e. g. endoplasmic reticulum (2) an
energy dependent pump which extrudes calcium out of cells (3)
a carrier protein known to etrude one ion of calcium in
exchange for at least three sodium ions (Na*-ca?" exchanger)
and (4) intracellular calcium buffers (Brinley, 1978; DiPolo
& Beauge, 1983). In neurons, direct electrophysiological
evidence for the presence of either the calcium pump or the
carrier system has not been obtained, even though biochemical
data from experiments performed on the squid axon suggest the
presence of such mechanisms. However, a number of
laboratories have shown that the absence of extracellular
sodium or the presence of ATP generation inhibitors result in
an increase in “ca?* flux in the squid axon, suggesting that
a sodium dependent calcium-efflux mechanism and an ATP-

dependent ca® pump may be present (DiPolo & Beauge, 1983:

Baker & Dipoloc, 1984).

CALCIUM CURRENTS

Within the past few years, the kinetics, pharmacology and
functional properties of calcium channels have been intensely
studied, but our knowledge of these characteristics is
incomplete. It is clear that the activation of calcium
channels, with few exceptions, is voltage dependent and the
time course is slow compared with that of the tetrodotoxin

(TTX) sensitive sodium channels. The voltage range of
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activation of calcium currents varies both, between and within
neurons (Tsien et al., 1987; Fox et al., 1987). Similarly,
the inactivation profiles of calcium currents are variable and
it is as a result of these observations together with
pharmacological differences of I, that three distinct calcium
channels have been categorized in vertebrate neurons (Fox et
al., 1987). Tsien and coworkers demonstrated, at macroscopic
and microscopic levels, that in chick sensory neurons, at a
holding potential of -100 mV, a transient (T) calcium channel
was activated at potentials positive to -70 mV. The T channel
had a steady state inactivated potential range between =100
and -60 mV and was found to be insensitive to the
dihydropyridines, weakly blocked by cadmium ions and
reversibly blocked by Omega-conotoxin (w-CgTX) . With positive
step potentials (> -20 mV), Nowycky et al., (1985) found
another transient channel (N type). This channel was similar
to the T type in its insensitivity towards the
dihydropyridines but unlike the T channel, it was highly
sensitive and irreversibly blocked by cadmium and ©-CgTX,
respectively. A slowly inactivating channel which activates
at -10 mv (L type) and which is sensitive to the
dihydropyridines has also been described (see table 1: Tsien,
1987; Nowycky_ et al., 1985; Fox et al., 1987). Not all the
three calcium channels are expressed in every cell. For
example, only the T and L are seen in canine atrial cells

(Bean, 1985), and in sympathetic neurons only N and L have
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been recorded (Marchetti et al., 1986). In adrenal medullary

chromaffin cells only the L type channel is expressed (Fenwick
et _al., 1982; Cena et al., 1989) while only the T type is
observied in B lymphocytes (Fukushima & Hagiwara, 1985).

The physiological functions of the three calcium channels
are not fully understood. In the presence of nickel ions, a
blocker of T channels, cardiac myocytes were reported to
decrease their frequency of contraction which was enhanced
with hyperpolarization (Hagiwara et al., 1988). Such
observations together with ones made in vertebrate neurons
(Llinas & Yarom, 1981; Burlhis & Aghajanian, 1988) strongly
suggest that the T channel is responsible for the generation
of pacemaker depolarization in the heart and neurons, but even
so, this cannot entirely exclude the possible contribution of
other types of calcium channels because the inorganic calcium
channel blockers used in those experiments all have some
effect on other calcium channels (Tsien et al., 1987). The
use of -CgTX, a reversible blocker of T channels but
irreversible antagonist of N-type, and the dihydropyridine

antagonist for blockade of L type channels may help clarify

this issue. However, such an experiment is yet to be
reported. Speculation on the T channel involvement in
contraction of muscles (Perney et al., 1986) and secretion in

adrenal glomerulosa cells (Cohen et _al., 1988) has also been

made.

The I channel may be involved in contraction of heart
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cells (Tsien et _al., 1989) and release of noradrenaline from
synaptosomes, based on the inhibitory role of the
dihydropyridines on these events (Hofmann et al., 1987).

Neurotransmitter release at the synaptic terminal of the squid
axon and the neuromuscular junction of frog (Augustine et al.,

1987) and in sympathetic neurons are resistant to the

dihydropyridines and cadmium but sensitive to w-CgTX (Miller,

1987; Hirning et al., 1988).

Table 1. Properties of three classes of voltage—dependent

calcium channels.

Properties

Activation
range (10 mM
ca?")

Steady state
Inactivation
range

Relaxation
rate (O mv, 10
ca?* or Ba®

Single channel
conductance

Single channel
kinetics

Ccadmium block
Cobalt block

Dihyropyridine
sensitivity

w-CGTX block

reversible

Positive to
-70 mV

-100 to -60 mV

Moderate (7
~20~-50 msec)

8 - 10 pS

Late opening,
brief burst,
inactivation

Resistant
Sensitive
No

Weak,

Positive to
-10 mV

>=-100 to —40
mVv

Moderate (71
220-50 msec)

11 -15 pS

Long burst,
inactivation

sSenaitive
Less sensitive
No

Persistent

Kasia,

Positive to
-10 mV

-60 to —-10 mV

Very slow (7 >
500 msec)

23 « 27 pS

Hardly any
inactivation

Sensiitive
lLess sensitive

Yes

Weak (Aosaki &
1989)



Consequently, it is common to see the N-type channel being
associated with transmitter release (Tsien et al., 1989).
This is a bit misleading because most of the calcium currents
recorded close to synaptic terminals fall outside the
description of an N-type channel. For example, Iu” at the
synaptic terminal of the squid axon and frog neuromuscular
junction activate at potentials around --50 mV and shows little
or no inactivation (Augustine_et al., 1987). Such kinetics
are far from the properties of an N-type channel (see table
1).

The classification of calcium channels formulated by
Tsien and coworkers is by no means complete. Invertebrate
calcium channels are similar but not identical to the
vertebrate T, N, or L channels. For example, Aplysia bag
cells and Helix pacemaker neurons exhibit non-inactivating
calcium currents that are sensitive to the dihydropyridine
antagonists but resistant to Bay K 8644 and ©-CgTX (Eckert &
Lux, 1976; Strong et al., 1987). Similarly, the squid axon
displays both dihydropyridine and ©-CgTX insensitive calcium
currents (Augustine et al., 1987). Even in some vertebrate
sensory neurons, ©—-CgTX has been found to block predominantly
the L- type current which activated from a holding potential
around -30 mV (Scott et _al., 1990). Recently, Aosaki and
Kasai (1989) have reported that the L and N type channels in
chick sensory neurons are differentially sensitive to the DHPs

and w-conotoxin respectively. Other laboratories, using the
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same preparation (sensory neurons), have reported results
which are completely opposite to the selective inhibitory
action known for eo-conotoxin on L and N-type channels, i. e.
inhibition of N- type current and not L-type current (Plummer
et al., 1989). For one thing, we cannot attribute the
apparent confusion to differences in preparation and for
another, the variation of responses are not likely to result
from differences in the use of divalent ions which may modify
w—-conotoxin binding (Scott et al., 1991). However, species
variations, differences in the preparation of the toxin and
the interpretation of experimental data are likely to cause
these variations (Hess, 1990).

Other calcium channel blockers e.g. Amiloride (Scott et
al., 19921), l-octanol and gadolinium (Takahashi et al., 1989)
have been used by other investigators but they d. not appear
to have any specific inhibitory actions and hence are not
useful for pharmacological separation of channels.
Furkinije cells (cerebellum) have distinct voltage-
activated calcium channels which cannot be grouped with the
T-, N- and L- type channel classifications. Though similar
to the N- type channel, the channel which has been named P
channel (Llinas et al., 1989), activate around -50 mV and is
insensitive to o—-conotoxin. It is becoming apparent that the
N-type channel may consist of several sub-types which might
have undergone some evolutionary modification based on

function. Calcium channels close to the squid giant synapse



10

and synaptic calcium channels at cholinergic pre--synaptic

terminals (Stanley & Goping, 1991) and the Jjellyfish,
Polyorchis penicillatus, neurons (Przysiezniak & Spencer,
1991), have some common properties (they begin to activate at
very high positive voltages; 2 +20 mV) which are similar to
the N-type channels, though they differ in their sensitivities
towards pharmacological blockers. Calcium channels in
cholinergic neurons are sensitive to w«-conotoxin but
insensitive to the DHPs. on the other hand Ca-channels in
jellyfish neurons are blocked by the DHP antagonists.

At the single channel level, B-type channel (from bovine
cardiac sarcolemma) has been recorded from planar lipid
bilayers. It has a single channel conductance of 10 pS
(maximum conductance) at hyperpolarizing voltages (-100 mV),
has long open times (> 100 ms) and is insensitive to Bay K8644
(Rosenberg et al., 1988). The cardiac cell has a high demand
for calcium ions and it is 1likely that this channel is
restricted to serve this purpose but this has yet to be shown.

The observations made, so far, on calcium channels rule
out the possibility that only three sub-types of calcium
currents exist in the animal kingdom. Several divergent
populations of calcium channel sub-types may have evolved and
only when an extensive screening of the animal phyla for
calcium channels has been made can this categorization be made

complete.

In voltage-clamped neurons in which sodium and the fast
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and slow potassium currents have been blocked or eliminated,
assessment of the kinetics of calcium current activation have
been less problematic than inactivation. Calcium current
activation occurs at a relatively faster time scale‘than
outwardly directed currents, except the transient outward
current, I,, which is readily blocked by 4-AP. Following
calcium influx, the activation of outward currents (e. d.
calcium =activated potassium current, TI,..: Meech & Standen,
(1975)) serves to contaminate the calcium current. Hence, the
apparent inactivation of caicium current may be the result of
an increasing outward potassium current. Okamoto et al.,
{1976) showed evidence that, in tunicate eggs, at potential
rances in which little or no potassium current was activated,
inactivation of calcium current occurred. Subseguent inward
tail current measurement, in molluscan neurons, at the
reversal potential of the potassium current by Connor (1977),
supported this conclusion, and demonstrated that the calcium
current was sustained with slow kinetics of decay. Prior to
connor's report on Archidoris, Katz & Miledi (1971) had
observed that sustained depolarization, beyond the reversal
potential, by the injection of current into the squid pre-
synaptic terminal resulted in cessation of transmitter
release. However, transmitter release was regained briefly
after current injection was stopped. The conclusion was that
the activation of calcium conductance persisted during

depolarization and the tail current associated with
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repolarization, following current turn-off, resulted in
further transmitter release. Subsequent voltage clamp
experiments (Llinas et al., 1976, 198la & 1981b) have
confirmed the non-inactivating kinetics of calcium current in
the squid axon. n2sa authors (Llinas et al., 1976, 1981l1a &
b) have suggested, therefore, that two types of calcium
conductances exist; one which inactivates with prolonged
depolarization and the other which does not.

The presence of ICa2+ inactivation and non-inactivation
have been ascertained using voltage-clamp recording from
dialysed cells (Kostyuk et al., 1975) and the tight-seal
whole—-cell technique (see chapter 3). In both methods,
intracellular calcium is buffered with a chelator (e.g. EGTA)
to prevent Caz"i elevation, and outward current activation
eliminated with impermeable cations. The use of intracellular
calcium chelator and replacement of extracellular calcium with
barium or strontium have revealed yet another mechanism of I
inactivation; calcium-dependent inactivation. Tillotson,
(1979) showed that with a conventional twin-pulse paradign,
calcium current in Aplysia, R-15, R-2 and R-14 neurons
exhibited reduced inactivation at pre-pulse potentials close
to the equilibrium potential for calcium (E;,) and that I,
inactivation decreased when extracellular calcium was replaced
with an equimolar concentration of barium. It was further
demonstrated that the calcium influx, obtained by integrating

the area above the current, correlated with the degree of
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jnactivation curve (Tillotson, 1980; Eckert et al., 1981). In
addition, calcium mediated I, inactivation was ascertained
using the calcium sensitive dye, Arsenazo I1ITI, as an optical
calcium indicator (Tillotson, 1980). In this experiment the
optical signals were of the type expected according to the
postulate of calcium dependent inactivation. Eckert and co-
workers, after a series of experiments (Chad et _al., 1984;
Eckert et al., 1982; Eckert & Ewald, 1983) and in an extensive
review Eckert and Chad 1984, concluded that the inactivation
of calcium current in most cells and in particular, in
invertebrates, can be explained solely as a calcium dependent
phenomenon. They illustrated this hypothesis with a kinetic
model (Chad et al., 1984). Cca~dependent inactivation of
calcium conductance has also been demonstrated in insect
muscles (Ashcroft & Stanfield, 1982), ciliates (Brehm et al.,
1980), cardiac cells (Giles et al., 1980; Hume & Giles, 1983:;
Campbell et al., 1988) and sympathetic ganglion cells (Adams,
1981) .

The evidence for calcium-mediated inactivation of calciun
channels stated by Eckert and colleagues were guite strong.
However, there were some fundamental questions which were left
unanswered. If inactivation mechanisms of calcium current
were exclusively calcium dependent, then, substitution of
extracellular calcium with barium should remove the I, turn-
off. Brown et al., (1981) reported that, in Helix neurons,

calcium channel inactivation was not obliterated when barium
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ion was used as the charge carrier and even in the initial
reported case of this phenomenon (Tillotson, 1979), I
inactivation was reduced but not removed with extracellular
barium. It is conceivable that barium substitutes for calcium
in a calcium~-dependent process, however the evidence is not
clear~cut (Hille, 1984). Several authors (Brown et al., 1981:
Brown_et_ al., 1984; Akaike et al., 1988; Campbell et al.,
1988) have demonstrated that the inactivation of calcium
current is dependent on Ca®* influx, yet, at certain voltages,
the contribution of voltage cannot be ruled out. Thus the
inactivation of some calcium channels may depend on both
current and voltage. The degree of inactivation at a post-
pulse and calcium influx measured from the integral of I_,
elicited from pre-pulses, may be expected to show parallel
relations if the inactivation were Ca-mediated, but this has
not been observed in some cases (Brown et al., 1981).
Moreover, rapid buffering of Caa} by intracellular proteins
can result in this apparent discrepancy.

Earlier data presented by Eckert et _al., (1983), showed
convincing evidence to demonstrate the relative absence of any
outward current contamination of their calcium current
records. Nonetheless, in the kinetic model for calcium-
mediated calcium current inactivation, Chad et _al., (1984)
restricted it to voltages between -26 and 0 mV with the
suggestion that beyond 0 mV outward current contamination

might affect the model. Thus, the model begged the
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fundamental gquestiori it was supposed to answer and gave an
apparent hint that the inactivation of calcium channels may be

partly calcium and voltage dependent.

MOLLUSCAN NEURONS

Molluscs are suitable for physiological studies of
individual cells in the nervous system. Not only do their
large sized-neurons permit single and multiple microelectrode
penetrations but the ability to use identified neurons make
molluscs a valuable model system for research in
electrophysiology. Studies of ionic currents using the
voltage clamp technique (Cole, 1949) are feasible in molluscan
neurons. However, one important technical problem in working
with molluscan neurons is attaining good spatial control of
voltage. To circumvent this proklem, relatively small cells
or multiple electrode vgoltage clamp (Llinas et al., 198la;
Connor, 1977; Augustine et al., 1985a) or other methods
(Kostyuk et al., 1975) have been used to study ionic currents.

Studies on the ionic currents responsible for the

generation of action potentials in Hermissenda neurons have

been, largely, restricted to the peripheral nervous system
(e.g. photoreceptor). Most of the neurons in the central
nervous system which have been investigated (e.g. LPl) are
large (approx. 80 - 100 gm. diameter) and hence are not

suitable for single electrode voltage clamp studies (see chap.
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3). However, smaller diameteér neurons which are suitable for
voltage clamp have been found in the pedal ganglia. These
neurons (25 - 35 um in diameter) are homogenous in their
electrical properties and are sensitive to the neuropeptide,
FMRFamide. They supply the visceral organs of the animal
(Yamoah, et al., 1991). The neurons, (FMRFamide sensitive
neurons; FSN), are relatively easy to isolate and they can
grow in culture made from artificial sea water, for several
days (see chap. 2).

In the mollusc, Hermissenda, classical conditioning

appears to produce both anatomical and biophysical changes
characterized by reduction of dendriitic volume (Alkon et al.,
1990), increase in somatic area (Lederhendler et al., 1990)
and reduction of potassium currents (Farley & Auerbach, 1986) .
These structural and biophysical correlates of learning-
related changes have generally been found to be calcium
dependent. For example, in the membrane of the type B
photoreceptor in Hermissenda, one of the loci for long—term
modulation of potassium channels, the conditioning-specific
reduction of K' currents could not be induced without
extracellular calcium or when calcium chelators were injected
jinto the cells in calcium bathed media (Alkon, 1987). Similar
results have been found with the anatomical changes associated
with conditioning (Lederhendler_et al., 1990). It has been
suggested that Caz"i in conjunction with protein kinare C,

mediate the phosphorylation of a 20-kDa G-protein which,
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initiates both the anatomical and biophysical changes (Matzel
et _al., 1990; Nelson et al., 1990). Therefore, it seemed
reasonable to begin to address questions related to
intracellular calcium regulation in Hermissenda neurons.

Several attempts have been made to measure calcium
currents, in Hermissenda, but only that of Ccollin et al., 1988
was successful. Even that work had its problems because
outward current contamination of the calcium current,
especially, at positive voltage steps prevented any useful
kinetic study. The present project was intended to measure
calcium currents in FSNs. This group of neurons were selected
for two reasons: (1) They are small in size and hence are
suitable for single electrode voltage clamp studies. (2) They
are light sensitive (elicit burst activities with light) and
have a repetitive firing pattern (FMRFamide response)
comparable to that seen in the type B photoreceptor with
light, though less robust. It is appreciated that the detail
dynamics of calcium channel/s properties in FSN may be
different from that of the B photoreceptor. However, it is
presumed that the basic mechanisms of the channel's kinetics

will be similar in both cells.
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Objectives for this project
The regulation of intracellular free calcium depends on

membrane bound phenomena and intracellular sequestration
mechanisms. The scheme below is a summary of the phenomena'

entailed in the maintenance of a low intracellular calcium
concentration (see caption underneath for detail).

Figqure 1. Schematic diagram of intracellular calcium dynamics.

————nb| Dopolarization

= Key: + = Activation
Sodium current - = [nhibition

/['Ca roleass from storage J

[ Cytosalic free Ca. L*:,»FCa. sequestration J

7 ‘A +&- +

) Protein buffers Na/Ca exehangiJ

Membrane depolarization opens calcium channels and calcium
flow inward along the electrochemical gradient. Increase in
Ca"'*i, activates potassium conductance to reverse membrane
polarity and inactivates calcium conductance to reduce calcium
inflow. An ATP-dependent pump extrudes calcium outside and a
carrier-mediated exchanger operates to minimized intracellular
calcium overload. In addition, protein buffers in the cell

and intracellular calcium pumps in organelles work in concert
to ensure homeostatic calcium activity.
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The aim o¢f this project is to advance our present
knowledge on calcium channel/s properties in Hermissenda

crassicornis with emphasis on the voltage-dependent

activation, inactivation mechanisms and the pharmacology of
the channel/s. The whole-cell variant of the patch clamp
technique will be used.

Within the framework of the objectives of this project,
I wish to develop stable experimental conditions under which
calcium channels in Hermissenda neurons can be studied. The
existing problems associated with calcium current measurements
(e. _g. difficulty in isolating a pure calcium current) in
Hermissenda neurons make it quite difficult to study the
channel's properties in any meaningful form. It is believed
however, that intracellular calcium influx initiates several
.biophysical changes in some H. C. neurons. Studies of calcium
currents may help us to understand, at least in part, the
mechanisms of those biophysical changes.

The aim of this project, therefore, was to measure for
the first time in Hermissenda neurons, calcium currents.
First, the preparation will be described from anatomical and
electrophysiological standpoints. The second section will be
on calcium channel kinetics and pharmacology. The guality of
the space clamp is assessed in the appendix. Last, a
qualitative description of the contribution of calcium channel

inactivation in maintenance of resting cytosolic ca® is given.
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CHAPTER 2

THE PREPARATION

SYSTEMATICS (MacFarland, 1966).
Phylum MOLLUSCA
CLASS GASTROPODA
ORDER ACOELA
SUB-~-ORDER NUDIBRANCHIATA
SUPER FAMILY AEOLIDIIDAE
SUB-FAMILY FAVORINAE
GENUS HERMISSENDA

SPECIES CRASSICORNIS
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Introduction

Ir the mollusc, Hermissenda, classical conditioning seems

to produce biophysical changes characterized by reduction of
potassium currents (Alkon, 1987). The long term modulation of
potassium channels appears to depend on ca?®* and
phosphorylation of a 20-kDa G-protein (CP20) mediated by a
ca?*-dependent protein kinase C (PKC: Alkon, 1987; Nelson et
al., 1989). Therefore, it seemed reasonable to begin to asX
questions related to cytosolic calcium regulation in
Hermissenda neurons. I have selected a group of FRMFamide

sensitive neurons to study calcium channel properties in

Hermissenda. These neurons are amenable for the whole cell
variant of the patch clamp method (Hamill et al., 1981). They
are sensitive to light stimulus; a property common to the type
B photoreceptors in Hermissenda, a specific 1locus for
potassium channel modulation.

Since the discovery of FMRFamide in the ganglia of the

clam, Macrocallista nimbosa (Price & Greenberg, 1977), this
peptide or its homologues have been identified in a variety of
invertebrate and vertebrate nervous systems (Callaway et al.,
1987; Chronwall_et al., 1984; Buchanan, et al., 1987; Cottrell
et al., 1984; Norris & Calabrese, 1987). The physiological
effects of FMRFamide appear to be variable. It is cardio-

excitatory in the mollusc (Price and Greenberd, 1977; Brezina
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et al., 1987a & b), increases the conductance of S-channels
and decreases calcium currents in Aplysia neurons (Brezina_et
al., 1987a). As well, it modulates synaptic transmitter
release in Helisoma (Man—-Son-Hing et al., 1989) and in
vertebrates, there is evidence to suggest that FMRFamide or
its related peptides are antagonistic to the actions of

exogenous opiates (Kavaliers et al., 1985).

FRMFamide increases the firing frequency of an identified
class of neurons in H. C. (Yamoah et al., submitted to Bio.
bull.). This cluster of neurons (5 - 8) is located in the
lower one-quarter of the pedal ganglia. The FRMFamide
sensitive neurons (FSN) are homogeneous in their electrical
properties. The question of whether FRMFamide-like neurons
are present in the nervous system of H. C. was asked and
answered with immunohistochemical techniques. Presented here
are data which describe the distribution of FRMFamide-like
neurons 1in the nervous system of H. C. In addition,
development of a primary culture of the FRMFamide sensitive

neurons has been described in this paper.

MATERIALS and METHODS.

Hermissenda crassicornis were obtained from Seacology,
Vancouver, Sea Life Supplies, Sand City CA., or Marine
Biological Laboratory, Woods Hole, MA. and housed in an

aquarium. Animals were fed on Tubularia sp.
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DISSECTION

Animals were anaesthetized with 8% MgCl, and pinne¢d to
the bottom of a petri dish lined with Sylgard (Dow Corning,
Midland, MI) under a dissecting microscope. The nexrvous
systems were removed using scissors and tweezers. Specimens
were incubated at room temperature for 10 minutes in
artificial sea water (ASW) containing 1 mg/ml protease (Type
VII, Sigma Chemical Co. St. Louis, Mo.) to facilitate
penetration of microelectrodes or whole mount

immunocytochemistry.
ELECTROPHYSIOLOGY - Intracellular recording.

The nervous systems were held on microscope slides with
minutin pins (Cal. Biochem. CA.). The preparations were
pathed with 1 ml artificial sea water (see table 2).
Microelectrodes were pulled from thick walled capillary glass
(1.2 mm. outer and 0.6 mm. inner diameters: FHC, Brunswick,
ME) and filled with either 2 M potassium acetate or 5% Lucifer
Yellow (LY-Sigma Chem. CO.) in 1 M LiCl,. Electrode
resistances were 30-80 M 1. The preamplifiers (Dagan 8300;
Minneapolis, Mn) incorporated a bridge circuit to allow
current injecfion through the recording electrode. Current
injection was monitored using a current to voltage converter

placed between the indifferent electrode, made from 3 M KCl
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agar bridge, and earth. Signals were stored on tape and
displayed using an oscilloscope and pen-recorder. Neurons
clustered at the lower quadrant of the pedal ganglia were
penetrated.

Spike activity and passive electrical properties, e.g.
input resistance, were measured. Hyperpolarizing current
pulses of 1-7 nA and 500 ms duration were applied for
at least 20 minutes to inject the adye. Following LY
injection, the microelectrodes were carefully drawn out of the
cells and the preparations were viewed directly under
ultraviolet light with fluorescein isothiocyanate
filters. When the background noise from leakage of the dve in
the interstitial space was significant, preparations were
dehydrated through an alcchol series (30% 70% 95% and 100%
ethanol) and cleared with 100% methyl salicylate before

photographs were taken.

AXONAL BACKFILLING

The nerve fibre which contained the axons from the
neurons stained with LY was backfilled with nickel-lysine
(Fredman, 1987). A stock solution consisting of 1.0 M NicCl,
and 4.0 M L-Lysine was made and stored at 4°C. After
dissection, the nerve fibre of interest was placed in small
vaseline-wells which contained hypo-osmotic solution (75%

tonicity) of the stock solution. The preparations were
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incubated at 4°C for 48 hours. 50 mg. dithiooximide was
dissolved in 3 ml 100% dimethyl sulfoxide (DMSO, Sigma
Chemical Co.) to form rubeanic acid. Nickel was precipitated
by adding 2 drops of the rubeanic acid solution to a dish
containing the preparation and 1 ml ASW. After 30 minutes,
specimens were fixed with 4% paraformaldehyde in PBS,
dehydrated in an alcohol series and cleared with methyl
salicylate. Specimens were mounted and photographs were taken

through a Nikon inverted microscope.

CELL CULTURE

DISSOCIATION and PLATING of NEURONS

The nervous systems were isolated and treated with
protease and collagenase to loosen the surrounding connective
tissue. Several methods of digesting connective tissue were
employed depending on the study. When cultures were intended
for longer experimental procedures, the nervous system was
incubated at 20°C in 3 mg/ml protease (Sigma P8038) in ASW for
25-35 minutes. FSN were then isolated. This was done by
removing the large neurons on the superficial aspects of the
brain and then the clustered neurons were sucked with a
pipette. Identified neurons were triturated with a
fire-polished-tip pipette and plated in Corning culture dishes

with 1.5-2 ml filtered ASW. Initially, dishes were



26

pre-treated with 0.3 mg/ml. polylysine (Sigma Chem. Co.), but
this step could be omitted, for it was observed later that
cells attached to polylysine-free dishes. Not only did
neurons remain viable in culture but they regenerated
neurites. cultures were kept at 8°C. The ASW was changed
every 48 hours.

The method described above did not remove glial cells
from the neurons. However, it was noted that cells treated
this way could be maintained longer in culture (12-14 days)
than glial cell-free neurons. For removal of glial cells,
dissected nervous systems were incubated in 1 mg/ml. protease
in ASW overnight at 4°C. Following incubation, the tissues
were treated with fresh enzyme solution (1-2 mg/ml.) for 15-20
minutes at rcom temperature. Alternatively, brains were
digested in an enzyme solution with 16 mg/ml. dispase
(Boehringer Mannheim GmbH) and 1 mg/ml protease in ASW for
25-30 minutes at room temperature. The preparations were
washed with ASW and FSN were isolated, triturated, and plated
in culture dishes. Cultures were stored as described
previously. They remained viable for 7 to 8 days. Pictures
were taken with a Nikon camera attached to an inverted

microscope equipped with phase contrast optics.
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SCANNING ELECTRON MICROSCOPY

To assess the quality of the dissociation procedure,
neurons in culture were observed under the scanning electron
microscope. Cells were plated on cover slips and fixed
overnight in a solution made from 2.5% glutaraldehyde, 1.5%
paraformaldehyde, 5 mM EGTA, 2.5% sucrose in 0.1 M cacodylate
puffer. Following fixation, cells were dehydrated with 100%
dimethoxypropane, incubated in 100% hexamethyl desilozone and
allowed to air-dry. Cover slips were mounted and sputter
coated with gold palladium. Scanning electron microscope
(SEM) facilities of the Surgical Medical Research Institute
(PHILIPS SEM 505) and Marine Biological Laboratory (JEOL

SM.840) were used.

IMMUNOCYTOCHEMISTRY of NERVOUS SYSTEM

The nervous systems were pre—-fixed by adding 2 drops of
10% paraformaldehyde in phosphate buffexr saline (PBS) for 10
minutes and transferred +to 4% paraformaldehyde in PBS
overnight at 4°c. Following 30 minutes of washing in 4%
Triton X-100 in PBS and then blocking solution for 20 minutes,
to reduce non-specific binding, tissues were incubated for 72
hours at 4°C in antibody raised against RFamide peptide (a

polyclonal antibody obtained from Spencer, A. N.; University
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of Alberta) or against FRMFamide-monoclone (ICN Immunonuclear
Corp, Stillwater, MN) in PBS (dilution 1:100). The blocking
solution was made from 1% bovine serum albumin- fraction V
(ICN ImmunoBiol. IL) and 2-3 drops of horse serum (Vector
Labs. Inc. CA) in PBS. The primary antibody was washed for 20
minutes in PBS and the slide then transferred into PBS for 15
minutes. Fluorescein isothiocyanate (FITC) labelled secondary
antibody, goat anti rabbit IgG, was diluted in the blocking
solution 1:200. Specimens were incubated in the secondary
antibody solution for 5 hours in the dark after which they
were washed in PBS for 30 minutes before mounting with poly
agqua mount on microscope slides. Slides were stored in the
dark at 4°C, overnight, before pictures were taken on a Zeiss
microscope equipped with excitation barrier filter and
reflector combination cubes containing an excitation of 440 to
490 nm wavelength and a selective barrier filter from 520 to
560 nm.

Control experiments were conducted. The primary
antibody was pre-incubated in FMRFamide (.5 mg./ml. Sigma
Chemical Co.) for 6 hours, centrifuged and the supernatant

used as a control for the specificity of the RFamide antibody.
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Columns 1 & 2 are composition of artificial sea
solution (940 -
ments described in this

1000 mosmol)

thesis.

Columns 3 & 4 are the components of salts used for

voltage clamp experiments

for measurement of calcium

currents (see chap. 4).
Ccomposition of Solutions
Chemicals Concentrations in mM
ASW Culture External Internal
solution media. (Pipette)

media.

NacCl 420 400 - 20

Choline- - - 300 -

Cl

KC1l 10 10 - -

cacCl, 10 10 -

5,6,10,15.

MgCl, 22.9 22.9 50 2 l

MgSoO, 25.5 25.5 - - \

Dextrose - 11 - - l

HEPES 15 15 15 35 - 50 ]

EGTA - - - 10 J

Gen. SO, - 50 mg/L - - l

TEACL - - 100 20

4 AP - - 5 - 1

BacCl, - - 5,10. -

sxcl, - - 5,10. -

Ccscl - - - 400

ATP - - - 5

GTP - - - 1

Glutathi- - - - 10

one

| PH 7.8 NaOH 7.8 NaOH 7.8 TEAOH 7.4 TEAOH
KEY: Gen. 80, = Gentamycin sulphate.
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RESULTS

Electrophysiology

When viewed from the dorsal side of the nervous system,
on the lower right gquadrant of the right pedal ganglia of
H.C., ventral to the giant neurons, there is a cluster of 5 -
8 neurons (25 - 35 pum diameter). Very little is known about
these neurons except that they are sensitive to micromolar
concentrations of exogenously applied FMRFamide (figure 2).
This cluster of neurons which we tentatively call FMRFamide
sensitive neurons (FSN) are, in general, electrically silent
with occasional spikes (Yamoah et al., submitted to Bio.
Bull.). However, in the presence of 5 uM FMRFamide, the cells
became tonically active with intermittent after-
hyperpolarizations. A typical effect of FMRFamide on FSN is
presented in figure 2. In addition, FMRFamide depolarized the
membrane and caused a slight decrease in spike amplitude but
with no significant change in the slope of the action
potentials (figure 3 & table 3). The resting membrane
potentials of the cells were around -70 to -50 mV (see table
4) . Usually, potentials above —-40 mV were recorded on initial
impalement but cells sealed off in 5 to 10 minutes and the
resting membrane potential became more hyperpolarized. The
resting potential in figure 2 was -66 mV and the spike
amplitude was about 90 mV high. To ascertain the homogeneity

of this classes of neurons, I performed spike waveform
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analysis on 3 different FSN neurons from different animals
(see table 4a & b). The properties of the neurons were quite
similar, both within and between neurons. Figure 4 depicts
action potentials recorded from three different FSNs.

Shown in figure 5a is Lucifer Yellow injected soma of a
FSN. When allowed to diffuse into the axon, the dye could be
seen in a nerve fibre which supply the visceral organs (the
gut and the heart). Anterograde Lucifer Yellow filling of the
soma could not be used to identify all the neurons so, the
nerve fibre which contained LY-filled axons was retrogradely
filled with nickel-ly~ine. Backfilling with nickel-lysine
showed several stained soma in the nervous system (fig 5b).
In figure 6 é scheme for the location of FSNs and their
relation to other identified neurons in the nervous system has
been illustrated. only the FSN were isolated and studied.
The arrows show the location of FSN. The action of FMRFamide

on these neurons had a short delay. Is FMRFamide or any of

its homoloque present in the nervous system of H.C.

Immunocytochemistry of Nervous System

Consistent labelling of FRMFamide-like cells were
obtained in all the experiments (n > 40 for whole mount
nervous system). Both ipsilateral and contralateral cells in

the cerebropleural and pedal ganglia stained positive to

FRMFamide and RFamide antibodies.
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Figure 2. Effect of FMRFamide on the cluster of the
identified neurons.

The identified neurons in the pedal ganglia were
penetrated with 2M potassium acetate containing
microelectrodes (50 - 80 MQ). After stabilization
(seal formation) the resting potential of this group
of cells ranged between -70 to -50 mV. These neurons
were normally silent. on application of 5 “M

- FMRFamide, however, they became active, firing
repetitively with intermittent after-hyperpolarization.
The effect of the neuropeptide had a short delay of

and lastead until of wash-out with the

control
solution.
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Fiqure 3
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Figure 3. Effect of FMRFamide on spike width.
Superimposed on each other are control action
potential and that recorded in the presence of the
neuropeptide, FMRFamide. _Table 3 indicates the means in
resting potential, spike amplitude and half-width.

Tab - 3. Means of action potential properties of control and
FMRF-amide applied cells. (means * std deviation: n
= 3 cells).

Properties Control cells FMRF-amide

application

Resting potential 60.3 * 7.0
(mV)

42.4 * 6.8

(ms)

Spike Amplitude 90.9 + 3.9 79.6 * 4.9
(mV)
Spike half width 2.3 * 0.4 1.9 £ 0.2




34

Table 4a. Spike analysis within a single neuron.
Properties of action potentials from five different FSN.

The numbers are means * standard deviations (std; n = 50
samples).

[Properties Cell 1 [Cell 2 |Cell 3 |Cell 4 | Cell 5 “
Resting 60.5 * 60.2 * 60.3 % 60.4 = 60.2 =+
potential (mV) 3.3 4.7 7.0 5.5 4.71
Spike 90.9 % 90.9 90.9 % 91.2 * 91.1 *
amplitude (mV) 2.9 3.4 3.9 3.1 3.5
Half width of 2.2 £ 2.2 * 2.3 % 2.3 % 2.3 *
spike (ms) 0.3 0.4 0.4 0.2 0.1
Rise time (ms) 1.9 % 1.8 * 1.7 * 1.8 % 1.8 %

0.3 0.2 0.2 0.3 0.4
Maximum slope 107.0 106.5 103.3 106.0 107.0
(V/s) + 2.7 *+ 2.9 + 3.2 + 3.3 + 2.2

Table 4b. Table of action potential properties of 3
different FSNs (cells were from different
animals) means * std deviation: n = 10 samples.

Properties FSN1 FSN2 FSN3 l
Resting potential 40.9 % 62.7 * 4.9 | 52.5 *
(mV) 10.1 8.3
Spike amplitude (mV) 98.1 = 7.7 | 89 * 6.8 90.3 *
6.5
Half width of spike 2.4 £ 0.5 2.2 * 0.3 2.5 £ 0.6
(ms)
Maximuam slope (V/s) 107 % 2.7 104 + 5.8 102 + 4.6

Table 5. Means of spike widths of action potentials in
intact ganglia and cultured cells (means * std

deviation: n = 5 cells).
Properties Intact neuron Cultured neuron
Half width of 2.3 + 0.3 2.7 = 0.2
spike (ms)
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Action potantials from three cells
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Time (ma)
Figqure 4. Spike waveforms from the FMRFanmide sensitive

neurons (FSN).

Superimposed on each other are action
potentials recorded from three different cells.
Apart from the slight variation at the basal
potentials the spike shapes were similar (see
table 4). Though not evident here, there was

usually a long period of hyperpolarization after
the spike.
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Figures Sa & 5b.

5a. Lucifer Yellow inijected FSN
Neurons were penetrated with an electrode with 5%
Lucifer yellow in 1 M LiCl. The dye was injected
into the cell with hyperpolarizing square pulses (1 - 7
nA) of 500 ms duration for about 20 minutes. The
brains were then kept in a 4° refrigerator for about an
hour for the dye to diffuse into the axons. The
preparation were viewed using UV light and the
appropriate filters. Picture shows the soma (s) and axon
(a), with arrows. '

5b. Nickel-Lysine backfilling

The nerve fibres which carry axons of the FMRFamide
sensitive neurons were backfilled with a solution of
nickel-lysine. The soma of the FSNs (see arrow) were
labelled together with other large neurons in the pedal
ganglia. As well, other neurons in the cerebropleural
ganglia were Jlabelled. Shown here are the studied
neurons. Note, in this picture the pedal ganglion has
been orientated in such a way as to make FSNs visible.
Normally they lie underneath the layer of large
superficial neurons.
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6. Schematic diagram of labelled cells,
Shown here 1is a diagram of the nervous system of
Hermissenda crassicornis and the labelled cells with

nickel-lysine.

Key: cpG = Cerebro-pleural ganglia
FsN = FMRFamide sensitive neurons
oG = optic ganglion
P = Photoreceptors
Pe = Pedal ganglion
s = statocyst
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Stained axons from positively—stained cells were seen making
their way intoregions of unstained neurons. In the buccal
ganglia immunoreactivity could be observed in the neuropil and
few cells.

Figure 7a shows whole mount nervous system with RFamide
labelling. The arrow peoints to two contralateral cells in the
cerebropleural ganglia which showed consistent 1labelling.
Axons from these cells terminated in the pedal ganglion where
neuronal soma, together with varicose endings of the nerve
fipres which stained positive to RFamide could be identified.
None of the previously identified neurons in the
cerebropleural ganglia (e. d. metacerebral giant neuron MGN),
photoreceptor or the hair cells (Collin_et al., 1988; Alkon,
1987) showed positive staining. I also was unable to match
any of the identified adrenergic or dopaminergic neurons in H.
c. (Sakakibara, et al., 1987) with the reactive cells in the
cerebropleural ganglia. Interestingly, reactive cells were
observed in the region between the photoreceptors and the hair
cells. This region, contains the optic ganglia and has

neuropil which is serotonergic (Land & Crow, 1985; Auerbach et

al., 1989).

Positively stained cells and neuropil could be identified
in the pedal ganglia (fig 7a). Invariably, contralateral
immunoreactive cells were seen with neuropile around them

exhibiting positive staining.
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Fiqure 7. FMRFamide~like immunocytochemistry.
7a. Neurons whizh were reactive to polyclonal
antibodies against FMRFamide are shown here. Cells in

the cerebropleural ganglia were stained and axons from
these neurons could be seen projecting into the pedal
ganglia.

7b. In the pedal ganglia, few cells were labelled
but several parts of the neurepile in the central region
of the ganglia had intense labelling.
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As seen in a more detailed picture (higher magnification: fig.
7b) sevejal varicosities could be identified with FMRFamide
like immunoreactivity. Stained cells were clustered and
appeared to be smaller in diameter (30-60 pum). Even with
whole mount preparations, stained axons were, occasionally,
identified leaving the pedal ganglia (not evident in figure
7b) . What was not seen, was immunoreactivity in the
identified giant neurons in the ganglia (e. g. LPl). However,
neuropil close to the giant neurons were occasionally seen

with positive staining.
Cell Culture

The technique (ASW culture) employed in this study, for
culturing neurons, has not previously been used for H. C.
neurons. Sombati et al., 1989, have described a method for
culturing H. C. neurons in ASW with 15 - 20 % fetal calf
serum but it was found rniecessary to reduce the media to only
ASW in order to eliminate, as much as possible, exogenous
factors which influence neuronal growth. Neurons adhered to
culture dishes and began to extend growth cones in about 3 -
5 hours after plating. Previous studies on primary cell

culture of neurons from inveértebrate species, such as Aplysia

californica (Kaczmarek et al., 1979), Heliszoma Trivolvis (Wong

et al., 1981), Loligo Pealea (Parsons and Chow, 1989) and the

leech Hirudo Medicinalis (Ready and Nicholls, 1979) have
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indicated that the tips of growing neurites have growth cones
and other growth-associated structures 1like filopodia and
lamellapodia. However, neural fibres have been observed to
elongate without any structural specialization of their
growing tips (Lopresti et _al., 1973). Presumably, neurite
extension without growth cones is dependent on the level of
localized calcium fluxes in growing neurons, because such

growth can be induced in growing neurons of Helisoma Trivolvis

by manipulation of extracellular calcium concentrations (Kater

et al., 1988). I observed both forms of neuronal growth in
H.C. pedal neurons.

Depicted in figure 8a. is a neuron (FSN), 4 hours after
isolation from a pedal ganglion. The caption on the right
compares the spike waveform in culture and that in the intact
ganglia. In general, cultured cells had action potentials
which were broader (see table 5). Presumably, this results
from the removal of synaptic inputs in culture.

The soma of neurons sent out growth cones which
subszquently gave out filopodia to probe the environment
befoxre the movement of cytosolic domains. This process has
been described in other systems as well. Axons which were
attached to their soma after trituration usually underwent the
classical ‘wallerian' degeneration before extending growth
cones (fig 8b). Moreover, axons which failed to degenerate
were capable of giving out growth cones and extending

neurites. An SEM illustration of a retained axon in its
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jnitial stage of growth is shown in figure 8c. Variations in
the branching pattern of growing neurons were ocbserved. There
were usually a primary axon which branched into sev=ral
neurites and the branching occurred until about the sixth day
when recognizable growth ceased. The growth pattern described
occurred in neurons with growth cone-associated neurites and
those without (fig 84 & e). While neurons were usually
unipolar, there were a few bipolar and multipolar cells as
well. In addition, neurites of growing neurons could form
anatomical synapses. Furthermore, in densely plated dishes,
axoc-somatic and soma-somatic synapses were observed.

Despite the heterogeneity in branching pattern and
synapses seen in culture, I do not attribute these
observations to the culture media. Rather, it is believed
that such morphological complexity in growth may be typical of
H. C. pedal neurons, for similar observations have been
reported in Hermissenda neurons cultured in defined media
(Sombati et al., 1989) and in other systems as well.

SEM pictures illustrating cells prepared using the two
methods used for dissociation of neurons are shown in figure
9a & b). Removal of glial cells was more effective with

dissociation method 2 than method 1.
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Figure 8c
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Figure 8e

Figure 8a - e. Neurons in culture.
a. FSNs were isolated from the brain with a fire-
polished-tipped pipette then triturated and plated in
culture dishes. A 4 hour old neuron in culture is shown.
The neurons began to grow at about 6-8 hours after
plating. The caption shows action prcentials
recorded from neurons in intact brain a+-: culture. In
general however, spikes from cultured cel:is . ..'e broader.

b. Depicted here is a neuron which has %z in culture
for 48 hours. ¢ & d. The two forms of . =

wth patterns,
one in which the extension of neurites ‘seie via growth

cone and the other without. e. Scanning electron
microscopic illustration of a neuron beginning to
grow without the initial degeneration of a broken axon.



: 9a & b. Enzymatic dissociation of neurons.

he two methods used for dissociation were assessed
icanning electron microscopy. Method 2 (b) removed
surrounding connective tissue and glial cells
method 1 (a) 4did not.
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DISCUSSION

In this section, I have demonstrated the physiological
effect of FMRFamide on a cluster of neurons in the pedal
ganglia of Hermissenda and have shown that these neurons have
homogenous electrical properties. In addition, the presence
of FMRFamide-like peptides in the nervous system has been
shown.

Whereas the effects of FMRFamide and or its homologue
have been described as excitatory in muscles (see Greenberg &
Price, 1983 for review), the action of the peptides on neurons
has been mostly inhibitory (Mackey et al., 1987; Piomelli et
al., 1987; Cottrell & Davies, 1987; Kobayashi & Muneoka,
1989). The inhibitory actions of FMRFamide and its related
peptides on neurons have been investigated and, almost
invariably, the enhancement of potassium conductance of some
sort and reduction in calcium currents have been implicated
(Brezina et al., 1987a; Brezina et _al., 1987b; Cottrell et
al., 1984). In contrast to their inhibitory actions,
FMRFamide peptides decrease potassium conductance and increase
sodium currents (Cottrell & Davies, 1987) as well.
Intuitively, the observation made in the present studies
(increase in spike frequency and narrowing of spike width) on
the action of FMRFamide can be explained by a reduction of

potassium conductance (Yamoah, 1988). Hence, FMRFamide may

modulate calcium influx via an action on potassium conductance.
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Serotonin (5-HT) and FMRFamide are involved in the
modulation of ionic currents, in the same cells in Aplysia,
Helisoma and the prosobranch Rapana (Weiss__et al., 1984;
Kobayashi & Muneoka, 1990; Man-Son-Hing et al., 1989). In
Hermissenda, it has been documented extensively that 5-HT may
be involved in ionic current changes associated with
associative conditioning (Farley & Wu, 1989; Crow & Forrester,
1986) . The existence of FMRFamide-like neurons in the
vicinity of the optic ganglia may be a good reason to test for
the effect of the peptide on H. C. photoreceptors.

FMRFamide and its related peptides have been shown to contain
the carboxyl terminal sequence Arg-Phe-amide (Greenberg &
Price, 1983) and it appears that this is the active terminus.
Given that, care must be taken when results obtained from
FMRFamide immunoreactive cells are interpreted. The results
described only implicates the presence of a FMRFamide group of

neuropeptides.
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CHAPTER 3

Calcium Current

Preparation

FMRFamide sensitive neurons were identified, treated with
enzymes and isolated as described in chapter 2. Spherical
cells without neurites were used throughout the experiments
and to ensure this, only cultures which were less than 12

hours o0ld were used in this section of the project.

Chemicals & Solutions

Nitrendipine, BayK 8644, w-Conotoxin, BAPTA and
Tetfodotoxin (TTX) were obtained frc.- Calbiochem Behring Corp.
(La Jolla, Ca.). FEEDTA, EGTA, Mg-ATP, HEPES base, CdCl, and
all other chemicals used were from Sigma Chemical Co. (St.

I.ouis, MO). See table 2 for compositions of solutions.

Experimental Chamber

Cells were transferred to culture dishes (Falcon 1008)
with freshly prepared experimental sclution (see table of
solutions; chap. 2) which was mounted on a mechanical stage on
an inverted phase-contrast microscope (Diaphoto-TMD, Nikon,
Japan) . Mounted on the stage was a temperature-controlling

device which used the Peltier effect. The temperature of the



51

experiments was maintained at 7 = 9°cC.

Patch Clamnp

Whole-cell calcium currents were recorded using the
patch—clamp technique (Hamill et al., 1981). A 3 M-KCl agar
electrode was dipped into the recording dish as the reference
electrode. Patch pipettes were pulled with a Narishighe PP-83
puller from plain haematocrit capillary tubes (Propper, New
York, U.S.A) and had resistance of 0.2 - 0.8 M Q. The series
resistance (R,) obtained with these electrodes varied between
1.7 and 3.5 M 0 (see appendix). Normally, a 20% Ry
compensation was made. Seals were established with gentle
suction at a tube connected to the pipette after it had
touched the surface of the cell. Typically, the seal
resistance was about 0.9 G.

An axopatch 1B (Axon Instruments, Burlingame, CA) patch-
clamp amplifier was used. Voltage commands were elicited and
data collected with pClamp software on a Compaq 286 computer
through a TL-1 Labmaster A-D board (Axon Instruments,
Burlingame, CA). All recordings were filtered at 2 to 5 KkHz
after data acquisition. Some records were leak subtracted,
averaged (n = 7) and scaled hyperpolarization steps of one-
fourth amplitude. Leakage currents were subtracted on-line in
other records using a proportional pulse (P/N) procedure with

positive pulse and N = 10. The P/N method improved the
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current resolution and reduced the time of the recording
session. Also, this method replaced the need for whole-cell
capacitance compensation. In a caption in figure 10 a non-
leak corrected sodium current trace has been illustrated.
This depicts the worst case for current resolution seen in the
recordings. In figure 12 non-leakage current corrected
calcium current traces have been shown. This can be compared
with typical on-line leak current corrected traces in figure
l4a. Except where indicated, the holding potential was -60
mV. The voltage traces shown were the protocols and not the
actual voltages in the cells. Analyses of the data were made

with pClamp (Clampan and Clampfit) and a Quattro-pro version

of Lotus 123.
Accuracy of Voltage Clamp

A detailed analysis of series resistance and space clamp
problems as pertained to the cells studied have been made and
discussed in the appendix. None of the signs of space clanp
problems were observed in the experiments. The shape of the
current-voltage relationship for sodium and calcium current
were close to bell—-shape: an indication that the space clamp
condition were closed to ideal. Taking both the experimental
and theoretical assessment (appendix) tcgether, it is
reasonable to say that the voltage error associated with the

voltage clamp experiments did not change the kinetics cf the
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calcium current significantly.
Isolation of Calcium Current

Initial experiments were conducted to determine
conditions appropriate for measurement of uncontaminated
calcium currents. In normal extracellular and pipette media
the total membrane current recorded showed a transient
followed by a slow inward current and then an outward current
(figure 10). In the absence of extracellular sodium (choline
replacement) and low calcium no inward currents were recorded
but a transient and a delayed outward current becamne
prominent. The transient outward channel was blocked with
extracellular 5 mM 4-AP while the delayed current was removed
with bath application of TEA (= 75 mM: figure 11). Internal
dialysis with equimolar concentration of cesium, instead of
potassium ions appeared to block all the outward currents,
including a calcium activated potassium current. Hence by
eliminating the transient inward current (sodium current:
tetrodotoxin insensitive channels) with choline and the
outward currents with 4-AP, extra and intracelilular TEA and
cesium, the remaining membrane current was only that of
calcium. There were no evidence for the presence of chloride
channels in these cells because a change in the extracellular

concentration of Cl - ions did not alter the magnitude of the

current.
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Evidence for calcium current

After blockage of outward currents and elimination of
sodium currents the remaining membrane current had these

properties: (a) The magnitude of the current was dependent on

extracellular calcium concentration. (b) The channels through
which the current was carried was selectively permeable to the
divalent cations, strontium and barium. (c) The inorganic
cations, cadmium, lanthanum, cobalt, and nickel and the
organic compound, @-conotoxin blocked the current (d) The
current-voltage relation predicted a reversal potential of the

charge-carrier to be very positive (> +80 nV). All these,

were indications of the presence of calcium channels.

Results

All experiments were done at 7 - 9°. Shown in figure 12
are calcium current traces before leakage current subtraction.
Recordings were obtained under conditions in which I expected
close to pure calcium currents. Sodium ions in the external
media were replaced with choline ions and ocutward currents
suppressed with 100 mM external TEA, 5 mM 4-AP and potassium
ions in the pipettes replaced with cesium and TEA (see table
2). If there were substantial outward current contamination
of calcium currents I expected it to have shown up as a

resultant increase in the rate of decay of the inward current
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at more positive potentials. Figure 13 depicts two current
traces generated by holding an identified neuron at -60 mV and
jumping to +10 and +40 mV. At each step potential a similar
peak current magnitude was elicited but the inactivation was
more pronounced at +10 than at +40 mV.

Not only did this observstion imply that outward current
contamination of I, was close to absent but it gave evidence
to suggest that the decay of the current might not be strictly

voltage dependent. Thus the inactivation of the calcium

current was real.

Calcium Current Activation

Figure 14a shows a family of calcium current traces
generated by holding neurons at -60 mV and stepping to
different voltages (step voltages have been indicated on the
traces). Each trace was made up of, at least, five runs of
recordings. In figure 34D, a current-voltage plot obtained
from records of peak and steady state currents, when neurons
were held at -80 mV, has been illustrated. Currents activated

at about -30 mV, peaked at about 20 mV and declined with

increasing voltages.
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Total Membrane Current Traces.
Holding Potential = -60 mV
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Figure 10 Whole cell membrane current traces.
Total membrane cgrrents recorded with extracellular
300 mM Na* 10 mM Ca and intracellular 300 mM as
charge carriers. The holdlng potential was -60 mV and
current records were filtered at 2 kHz. Leakage and
capacitive currents were subtracted on-line. Oon
captlon below are traces of non-leak corrected sodlum
current traces. _Recordings were made in the absence of

and at conditions in which outward currents have
beef suppressed with

pharmacologlcal blockers.
Experimental temperature was 8°C.

Sodium current traces.
No leakage conection
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Effect of 4AP & TEA on Ik & If

Figure 11 H.P.=-80mV S.P.5mV.
5
4-.
— I
2
T o4
O
1..
70mM TEA
0 SEImT
[70mM TEA + 5mM 4AP. |
9 200 400 600 800 1000 1200
Time {ms)
Figure 11. Pharmacolo of outward currents.
Membrane currents were recorded in the apsence of
both sodium and calcium ions (choline substitution).  The
control trace was elicited from -80 mV holding potential.

Tgpically, a fast transient outward current aggeared
which was followed by a delayed current. 70 mM A

or
more, removed the delayed current and 5 mM 4-—-AP, blocked
the fast channel.
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50 mV

-80 mV_ |

Figure 12 Calcium current traces without leakage-current

correction.
Illustrated here are combined traces of active
calcium and passive leakage current traces. Cells were

held at -89 mV and stepped to test voltages indicated.
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When cells were held at potentials more negative than -80
mv, there was no significant change in the maximum current
recorded. Superimposed on the same plot is the steady state
current voltage relationship. The points are the mean of
points between 600 ms and 700 ms after application of 730 ms
.iises. Prominent ‘shoulders' were not observed in both the
ceak and steady state IVs. The absence of different peaks on
the IV is indicative of the fact that most, if not all, of the
channels belong to one peopulation of calcium channels.

The other 1likely explanation will be that there are two
calcium channel subtypes with similar steady state current-
voltage relations.

The presence of two distinct populations of calcium
channels usually results in two phases of the decay of the
total current (Armstrong & Matteson, 1985). It will be shown
later in the section on current inactivation that, two time
constants could be determined for the relaxation of I,
however this could only be obtained when the extracellular
[Caa] was high (= 10 mM). Thus, the two time constants were
induced by calcium and did not result from two sub-types of
channels. Furthermore, based on the sensitivity of a large
portion of the channels to cadmium ions and w-conotoxin I
worked with the hypothesis that one type of calcium channel
was predominant in the identified neurons. The presence of a
small population of a low-voltage-activated channel in FSN

would be discussed later.
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Figure 13. Evidence for uncontaminated calcium current.

The masking effect of cutward currents in calcium
current records should be seen at positive potentials
when the driving force of I_ is decreasing but outward
currents are increasing in magnitude. Thus at higher
positive voltages the decay of I., should have been
more rapid if there were substantial outward current
contamination. Depicted here are two I, traces all of
which were generated from a holding potential of —-60 mV
and stepped to +10 and +40 mV. Both voltages elicited
currents of similar peaks but different inactivation
profiles. Less inactivation was seen at more positive

potentials, suggesting that the inward calcium current
recorded was close to being pure.
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Fiqure l14a-c. Current traces and I-V relations

Family of calcium current traces obtained from -60 mV
to the step potentials shown. Currents were elicited
with rectangular pulses and extracellular calcium was 10
mM. Leak currents were subtracted from the traces on-
line. Each trace is made of means of at least 5 runs.
From -60 mV the current activated around -30 nv,
increased till it reached maximum level at +29 mV and
declined as the step potential approached the apparent
reversal potential of calcium. b. A current-voltage
curve obtained f¥om holding several cells at -80 mV is
shown here (n = 14 cells; mean * std. error). Note that
the steady state IV plotted from points between 600 to
700 ms also peaked around +20 mV.
c. When cells were held at different voltages and the
IVs compared it was clear that at all voltages the
profiles of the curves were similar.
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Current races for instantaneous
current measurement
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Figure 15a & b Instantaneous current-voltage relation.
A brief voltage pulse was elicited to activate the

calcium channel followed by step voltage to different

potentials (a) to measure the instantaneous currents.

The resulting current-voltage relation is shown (b). The

non-linear behaviour or the curve suggests a non-ohmic
channel.
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As the external calcium concentration was varied from 6
mM to 10 mM, the activation kinetics of the current remained
unchanged but the current magnitude increased in accordance
with the independence principle and constant field theory
(equation 1: Hodgkin & Katz, 1949; Hodgkin & Huxley, 1952).
The constant field equation (equation 3-1) is an approximation
of the ionic permeation between two asymmetric domains with
non-ohmic electro-diffusion properties. Simplified, it may
appear, however, this is the only available equation which
adequately describes the calcium currents (see figure 15a & b)
for the non-linear characteristics of the instantaneous
current-voltage relationship). Hence it was adopted to fit

the current-voltage relationship.

RT ) ( l (eZVF,/RT_l)

Pea=Teal 55 ([aayy) rrvamRr gy (3-1)

(e

On the assumption that the permeability (P,) of ca®" at any

given potential is constant, we expressed equation 1 as:

ICa1 - [Call (ez(V"Vrz)F/RT_l)

........... (3-2)
Icaz [Caz] (ez (v-v.,) F/RT_l)
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where ([Ca,], V,, and [Ca,], V.., are the concentrations

and estimated reversal potentials for 6 mM and 10 mM external
calcium respectively. 1In fiqure 16 the IV plot of different
[Ca”]e, 6 mM and 10 mM, has been superimposed. As well, the
predicted IV for 10 mM external calcium simulated from

equation 2 has been plotted with dotted lines.

V:RT ( [Ca2+]e
r 2F [Caz+]i

The reversal potentials were calculated from the Nernst
equation, (equation 3 - 3). The [Ca""']i value was the pipette
calcium concentration which was estimated with a computer
program which took into consideration all ions present in the
internal solution including ATP and EGTA (E. Stanley:; personal
communication). Also, I considered calcium sensitive
electrode measurement of our ‘low calcium' solution recorded
as 30 - 50 uM [Caz"]ﬁ_ee from the impure salts used to
constitute the intracellular solution. Taken together, the
estimated [Caz"]i used for the calculation of V_  was 1.2 X 10°°
M. At 9°C, the reversal potential for 6 mM and 10 mM [Ca®],
worked out to be 187 mV and 193 mV respectively. The membrane
conductance for calcium as estimated from the slope of the

linear portion of the ascending limb of IV-plots (figure 15)



66
was 17.5 nS for 6 mM and 292.0 nS for 10 mM external calcium.

Steady state activation and voltage relationship of the
calcium current indicated a right shift of about 2.5 mV as
[ca?*], was raised from 6 mM to 10 mM (fig 17a & b). Both
barium and strontium ions shifted the steady state-voltage
curves in the negative directions (see figure 18a-c). The
curves were fitted with a Boltzmann equation using a standard
least square regression fit method. A left shift of the
steady state activation curve implies an increase in the
availability of channels for activation at a given voltage.

The time course of activation for calcium and strontium
currents were similar (table 6). However when barium was used
as the charge carrier, the channels were more available for
activation and the time course faster than in calcium. The
two [Caz“’]e had comparable steady state activation kinetics
(fig. 17a & b). Activation of the channel was therefore
independent of the divalent ion species, except barium
current, or concentration but dependent on the transmembrane
potential. Increasing tCa]e increased the current magnitude.
After allowing for about 1.5 ms delay in the activation
profile, I could fit a single exponential to the calcium

current. The time constant of I, activation ranged between

0.9 and 8 ms, depending on the membrane potential.
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I-V relationship
(n = 11 cells; Predicted I-V = dotted line)
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Figure 16. I-Vs at different [ca®]_ and a simulated one.

The current magnitude increased as the bath [ca®*]
was raised, however beyond 20 mM the system saturated.
The IVs for two different [Caz*]e have been shown here (n
= 11 cells) and the predicted curve for 10 mM calcium is
shown with a dotted line (see text).
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Figure 17a & b. Calcium current activation.
The steady state activation of I, was
with the Boltzmann's equation of the form;
m, = [1+exp((V, - V)/ KJ1', where V, is the half
activation voltage and K, is a slope factor. a. Vv, for 6
mM [Ca®'], curve was at 0.4 mV and that of (b) 10 mM was

at 2.9 mV The slope factors for 6 and 10 mM were 7.9
and 7.7 respectively.

well fitted
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Illustrated at figure 19 is the activation time course of a
current trace elicited from -60 mV resting potential to 10 mV
and the natural logarithmic plot used to determine the time
constant.

The activation of the current was assumed to behave close
to the Hodgkin and Huxley-style model. Accordingly, the
gating transition of the channel between open and close states
were described in terms of the forward (a) and backward (B)
rate constants. The as and Bs are functions of voltage and
gating of the channel in 6 mM and 10 mM external ca® were

described as:

a=500e28-6(v-38) . (3-4) 6mM

B =27 o16.7(0.005-V)

x=515¢g30-2(v-a0) = ..., (3-6) 10mM

B=42g1%-7(0.02-V) ..., (3-7) 1o0mM
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Figure_ 18a-c. Current activation for ca?*, 3r® and Ba®.

other divalent cations, strontium and DYParium
permeate the calcium channel. Illustrated here are
the steady state activation curves for the three ions.
The =@ (number of cells) for each experiment and the
Boltzmann's equation fit have been indicated. The fit
was done with a standard least sguare regression
analysis. Both Sr?' and Ba® shifted the activation curve

to the left, with the shift being proncunced in barium
solution (=15 mV).




Table 6.

Time-to-peak of
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calcium, strontium et barium
currents. (number of cells = 5: mean "t . _error)
Membrane I.,- Time to I, . Time to I,,- Time to
peotential peak (ng) peak (ms) peak (ms) N
| (mV)
-40 - - 11.5 £ 2.3
=30 9.4 + 1.2 11.3 + 1.5 8.4 £+ 2.5
-20 12.6 * 3.8 10.6 * 2.2 5.7 * 1.4
-10 8.2 * 0.9 7.9 £ 3.4 3.1 x 1.8
6] 6.3 * 1.3 7.1 ¥ 2.6 3.0 £ 2.6
10 4.9 = 1.5 5.2 2.0 3.2 = 1.6
10 4.2 £ 0.6 4.8 £ 1.0 2.9 * 0.8
20 2.2 * 1.0 2.4 * 0.7 1.1 £ 0.4
30 2.1 £ 0.8 1.9 £ 6.9 0.9 * 0.3
40 1.1 £ 0.4 1.3 £ 0.6 0.7 = 0.4
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Fiqure 19. Time constant of activation.

At all step voltages the time course cf activation
could be fitted well with a single exponential. The
profile of activation of a current trace elicited
from -60 to +1i0 mV has been shown and the logarithmic

plot to determine the time constant is illustrated
underneath.
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Figure 20. Time constant of activation and voltage.

Time constant curves for I, at & mM external
calcium. The curves were generated from the as and fis
plotted underneath (see text for eqguations).
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Figure 20 shows a plot of the relation between time constant
of activation and voltage in 6 mM Ca and the ¢ and B simulated
from equations 3-4 and 3-5. The line joining the scattered
points was generated with equation 8, from the computed as and

3s.

............ (3-8)

Inactivation of Calcium Current

The inactivation of calcium currents in excitable cells
has been described as either vo.tage (Fox, 1981) orxr caleci -
dependent (Eckert & Chad, 1984) and in some cases both
mechanisms seem significant in turning off I_ . Even a guick
glance at the calcium current traces recorded from the snail
neurons (see fig. 13) suggests that the inactivation of the
current may not be entirely a voltage dependent phenomenon.
In this section I show results intended to describe the
mechanism of I, inactivation. Voltage clamp records of Icar
along with karium and strontium currents, indicate that the

inactivation of the channel is dependent both on voltage and

current.
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Effect of Extracellular Calcium ions

Calcium ion (5 mM and 10 mM) was tested for its ability
to alter the relaxation of I_. A change in [Ca®*], from 5 mM
to 10 mM doubled the degree of inactivation. While the decay
of the current at 5 mM was best fitted with a single
exponential at all voltages, at 10 mM it was appropriately
fitted with two time constants (7), at some step potentials,
(using the pClamp software, clampfit); fast and slow, with the
slow T being similar to the relaxation at 5 mM calcium. An
example of two current traces elicited from -60 to 0 mV in 5
mM and 10 mM calcium depicts enhancement of the decay with
increased [Caz*]e (fig. 2la). This calcium induced
inactivation saturated beyond 20 mM (fig. 22). As
demonstrated in figure 21b., the decay time constant was
biphasic in the presence of 10 mM (also see table 7). In
general, however, there was no significant change ir iiie siow
time constant fur the 10 mM curicni® and the decay of currents
in 5 mM [Ca®?*]_.. The interpretation of this observation could
be that the calcium induced effect was prevalent only in the
initial 100 ms of the current r~alse and that the late events
were not dependent on calciumn. But with 15 mM and 20 mM
external calcium, the slow decay time constants werec
relatively faster than at 5 mM. For example, from a holding

potential of -60 mV and a step pulse of 0 mV the time constant
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for the slow decay in 5, 10, 15, and 20 mM [Ca®]_, were as
follows; 270.4, 359.7, 310.5, 276.8 (all in ms) respectively.
As [Ca], was raised from 5 mM to 10 mM the anoralous behaviour
of current decay shown in figure 13 increased without a clear-
cut restriction to any distinct phase of the relaxation
profile (figure 23a & b). Thus, though the effects of raised
extracellular calcium on I, inactivation on the early phase
of the decay was more drastic than the late phase, I could not
fully attribute the slow phase to a calcium independent event.
Nor could I implicate calcium influx as the sole regulator of

the reiaeition of the calcium current.

e
o
ph

b

£ Holding Potential and Elevated {Ca®].

In order to remove or reduce the Ca-induced componernt of
inactivation, neurons were held at potentials at which there
was a steady state influx of calcium. The prediction was
that, saturation of the calcium dependent component with
steady state Ca influx will ma.. studies of other factor:s
influencing inactivation convenient. As will be expected,
recordings were not stable when cells were held at relatively
positive potentials. However, in cells in which I could
reliably hold for about 5 s or more, at potentials at which I,
was already activated (> 30 mV), I found that as the holding
potential was brought to depolarizing levels, the inactivation

of I, began to look like what one would expect from a voltage
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dependent phenomenon (i.e. a sigmoidal decrease in the
relative inactivation curve as the potential of the post-pulse
became more positive). Figure 24 illustrates characteristic
traces of calcium current records as the holding potential was
moved towards positive voltages. Above -20 nV holding
potential, increasing step voltages resulted in enhanced
inactivation.

If relatively kigh [Ca] was introduced into the neurons,
either by holding the ce2lls at positive potentials or by
adding ca?®* into the patch electrode, the voltage depenc-nt
component of I relaxation was made prominent (see figure 25).
Figures 22 and 25 were generated using a twin-pulse protocol
with a gap (< 10 ms) between the pre and test-pulses. The gap
allowed for the channels to deactivate after the activating
pre-pulses before the test-pulse was elicited (see caption:

Brehm & Eckert, 1978; Tillotson, 1979).
Ba~{uwm, Calcium & Strontium Currents.

Divalent cations which pass through calcium channels have
been substituted for calcium ions to study I, inactivation
(Hagiwara & Ohmori, 1982; Eckert & Till.'swi, +981). The idea
is that if calcium channels inactivate primarily via calcium
influx, then other ions which permeate the channel, beside

calcium, should either remove or reduce the relaxation of the

channel.
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Figure 21a & b. Effect of bath calcium.

a. Incrers e in bath calcium increased peak current.
As the [ca®], was raised the activation profiles
continued tc fit well with a single exponential while
the inactivation kinetics changedi from one to twc
exponential decays. Illustrated here are two traces
generated with identical pulse protocel but with
different [Ca®']_. b. Below is the logarithmic plot for
determination of the time constants (s2e table 7).
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Figure 22
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Figure 22. ([Ca?]_and the % inactivation curves.

With a double-pulse protocol with a gap of 7.3 ms
(to allow for recovery from channel activation), a close-
to U-shape %inactivation curves were plotted. Such
curves are indicative of a current dependent inactivation
mechanism. As the [Caz"] was increased, from 5 mM,
current magnitude increased until 15 to 20 mM, when the
channel saturated. It is not clear whether the
saturation in the curves shown here resulited from a
limitation imposed by the current magnitude or from
saturation of the calcium dependent mechanisms.
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Figure 23a & b. current profiles in 5 and 10 mM calciwum.
Shown here are traces of currents with similar
maximum amplitude but different inactivation profiles. a.

In 5 mM the difference between 10 and 40 mV test pulse
currents are not as obvious as in 10 mM (b).
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Figure 24. Effect of holding potential.

Different holding voltages had different effects on
the characteristic inactivation of the current. As
the holding potential became more positive, the decay of
became I, rapid with increasing step potentials.
Opposite results were was seen at some voltage ranges
when cells were held at negative voltages. Note that at
=20 and -10 mV the I is already activated and thus there
was a persistent influx of calcium at the steady state
potentials.
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Figure 25. Effect of high intracellular calcium.

In fig. 24 it was shown that if eriough calcium were
allowed to permeate the neurons before the inactivation
profile was assessed, the result was close to that
which would be expected from a voltage dependent
phenomenon. Here, about 10 uM Ca was added to the
pipette and the percentage inactivation of the current
plotted against voltage. The curve was generated from a
double-pulse paradigm (Tillostson, 1979) in which the gap
between the pre and test-pulses was 7.3 ms to allow for
recovery from deactivation.
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Qualitatively, for a step pulse of approximately 350 ms,
strontium reduced, while barium removed the relaxation of the
channel (see figure 26a). With long duration pulses (> 600
ms) however, barium currents showed inactivation (fig 26 b &
d). Therefore, the calcium dependent inactivation is
prominent in the first few hundred milliseconds of the current
waveform.

Previous reports from pituitary cell lines ard other
cells (Hagiwara & Ohmori, 1982; Tillotson, 1979) support the
present observation. Since barium appears to attenuate I,
turn—-off and since strontium ions reduce the relaxation of the
channel, in experiments where short duration pulse protocols
are used, it has been common to isolate calcium as the only
inducer of I_ inactivation (Eckert & Chad, 1984). Strontium,
to a lesser extent, behaved very much like calcium. For
examnple, current traces recorded when 10 mM strontium was the
charge carrier, showed an apparent increase in inactivation at
less positive compares to that at more positive potentials
(figure 27a). Presumably, strontium, binds to the cal&eium-—-
binding-site to cause inactivation.

In the case of karium currents, it was observed that slow
inactivation occurred at very positive potentials and when
long duration pulses were elicited (fig 26), relaxation could
be seen at almost all activating step potentials. Thus,
strontium, to a greater extent, mimicked the current induced

inactivation of the channel while I, showed slow inactivation
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which was predominantly a voltage dependent event.

The degree of inactivation caused by the three divalent
ions were compared using a double pulse protocol of which the
pre-pulse duration was about 730 ms with a gap of 7 ms for the
channel to deactivation before the test pulse. The results
agree with the observation that inactivation was enhanced with

calcium followed by strontium then barium ions (fig. 2sa-d).

Effect of Chelators.

Unless otherwise stated, all current records reported so
far were obtained under conditions in which there was
approximately 9.8 mM free EGTA (see methods) in the patch
pipette. This was used to keep the intracellular free ca?*
buffered at low levels (® 1.3 x 107 M). 1In spite of the EGTA,
substantial inactivation was observed, most 1likely as a
results of insufficient dialysis (Byerly & Hagiwara, 1984;
Gutnick et al., 1989) and inadequate diffusion of the chelator
to the sub-membrane spaces (Neher, 1986) or calcium
independent mechanism of inactivation.

The use of different and more efficient calcium chelators
like BAPTA (Marty & Neher, 1985; Neher, 1986), has been
commonly used to assess the extent to which cCa-buffering
limits the mechanisms of calcium dependent inactivation

(Gutnick et _al., 1989; Plant, 1988;).
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Figqure 26a & d. Effeckt of calcium, strontium and
barium on inactivation.

a. Three current traces elicited in ca?*, sr® and
Ba?* are superimposed. With this pulse duration (7350 ms)
calcium caused a relatively fast relaxkation followed by
strontium and barium appeared to remove the inactivation
entirely. b. Long pulses for barium currents showed some
degree of slow inactivation. c. With a twin-pulse
protocol (see caption) the percentage inactivation of I,
I, and I, were compared. In general an incomplete or
complete U-shaped curve was obtained i. e. maximum
inactivation was seen at potentials where the peak
currents were elicited and as the pre-pulse voltages
approached the apparent V_  (reversal potential), the
extent of inactivation decreased. Such observation is
typical of a current dependent inactivation phenomenon.
With short duration pre-pulses, the <current dependent
inactivation was more apparent than with long ones (4).
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Fiqure 27 a & b. Strontium and Barium Currents.

a. Two traces of I, illustrating the phenomenon
whereby ecurrents of similar peaks elicit different
inactivation profiles. If the decay of the current was
dependent entirely on the current then we should expect
currents of the same peak to have comparable

relaxation. b. I, , on the other hand decayed with
increasing veoltages.
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Fiqure 28a-c. Effects of EGTA, HEDTA and BAPTA.
Different intracellular calcium chelator were used
to study the inactivation kinetics of I.;- The effects of
10 mM EGTA and BATPA and 15 mM HEDTA are shown at a.
BAPTA appeared to reduce the relaxation (b) of the
current but the effects of HEDTA and EGTA were quite
similar. ¢. When the percent inactivation caused by EGTA
and BAPTA were compared, using 1long pulses, it was
realised that the effect of BAPTA was not all that

different from that of EGTA. The number of experiments
for each chelator is indicated.
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BAPTA, EGTA and HEDTA were used to evaluate the effectiveness
of chelation in slowing inactivation of I_.,. While 10 mM EGTA
and 12 mM HEDTA showed similar inactivation profiles, 10 mM
BAPTA slowed the relaxation of the current (fig. 28a & b).
The results with HEDTA were a bit surprising since it appears
to be a less effective buffer than EGTA (Thayer et al., 1990).
The difference between the effects of EGTA and BAPTA was not
outstanding when the pre-pulse duration was increased (> 700
ms: fig. 28c), which agrees with the suggestion that calcium-
dependent inactivation is eminent in early section of the
current waveform, as reported also in Helix neurons (Gutnick

et al., 1989).
Calcium Influx and Inactivation.

If the inactivation of the calcium channel was dependent
on calcium entry, then, with a double pulse protocol, the
influx of calcium during a test pulse should correspond to the
degree of inactivation (i. e. assuming less effective
intracellular protein buffers). In pancreatic B-cells (Plant,
1988), a direct relation between inactivation and Ca® influx
has been observed. This was perhaps the best demonstration
indicating that the relaxation of the channel, in that systen,
was strictly calcium dependent since the behaviour was not

influenced by voltage.

In the FSN preparation, the results were not
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straightforward one. Whereas inactivation at the initial
activation voltages (-30 to +10 mV) showed an apparent
dependence on ca?* entry, there was no direct relation between
inactivation and calcium influx at more depolarised voltages
(fig. 29). Hysteresis of the curve is indicative of the fact
that calcium is not the only factor involved in the
inactivation process. Similar observations have been made in
Helix neurons (Brown et _al., 1981; Gutnick et al., 1989) and
together with other results, the authors have implicated both

voltage and calcium as the factors controlling I,

inactivation.

Time Constant of Inactivation

In the presence of 5 mM external calcium, the relaxation
of I, at all step potentials, could be described by a single
exponential. The time constant of inactivation was slow,
decreasing from 667 * 103 ms (n = 9) at -30 mV to 170 *+ 59 ms
(n = 8) at +50 mV. As the extracellular calcium was raised to
10 mM or more, I could no longer fit one exponertial to the
decay of the current, but two time constants were required at
most potentials (see table 7: currents were measured in 10 mM
external calcium).

Shown in figure 30 is the time constant of inactivation

as a function of membrane potential.
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Figure 29. Relationship between ca?* influx and

inactivation.

The relation between calcium entry during a pre-
pulse ("750 ms) and the inactivation produced at a test
pulse to 10 mV was assessed. The integral of the pre-
pulse leaked-subtracted currents give the charge ¢, which
is directly proportional to calcium influx (Ca; fiux)
Ca, siux = QF2F, where z is the charge of Ca?* and F is
Faraday's constant. Here, the charge was plotted as a
function of inactivation. Inactivation increased with
calcium influx but beyond +10 mV the curve exhibited
hysteresis. The lack of a uniform decay with calcium
entry suggested that the inactivation was not dependent
entirely on current.
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Table 7. Time constant of inactivation
(mean * std. error. n = 9 cells)
Membrane Fast time Slow time
potential (mV) constant(ms:71, ) constant(ms:7,, )
=30 - 666.7+ 102.8
=20 56.6 + 18.8 549.5 + 100.0
=10 33.5 + 13.8 502.8 ¥ 93.0
0 24.6 + 4.3 473.9 * 63.7
10 36.8 + 16.9 431.7 * 80.1
20 188.8 + 21.2 384.6 + 101.5
30 108.3 * 62.7 337.1 + 73.5
40 - 204.1 * 43.0
50 - 169.5 + 58.9

Though not shown in detail, similar results have been reported
from Aplysia neurons (Chad et al., 1984). In that work a
calcium dependent inactivation could have resulted in the bi-
pPhasic time constant. Subsequently, a gquantitative model
which assumed a Ca-mediated inactivation was developed to
predict the shape of the calcium current traces in Aplysia
neurons for a restricted range of vol*age steps (Eckert &
Chad, 1984).

In the present case, however, it was not puasible to
attribute the appearance of a bi-phasic time constant of decay
solely to either voltage or calcium. %hile 7, declined with
voltage, T, éfter the initial.drop with voltage (from -30
to 0 mV), began to increase. Similarly, there was no direct

relationship between the 7s and direct calcium influx

measurements.



o8

Time constant of inactivation & voltage

fFast Tau

Slow Tau

Time constant (ms)
3 8§ 8 8 &

100 \(/‘

-20

g.

0 20
Voitage (mV)

Figure 30. Time constant as function of voltage.

The mean values in table 7 were plotted against
membrane potential. At the initial voltage at which
the current began to appear the time constant was long
and oniy a single exponential fit the profile
appropriately. However, with subsequent positive

voltages 7 splits into two but becomes single again at 40
and 50 mV.
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Pharmacology of the Channel

Lanthanum and Divalent Cations.

Lanthanum at micromolar cai.xaiitravsions gquickly and
reversibly blocked the inactivating comgo:ient of the calcium
current. Shown in figure 31la are traces depicting the effect
of 350 pM lanthanum and recovery after wash-out. Recovery was
slow and incomplete. However, with time {=® 5 minutes) and at
higher concentrations (> 500 uM) the non-inactivating
component which remained unblocked on the trace shown was
blocked, but recovery was never achieved under those
circumstances. Presumably long exposure to lanthanum caused
cell death and this might have resulted in the effect seen on
the non-inactivating component. The effect of lanthanum was
independent of voltage (fig 31b). At low doses the current
was reduced without a shift in the current-voltage
relationship. It appeared, at least qualitatively, that the
surface charge effect produced on introduction of La* was
insignificant.

While cadmium (Cd?**) completely and irreversibly blocked
the calcium current at concentrations similar to that of
lanthanum, higher doses of nickel ions (Ni?* 1-2 mM) and even
more cobalt (Co®" > 5 mM: fig 32b) were required to block the
current. Representative records of control and the

experimental effect of <€d®* are shown in figure 31a.
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Spontaneous action potentials recorded from the neurons (not
shown) under current clamp conditions, were often abolished in
the presence of 500 puM Cd?*. This was not surprising since the
threshold voltage for activation of I  was at potentials (-40
to -30 mV) which were closer to the resting membrane potential
(60.28 * 9.94 mV; see chap. 2, table 4) than that of the
sodium current (= -20 mV). Blockade of a non-inactivating
calcium channel with cd? in the photoreceptors of H. C. has
been reported (Collins et al., 1989). However, the effect was
observed at very high concentrations. This may reflect
diffusional problems associated with drug applications on

semi~intact nervous systemns.

Organic Calcium Channel Blockers.

Dihydropyridines.

Most neurones especially invertebrate ones, appear to be
insensitive to the dihydropyridines (DHP) or if they were
sensitive, the doses required tov cause any effect were
considerably higher than that needed for calcium channels in
nmuscles. It was unclear whether the DHPs acted only on one
population of channels (L-tvpe; Tsien et al., 1988) because at
higher concentrations nifedipine partially blocked the N-type

channel as well (Jones & Jacobs, 1990).
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Figqure 31a & b. Effect of Lanthanum.

2. Current traces obtained by a 320 ms
depolarization from a holding potential of -60 mV to 0
mV, in the absence (control) and presence of 350 uM La3*.
Lanthanum blocked the inward current in a voltage
independent manner and the IV plot (b.) of the current
in 100 uM 1a’* did not shift from the control. The
blockade was incomplete with 350 uM La> because there
remained a current component which showed slow
inactivation. This slow component could be blocked
with further increase in bath La?', however it was not
possible to recover the blockade beyond 350 uM La3*.
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Figure 32a & b. Effect of cd®, co?® and Ni?%.

With 300 uM bath cadmium the calcium channel was
completely blocked. Shown here are mean traces (n
indicated) of current records generated from -60 to O
mv. In general, the yield for recovery after washout
was small. Blockade was not relieved with high
depolarizing potentials. b. IVs plot, illustrating
different potency of the divalent cations.
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I tested the effect of nitrendipine and Bay K 8644 on the
calcium channels. The channels were resistant to both the DHP
agunist and antagonist at low doses (50 nM - 100 uM).
However, at concentrations above 200 pM it was observed that
the current magnitude decreased and increased in the presence
of nitrendipine and Bay K 8644, respectively. The sensitivity
of the channels to nitrendipine was not so much of blockade,
even though 1if I waited 1long enough the current was
obliterated, but on a change in the inactivation time course.
Nitrendipine hastened the current turn-off (fig. 33a) and Bay
K 8644 increased the current magnitude to about 20% (fig. 33b)

and shifted the steady state activation to the left by 5-8 mV.

Omega Conotoxin

A peptide from the venom of the marine snail, Conus

geographicus, w-conotoxin, reversibly klocks the low-voltage-~

activated calcium channel (T - type) but irreversibly removes
the two high-voltage-activated currents in sensory neurons
(Tsien et al., 1987). In this system, 0-CgTx quickly blocked

the calcium channels at 10 nM without recovery (fig. 34).
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Figure 33a & b. The effect of the dihydropyridines.

The concentrations of the DHPs used to achieve any
effect on the calcium channel were relatively high
compared to that which has been reported in the
literature. a. As much as 200 uM or more of
nitrendipine was required to reduce the current. It
was observed that the DHP calcium channel antagonist
not only reduced the current magnitude but increased
the decay of the current. b. The DHP calcium channel
agonist BayK 8644 (300 uM) increased the current to about
20% with a slight left shift in the steady state
activation curve (not shown).
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Figure 34 Effect of Om%ga Conotoxin GVIA
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Figqure 34. Effect of w-conotoxin.

The channel is very sensitive to the organic

blocker, wo-conotoxin. 10 nM irreversibly blocked the
channel. Even transient application of the toxin
persistently blocked the channel. The current

demonstrated was elicited with a holding potential of

=60 mV and stepped to +20 mV at 7°C. Leak current was
subtracted on-line. After few seconds of application,
the toxin removed the current completely and recovery was
never achieved in these experiments.
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Discussion on Calcium Current.

The concept of calcium permeation through excitable
membranes was first indicated by Fatt and Ginsborg (1958) on
their work on the «.u.:tacean muscle, but it was not until the
mid-70s that techniyues were developed that allowed recording
of calcium currents (Keynes et al., 1973; Reuter, 1973;
Hagiwara et al., 1975; Eckert & Lux, 1975%; Connor, 1977).
Subsequently, improved techniques (Kostyuk et al., 1977;
Tillotson & Horn, 1978) and the use of pharmacological
blockers of other ionic channels have permitted complete
isolation of the calcium channel current. Apart from the
recently discovered transient I., (see Tsien et al., 1987),
calcium channels usually require strong depolarization to
activate compared to sodium channels (Hille, 1984). In
addition, the time course of activation and inactivation is
slow with activation often described by square law kinetics
(Hille, 1984; Cena et _al., 1989) in analogy to the third power
used for sodium channels (Hodgkin & Huxley, 1952). The
inactivation of calcium channels, has been reported to be
dependent on current (Eckert and Chad, 1984), voltage (Adams
& Gage 1979) or both (Brown et _al. 1981). In addition, the
presence of multiple calcium channels and other channels in
cells compounds the problem associated with effective analysis
of the inactivation kinetics of the channel. Because of the

apparent complexity of I, inactivation, no model, to date, has
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been successful in predicting the behaviour of the channel (s)
at all voltages (Eckert and Chad 1984). Where it has been
possible to simulate the current, inactivation has been
ignored or assumed to be absent, with short duration pulses
(Llinas et al., 1981b; Cena et al., 1989). The exact
mechanisms of the channel inactivation is needed to model the
channel kinetics.
The majority of calcium channel populations studied in

the identified cluster of neurons in Hermissenda crassicornis

belong to one class. The current recorded from these neurons
was homogeneous and the variations observed were not so much
in the channel kinetics or pharmacology but of the current
magnitude which might have resulted from the heterogeneity of
channel densities in the neurons (Tillotson, & Gorman, 198C;
Hagiwara & Byerly, 1981; Thompson & Coombs, 1989). The
calcium channel current had a slow 6nset (compared to sodium
current), had a sigmoidal time course of activation and slow
inactivation kinetics, which was dependent on both voltage and
calcium influx. Superficially, these findings are similar to
reports from other systems, such as, the squid axon (Baker et
al., 1973, Llinas et al., 198la), amphibian and mammalian
cardiac muscle (New & Trautwin, 1972; Campbell et al., 1988)
cell bodies of Aplysia and Helix neurons (Eckert & Lux, 1976;
Lux & Heyer 1979; Brown et al., 1981l; Eckert & Chad 1984) and
frog twitch muscle (Sanchez & Stafani, 1978). However,

detailed mechanisms of activation and especially, inactivation
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are different from system to system. Here I present

properties of calcium channels (table 8) in Hermissenda

neurons.

Table 8.

Summary of the characteristic properties of the
calcium channel in didentified FRMRamide sensitive
neurons in Hermissenda crassicornis.

Properties of voltage-dependent calcium channels in H. C.

Activation range (10 mM ca?®") Positive to -40

mY
Inactivation range =~ —-100 to = -20
mVv
Relaxation rate at 0 mv (10 mM ca?') Tiast = 20-29 ms
oy X 410-536 ms
Membrane conductance from slope of IV 29 ns
(10 mM ca®)
Cadmium & Lanthanum block Sensitive

Cobalt & Nickel block

Less sensitive

Dihydropyridine sensitivity

[ J

0—-CGTX block

Persistent

Identification of the Current

The conditions under which the experiments were conducted
assumed suppression of all outward and sodium currents.
Pharmacological blockade of the delayed rectifier and calcium
activated potassium currents was achieved with 100 mM and 20

mM external and internal TEA respectively (Adams et al.,
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1980). In addition, the transient outward current was
suppressed with 5 mM 4-AP. The masking effect of outward
current on the time course of the inward current was minimal,
if not absent. Extracellular sodium was replaced with choline
ions to remove sodium current. The possibility that a
chloride conductance was present was ruled out based on the
apparent reversal potential of the current and the fact that
altered concentraticns of either extra or intracellular
chleorida ions did not cause any detectable change in the
recorded current.

The imward current recorded in H. C. neurons increased in
magriitude with increased [Ca”]e, and was blocked by cadmium,
lanthanum or nickel. Also, the channel was sensitive to
nanomolar concentrations of w-conotoxin and was blocked by
relatively high amounts of the dihydropyridine calcium channel
antagonist, nitrendipine. Although the null potential of the
current as extrapolated from the IV curve (85 + 14 mV; mean *
S.E of mean. from seven cells}) did not coincide with <the
predicted Nernst equilibrium potential for calcium ions (+187
mV: equation 3-3, temperature = 9°C, {Ca?],) = 1.2 nM, [Ca®]_
= 10 mM) the results were not surprising, considering the
large asymmetry of calcium ion distribution in and outside the
cell (Hagiwara & Byerly, 1981). In addition, calcium channels
may be permeable to other ions (e. g. K': Campbell et al.,
1988) and in that case the null potential predicted by the

Nernst equation will deviate from the actual reversal voltage.
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Complementary to the present observation are reports from
molluscan cells (Akaike et al., 1978) and squid pre-synaptic
terminal (Llinas et al., 1981la) in which it was shown both
experimentally and numerically that at high depolarized
voltages I, was immeasurable and that the reversal potential
of calcium could be assessed properly only when (cal; was
raised to 10% M or more. Raising intracellular calcium to
such levels will, of course, induce an unstable experimental
condition because of neuronal death following calcium
overload. The evidence presented here, indicates that the
inward current studied was calcium current. However it does
not guarantee the purity of the current.

How pure was _the calcium current? The blockade of
potassium channels by cesium can be removed kv strong
depolarization (French & Wells 1977; Fukushima, 1982) and
there 1is evidence to suggest that monovalent ions permeate
calcium channels (Reuter & Scholz, 1977;: Lee & Tsien, 1982).
Either or both of these, if present in H. C. neurons would
have been detected as an outward contamination of I., being
evident with increasing depolarization.

The occasional outward currents recorded at potentials
greater than +80 mV, with I_. were not blocked with calcium
channel blockers which suggested that the passage of cesium or
cther monovalent ions through the channel was probably not
applicable in this situation. In general, increased

depolarization did not enhance the decay of I. . There were
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some voltage ranges where reduced depolarizing steps elicited
current traces with faster time course of inactivation than
increased depolarization. This should not be taken as
evidence for inadequate space clamping (see appendix) nor
should it be interpreted as an indication of the presence of
two calcium channel types, but as it will be discussed later,
it result, predominantly, from a single class of channels with
a calcium dependent inactivation component (Chad & Eckert,

1984; Plant, 1988).

Number of Channel/s.

Calcium channels appear in different subtypes, even in
the same neuron (Tsien et al., 1987). Whereas the channels in
vertebrates have been distinctly grouped into three types, it
has been difficult to do likewise to invertebrate neuronal
calcium channels (Tsien, et al., 1988). The limited
classification can be attributed to inadequate information and
of the wvariability of calcium channel properties in the
phylogenetically diverse invertebrates. In this thesis,
attempts have teen made to draw parallels between I  in H. C.
neurons and that of vertebrates rather than categorizing it as
a novel channel.

Alkon et al. (1984) were the first to record calcium
currents in H. C. neurons followed by Collins et al., (1988),

but outward current contamination of the early work did not
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allow for detail biophysical analysis. Despite the unique
nature of the cells (photoreceptors) Alkon and co-workers
recorded from, there were some similarities between their
findings and the present report. They observed that their I,
appeared at potentials around -40 and -30 mV and the channel
was sensitive to cadmium blockade (Collins et al., 1988).
Implicitly, their evidence suggested that there were only one
type of calcium channel in photoreceptors.

The current-voltage curve of I., from the cluster of
neurons studied, like that in other molluscan neurons (Brown
et al., 1981), was bell-shaped for both the peak and steady
state current records and the activation time course was mono-
phasic. On one hand these results could be interpreted as
evidence for one distinct channel population and on the other
hand, it could be inferred that there are two classes of
channels with similar activation, (e. g. N and L channels) but
perhaps different inacti&ation kinetics.

In normal extracellular calcium (10 mM, sea water), the
decay of the current required two exponential fits but with
reduced bath calcium (5 or 6 mM), a single time constant was
appropriate to f£it the inactivation profile. Thus the double
expecnential decay seen in normal calcium resulted not from two
channel subtypes, exhibiting different inactivation
properties, but from a calcium dependent component of the
inactivation kinetics of one channel type. I conclude, based

on the experimental conditions, that at least in this cluster
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of neurons, only one predominant class of calcium channel

population is present.

Are low-voltage—activated channels present?

Most of the recordings in this study were made at holding
potentials of -60 mV; a potential at which a majority of low-
voltage-activated channels, if present, would be in the
inactivated state. Nevertheless, the data presented have
traces of evidence which indicate that a small proportion of
the current had characteristics of a low-voltage channel. (1)
The current voltage relationship drawn from traces elicited at
-80 mV (fig. 14b) had a small ‘shoulder® (< 100 pA) at -50 to
-30 mV. (2) Cobalt ions removed this ‘shoulder' (see fig.
32b). Hyperpolarizing holding potentials (> -80 mV) were
avoided because of potential membrane breakdown at those
voltages. (3) On one instance when currents were examined at
-90 mV; see fig. 25), the inactivation curve appeared
biphasic. (4) The time constant of activation with voltage
(fig 20) was reduced to a mono-phasic process to simplify the
interpretation of the data. However, it is equally possible
to describe the curve as bi-phasic. Taking together, it
appears that there are low-voltage activated channels in the
neurons studied. But the channel population must be small or
the current magnitude was reduced under the conditions

examined here.
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Pharmacology of the Channel

The effects of inorganic and organic blockers of calcium
channels are well-known and extensive reviews of their
mechanisms of action have béen made (Hille, 1984; Miller,
1987) . In this system, cadmium blocked the channel in a
voltage independent fashion. As suggested earlier by Jones
and Marks (1989), this action reflects cd?®'s blockade of the
channel even at closed state. There was no evidence, however,
to suggest that the block was removed with large
depolarijization as seen in bullfrog sympathetic neurons (Jones
and Marks, 1989). Certainly, I cannot rule-out the
possibility that such mechanism could occur in this systen,
since the intensity of patentials used in these experiments
(+60 mV; pre—-pulse) were lower than that used in sympathetic
neurons (+80 mV: pre-pulse).

La®*" decreased I., without causing any shift in the steady
state current-voltage relationship. As opposed to Cd?, the
effect of La’ was incomplete at the concentrations used, and
it appears that La®* could be pushed out of the channel with
strong depolarization. Though lanthanum has been shown to be
the most potent inorganic blocker of calcium channels in many
systems (Hagiwara & Takahashi, 1967; Brown et al., 1981;
Hille, 1984), I did not find it to be the case here.
Presumably, the channels belong to a sub-class (N-type) which

are more sensitive to €d® than La3*. Nickel and cobalt had a
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less potent effect. While Cd® and La’ substantially reduced
I., at micromolar range, Ni?* and Co* were effective blockers
only at millimolar concentrations.

In the past, it has been accepted that the sensitivity of
a high thresheld calcium channel to the dihydropyridines is a
good indication that it is an L-type channel. Recently, it
has been reported that at high concentrations (10 M),
nifedipine partially blocked the N-type channel (Jones &
Jacobs, 1990). As mentioned by the authors, for one thing the
lipophilic nature of the DHPs might have resulted in a non
specific effect and for another, there have been similar
reports that at high concentrations the drug blocked potassium
(Nerbonne & Gurney, 1987) and sodium (Yatani & Brown, 1985)
channels as well. In addition, the potency of the DHPs on
calcium channels vary from system to system. For example, the
EC;, for cardiac muscles is around 0.5 uM (Morad et al., 1983;
Sanguinetti & Kass, 1984; Nerbkonne et al., 1985) that of
smooth muscles is about 0.25 uM (Bean_et al., 1986; Hering et
al., 1988; Nelson & Worley, 1989) and in Aplysia bag cells a
value of 1.4 uM has been reported (Nerbonne & Gurney, 1987).

In consonance with the variability of the effectiveness
of the DHPs as Ca-channel antagonist, is the fact that BaykK
8644 is a calcium channel agonist at the single channel level
but in some cases appears to have no effect on the whole cell
currents (Nowycky et al., 1985). Also Bay K 8644 has mixed

actions, agonist and antagonist, and nifedipine has been found
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to be an ineffective antagonist on channels which are
sensitive to BayK 8644 (Boll & Lux, 1985). Thus evaluation of
the effectiveness of the DHPs as calcium channel agonist or
antagonist has been a bit inconsistent. Nevertheless they
continue to be the drugs of choice in I., studies. Where the
actions of the DHPs appear unequivocal, the mechanism of
calcium channel block is partly understood. The DHP blockers
act independently of channel activation process but reduce the
mean open time of channels (Kawashima & Ochi, 1988);
consequently the decay of the macroscopic current is increased
(Lee & Tsien, 1983; Nerbonne & Gurney, 1987).

In the present study, I found the concentration of the
DHPs required to effect any action (200 - 500 pM) on the
calcium channel to be too high to make conclusions on the
specificity of the drug on the channel. It is likely that the
action seen here resulted from a non-selective effect of the
drug. On the other hand, it can be argued that the
temperature of the experimental conditions (7 - 9°C) may have
resulted in high concentrations of the DHPs required to cause
an effect. Nerbonne & Gurney (1987) studied the effects of
the DHPs on Aplysia neurons at 14 - 15°C. The effective
concentration used in those experiments was 6 times less than
that used here. It is also possible that the channel is
similar to the N-type channel and consequently large amounts

of the DHP is require for blockade. Even so, the
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concentrations used were a bit too high for the drug's

selectivity when crapared to other documented results.

Activation of Ca current.

Activation of the calcium current is simple based on
these observations: (1) In leak-corrected current records,
both the activation and deactivation phases were fitted by
mono-exponential functions. (2) The apparent conductance of
the channel could be described with the Hodgkin-~Huxley scheme
of m to the second power as opposed to higher powers used in:
other systems (Llinas et al., 1981b). A square law kinetics
gave an equally good fit but showed a short delay on the
current onset. (3) A change in bath calcium from 6 mM to 10
mM did increase the amplitude of the current, in accordance
with the independznt law of ionic permeation, but did not
alter the kinetics of the current appreciably. (4) The IV
curve for both the peak and steady state currents were uniform
with no apparent kinks or shoulders.

The conductivity of the calcium channel saturated at
modest bath calcium concentration ([Ca], 2 20 mM). This was
true for barium and strontium currents as well. In addition,
the kinetics of activation remained unchanged when either Ba?*
or Sr? were the charge carriers. However, the channel's
availability for activation with voltage was enhanced in

barium and to a lesser extent in strontium than in calcium
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external solution. In support of these findings is the
suggestion made by Kagiwara & Byerly (1981), that the calcium

channel contains a site which binds with ca®" more tightly than

other divalent cations.
Inactivation of calcium channel.

The results presented show that the inactivation of
calcium channels in the identified neurons in H. C. is
dependent on both current and voltage. Evidence for current
induced inactivation are as follows:

(1) The extent of inactivation increased as the current
magnitude was raised with a change of bath calcium from 5 mM
to 10 mM and the decay shifted from mono to bi-phasic kinetics
as well. For some range of voltages, -30 to 0 mV, the 7.
became smaller as calcium influx increased, but at more
positive potentials the relationship became complex and was
not predictable by any simple means. Alteration of the
inactivation curve by changes in extracellular calcium was
indicated first in stick insect muscle (Ashcroft & Stanfield,
1981l; 1982) and later confirmed in atrial myocytes (Campbell
et al., 1988). In both cases and in this system as well, the
calcium dependent component of inactivation was saturable with
the saturation 1limit in Stick muscle being 50 mM, atrial

nmyocytes 7.5 mM and in Hermissenda neurons 20 mM. Were the

inactivation dependent solely on voltage, as in sodium channel
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(Hodgkin & Huxley, 1952), the h, or percent inactivation curve
should be monotonic and independent of [Ca®],.
(2) Double pulse experiment with a short inter-pulse gap (6 -
10 ms) to avoid substantial time-~-dependent recovery of
inactivation, for calcium, strontium and barium currents all
showed an inverted U-shaped percent inactivation curve (or a
U-shaped relative inactivation curve). A  U-shaped
inactivation curve 1is indicative of a current dependent
inactivation (Eckert & Chad, 1984; Plant, 1988) however, it
does not exclude the possible effect of voltage, especially
when the shape is incomplete (Bezanilla & Armstrong, 1977;
Meves, 1978; Yeh & Oxford, 1985; Campbell et al., 1988).
(3) If the process of inactivation operated without the
involvement of calcium, then introduction of intracellular
chelators, irrespective of their binding affinities, should
leave the decay unaffected. Qualitatively, BAPTA a more
efficient Ca-chelator, reduced the turn-off of I,

For the reasons stated above, I suggest that the current
contributes to the inactivation of I, in the identified

FRMRamide sensitive neurons in Hermissenda. However, a pure

current inactivation mechanism is incompatible with the data
because: (a) High intracellular calcium (=10 uM) did not
reduce the available channels for activation substantially but
instead, it resulted in a pseudo-monotonic function between

inactivation and voltage. Thus, under conditions of high
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[Caz*]i the channels behave as if they are readily available
for inactivation with voltage but not current.

(b) Inactivation at a test pulse increased with calcium influx
during conditioning pulses of =750 ms duration from -80 to +10
mV but beyond +20 mV some form of hysteresis developed in the
relationship with inactivation increasing at voltages (> S0
mV) even though the calcjum influx was relatively small at
this potential range. Such finding which were first reported
in Helix neurons (Brown et _al., 1981) and recently confirmed
by Gutnick et _al., (1989), appear to implicate voltage as a
participant in the mechanism of inactivation.

(c) An absolute current dependent inactivation implies that
the U-shaped inactivation curve should be complete i. e.

inactivation should increase as we approach the peak

activation voltage (e. g. +20 mV in FSNs) and decline as the
membrane potential moves towards the null potential. In

contrast, the data obtained did not give a complete U-shaped
inactivation curve, instead, at high depolarised potentials
the inactivation was enhanced. Thus the contribution of
voltage to I, inactivation cannot be ignored.

Consistent with these findings are reports from Helix
neurons (Brown et al., 1981; Gutnick et al., 1989), Bull-frog
atrium myecytes (Mentrard et al., 1984; Campbell et al., 1988)
and Stick insect muscles (Ashcroft & Stanfield, 1982) but in
contrast are results from mouse pancreatic B-~cells where the

inactivation curve reaches 1.0 at potentials > +60 mV (Plant,
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1988). In studies where the inter-pulse gaps were short (< 20
ms: Campbell et al., 1988; Gutnick et al., 1989; this report)
the argument that the ascending 1limb of the U-shaped
inactivation curve is controlled by the tail current does not
hold (Chad & Eckert, 1984; Campbell_et al., 1988). Therefore,
it is apparent that current alone cannot be used to account
for the decay of I,.
(d) Intracellular EGTA and BAPTA were unable to obliterate I,
inactivation. BAPTA reduced the decay of the current but the
effect is only quantitative during the first few hundred
milliseconds of the current waveform. It is interesting to
note that, theoretically, BAPTA should be capable of buffering
ca®* at a distance closer to the channel than EGTA (Neher,
1986; Gutnick et al., 1989). Moreover the lack of BAPTA to
course a significant reduction in inactivation suggested that
if the process of current turn-off were dependent on calciumn
then, the calcium binding site was restricted from the
chelator by, for example, cytoplasmic diffusion at the
vicinity of the channel (Neher, 1986). Furthermore, as
suggested in Helix neurons, it is possible that the channel,
once activated can move to the inactivated state wvia two
pathways, a calcium and voltage dependent pathways (Gutnick et
al., 1989).
An alternative mechanism which was mentioned, briefly, by
Gutnick and others (1989) was the possibility that subsequent

to activation of the channels a mode is reached where they
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become unwilling to inactivate. A model of this kind can be

used, at least superficially, to explain most of the present

findings.

Models of inactivation mechanisn.

The analysis of the inward calcium current records
presented here strongly supports the idea that the underlying
mechanism for inactivation rests on concerted action of both
calcium and voltage. An absolute voltage-dependent mechanism
of 1inactivation cannot account for the non-monotonic
dependence of inactivation on voltage. Nor can a simple
calcium-dependent inactivation explain the incomplete U-shaped
inactivation curve and the inactivation observed in divalent
cation substitution experiments. It can be argued quite
reasonably, +that Sr?* and Ba?® are perhaps capable of
substituting for ca® at the ‘inactivation binding site' of the
channel, to cause channel turn-off, at lower rates and
affinities. But we cannot explain why intracellular BAPTA, a
high affinity Ca? buffer, was unable to remove inactivation.
It 1is conceivable that diffusional barriers at the sub-
membrane space would prevent access to the vicinity of the
channels. However, this is unlikely especially under whole

cell patch conditions which can be maintained for at least an

hour or more.
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To account for somne of the observations made, a model is
developed where tre calcium channels upon activation with
depolarization, undergo a transition into two open state
configuration in series before inactivation: First from a
stable open state (difficult to inactivate) then to an
unstable open state (inactivate readily with wvoltage). T
predict that membrane hyperpolarization favours the transition
to the stable-open configuration. However, the binding of
calcium to the channel moves it to the unstable-open state.
Under conditions where intracellular free calcium is
relatively limited (in the presence of chelators e. g. 10 mM
EGTA), the inactivation process depends on the transition to
the stable-open state. However, it is predicted that when
cytosolic free calcium rises, the equilibrium is shifted such
that, the transition to the unstable state predominates and
depolarization become the determining factor controlling
inactivation.

Various models of the kinetics of calcium inactivation
have been made in past to explain observations similar, but
not identical, to the ones made in this project. Eckert &
Ewald, (1984) and Standen & Stanfield (1982) ignored voltage
and modelled inactivation on the basis of calcium-dependent
process. Jones & Mark (1989) did the opposite. They were
able to explain similar findings as sole voltage-dependent
process. On the other hand Gutnick et al., (1989) considered

an approach based on both voltage and calcium. In their model
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they assumed that inactivation began from a lumped state of
activation, independent of whether channels were closed or
opened, and that channel transition to the inactivated state
occurred via either a voltage dependent or a calcium dependent
pathway. This model explains some of the present
observations, for example, voltage~dependence of inactiwvsation
upon saturation of the calcium-depsndent pathway. Howevar, it
falls short in accounting for the split in time constant of
inactivation. Rather it predicts a biphasic time constant of
inactivation for all step voltages and as such cannot be used

to explain calcium channel inactivation in Hermissenda

neurons. Moreover, it can be argued gquite reasonably that
under conditions when the two parallel processes of
inactivation mechanism are at similar rates, they may be
kinetically inseparable. This being the case, then the
parallel model of Gutnick et _al., (1989) can equally explain
the observations made here.

The model predicted here can explain all the observed
kKinetic properties of the inactivation but only at the
qualitative level. The present experiments, do not give all
the necessary information for quantification. Single channel
and biochemical data on the channel's properties will be
required for such kinetic study. For example, single channel
studies will make evident the possible number of open states
of the calcium channels. Until the right conditions for

attainment of a good seal resistance, measurement of single
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channel calcium currents in H. C. will still be lacking. Dr.
R. Etcheberrigaray has been successful in recording single
channel potassium currents in H. C. (per. communication) and
it is hoped that improvement on his techniques may perhaps be

used for single calcium channel recordings in the future.

Physiological considerations.

The functional significance of I, inactivation, as has
been suggested in several reports, may perhaps be intended to
prevent intracellular calcium overinad. The negative feedback
regulation of calcium influx by ca® ions together with voltage
dependence of calcium channel inactivation are finely tuned to
regulate calcium. While the action of calcium may be
transient, it is predici!.:1 that the effect of voltage may play
a predominant role when the calcium mediated inactivation and
perhaps intracellular calcium protein buffers have been
exhausted. For example, during 1long lasting membrane
depolarization, in the presence of a stimulator (FMFRamide) or
light, voltage dependent inactivation may be important to
shut-off excessive calcium influx.

Neurons may appear tc operate to remove as much calcium
from the cytosol as they possibly can but it should not be
overlooked that most neuronal functions are partly or fully
dependent on calcium. Thus it stands to reason that neurons

adopt means to encourage calcium influx. The transition of
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calcium channels from a state of open to stable-open state may
be a plausible mechanism by which intracellular calcium can be

increased to enhance intracellular biochemistry.

Concluding Remarks.

Hermissenda crassicornis has been a useful model system

for studies related to the nature of memory trace (Alkon et
al., 1987). In past two decades, Alkon and co-workers have
observed several adaptive changes in the neurobiology of H.C.
after the animal has been made to undergo Pavliovian
conditioning. For example, it has been demonstrated that upon
conditioning, there is persistent reduction of transient and
delayed potassium currents (Alkon et al., 1982; Alkon &
Sakakibara, 1985; Alkon, 1987; Collin, et al., 1988). Such
biophysical adaptive changes, known as memory trace in some
quarters, and the increase in the expression of novel
proteins, subsequent to conditicning (Nelson et _al., 1989),
have been shown to be triggered by calcium. In fact, calcium,
it seems, is the pivot on which long term changes in neurons
rest (Alkon & Rasmussen, 1987).

We are far from understanding the underlying mechanisms
for long term adaptive changes in neurons. However, it is
clear at this point, that knowledge of calcium regulation in
neurons is crucial for studies concerning ‘memory'. Ideally,

the target for studies in H. C. should be the photoreceptors
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where most of the work has been done. At the moment, voltage-
clamp studies of the photoreceptors have some basic problems
that need to be solved before any meaningful biophysical
analysis of calcium current and regulation can be made {(see
Collins et _al., 1988).

The motive for the present project was therefore to
develop a method of measuring, within limits of experimental
error, calcium currents with the ultimate goal of

understanding intracellular calcium homeostasis in Hermissenda

neurons. It is recognized that in invertebrate neurons, the
advantage of identifiability usually implies the sacrifice of
heterogeneity in neuronal properties. However calsium
channels are normally ubiquitous, and while it is expected
that perhaps the minute details of the properties of calcium
channels in H. C. photoreceptors may be different from the
FSNs, it is predicted that the salient features of calcium

channels in Hermissenda neurons will be the same. Interesting

enough, the calcium currents recorded in the homogeneous
cluster of FMRFamide neurons appear to have similar properties
to those measured in the photoreceptors amid outward current
contamination (Collins et al., 1989).

.LS project clearly indicates that regulation of
intracellular calcium in neurons is not a one component event
but is brought about as a result of a concerted effects of
several mechanisms in which calcium current inactivation play

a fundamental role. Ca?*-mediated inactivation of I., may be
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one of the immediate mechanisms for prevention of unnecessary
rise in [Ca];. Moreover, as shown in the body of this work,
the effects of voltage dependent inactivation of I., come into
play when intracellular calcium is raised in conditions when,
for example, the buffering capacity of intracellular proteins

has been exhausted.
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APPENDIX
Appendix A

VOLTAGE CLAMP

The voltage clamp technique was developed by K.S. Cole in
1949, for the study of currents underlying excitability. Since
then, several modifications have been made to the technique
depending on the preparation (Adrian et al., 1970) and the
type of study (Brennecke and Linaermann, 1974; Hamill et al.,
1981). Arbitrarily, I group the different forms of voltage
clamp into two, namely; multiple electrode voltage clamp
(MEVC) and single electrode voltage clamp (SEVC). The former
is usually used for preparations which are accessible for
penetration by two or more electrodes and in which mechanical
injury caused by the electrodes is considered minimal (Hodgkin
and Huxley, 1952; Finkel and Redman, 1984).

Single electrode voltage clamp on the other hand was
developed initially to study visually inaccessible or small
cells (Brennecke and Lindermann, 1974; Finkel and Redman,
1v84). Moreover, other forms of this method have been
used to study accessible single cells (Hamill et al., 1981;
Jones, 1987). Discussions on the circuitry and limitations of
MEVC and SEVC have been made (Cole, 1968; Moore, 1963; Adrian
et al., 1970; Finkel & Redman, 1984). What I will do in this

section is to mention the method used in this project and to
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discuss its inherent limitations and how I have gone about

reducing the ensuing errors.

The tight-seal whole-cell version (Hamill et al., 1981)

of SEVC was used. Approximately 30 pm diameter cells, without

brocesses, were studied. With an operational amplifier (low

input impedance: figure A-1) the voltage to ground of both

terminals A and B should be similar. A is connected via a

silver wire to an electrode, e.g. patch electrode, and the
command voltage V_ elicited at a connection to B. V. will be
similar to the voltage at A and D. This is a very simplified

explanation of how the patch clamp technique works.

Fiqure A-1. Simplified circuit of patch clamp.
' R

1/\/\
A
B A
+
OPERATIONAL AMPLIFIER
D vc
CELL GLASShﬂCROELECTRODE

(See text for description of circuit)
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Microelectrodes have finite resistance. Debris at the

pipette tip results 1in additional resistance between the

headstage amplifier and the cell. The effective wvoltage at
the tip of the electrode V,, is therefore equal to the

command voltage V_ minus the voltage drop across the electrode

with series resistance (R,).

VomVom (T*R ) eeieeneenennnnnn. (Aa-1)

From the above equation V_, moves far from V. when the
current I increases, assuming a large series resistance R,.
As a rule of thumb, the product of I and R, should not be more
than 3-5 mV (Marty & Neher, 1983). From this arbkitrary
voltage range, Marty and Neher (1983) defined a criterion
which essentially stated that, the tight-seal whole cell
recording (TSWCR) is more suitable for measurement of current
less than 1.5 nA, or 15 nA if 90% of the series resistance is
cancelled out, electronically. Based on the assumption that
the outward current density of most cells is similar to that
of the squid axon, 5 mA/cm® (Hodgkin and Huxley, 1952), the
authors concluded; cells not larger than 3 um in diameter or
10 um for 20% R, compensation meet the requirement for TSWCR.

The identiiied class of neurons studied had a range of
diameters of 25-35 um (see chap. 2 ). The maximum calcium

current recorded was 1.2-1.5 na. If one assumes the series
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resistance to be four times the electrode resistance (e.g. 0.8

M 1 :Marty & Neher, 1983), then, the maximum voltage drop

expected at the tip of the electrode is 3.84 - 4.8 mv (e. g.

3.2 M Q x 1.2 na).

Series resistance can be measured (fig. A-2). 1In voltage

clamp mode, the product of membrane capacitance (C;) and the
series resistance R, equals the time constant (1) of the

capacitive transient (7 = C,Rg i.e. R, =17 / C, ..A-2).

T is
computed by fitting an exponential curve to the decay of the

transient.

Current (A) Fig. A-2 Capacitive transient

Tume (s)

Integrating the area under the capacitive transient gives

the charge (Q) in Coulombs:

Q:Cnv ..oo.-o....o.A-s

V is the step voltage. Ca can therefore be calculated and
from the results R, computed from equation A-2. The series
resistances of most cells were measured and when R, was high,

the data were discarded. However, there were a few inst-~ces
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when the R, was not measured, commonly, when the pharmacclogy
of the channels were studied.

A representative trace seen (after the capacitance of the
electrode has been compensated) when a cell was held at -60 mV
and stepped to -80 mV is shown in figure A3a. The time
constant of relaxation of the transient, as calculated from
the reciprocal of the slope of figure A3b. was 61 us (71 * 19
us: mean + std. error, n = 34). The area above the transient
curve, fig A3a., represents the charge in Coulomb € (5.30817
x 101 ¢). For a step potential of 20 mV, the capacitance of
the cell (in picofarad) turned out to be 26.5 pF (C, = Q/V).
The series resistance as seen from a typical trace was
therefore, 2.3 M 0 (patch pipette resistance was 0.5 M 2). The
average range of R, varies between 1.71 and 3.52 M 2 (n = 27).
Typically, patch electrode resistances used in all the
experiments were 0.15 — 0.8 M Q. These calculations were made
assuming no R, compensation. In general however, 20% R,
compensation was made to reduce the error further.

Series resistance varies, even, for a given cell. 1In the
course of an experiment the tip of the pipette can either be
cleared from debris to improve the voltage clamp or it can be
plugged to increase the R,. Normally, negative pressure was

applied at the end of the pipette to prevent plugging of the

tip.
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Figure A3a & b. Series resistance measurement.

After seal formation the capacitance of the patch-
electrode was electronically cancelled. Neurons were
then held at -60 mV and stepped to various potential
without on-line 1leak correction. The transient
illustrated here results mainly from +the access
resistance of the electrode. The time constant of the
transient decay was calculated from b. From this, the
series resistance was computed.




138

Moreover, small changes in R, might have occurred undetected.
It is inmportant therefore, that the reported numbers are
considered as estimates.

The assumption made in this discussion so far is that the
voltage at the tip of the patch pipette is uniform over the
area of the spherical cell. The tip of the patch pipette is
in contact with the cell at a region which is a bit remote
from the rest of the cell. Voltage applied at the pipette-tip
has to spread to other regions of the cell through a resistive
medium. As a result, a slight wvoltage drop will occur across
the cell. Unfortunately, this question was not addressed when
the TSWCR was developed (Hamill et_al., 1981). It is easy to
presume that the best way to assess Voltade gradient across a
cell is to use two separate electrodes (one for applying and
the other for measuring voltages), and so is it difficult to
accept the wvalidity of such an experiment using patch
electrodes which do not form g relatively high resistance
seal.

When two patch electrodes are used on a single cell, one
has to assume that the seal resistances of both electrodes are
extremely high. Figure 4Aa is a schematic diagram showing an
electrical analogue of a cell with membrane resistance R, (in
ohms) and a capacitance C,. If g second electrode is patched
on the same cell at, for example, a point, 180° from the first
electrode and it establishes a seal resistance R, as shown in

fig 4Ab., under conditions of relatively low seal resistance
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(Ree) , the total resistance R, will be given by (a more detail

circuit and equations are shown in appendix B):

Figure 4Aa. Figure 4Ab

s¢

(R.m*Rse) — Rse

B (R +Rp) 1+ Rse
R

m

Ry

As R, /R,, approaches zero R, is approximately equal to
The above equation indicates that, under some 1limiting
cenditions, the voltage recorded at the second electrode can
essentially be the voltage across the electrode itself and not
the cell. It would, perhaps, be convenient to illustrate the

above equation with relevant numbers:
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For an ideal situation; if the resistance R is
in the order of G 2 £.g. 20 G o and the R, of the
cell eguals 10 M 2, R, will be equal to 9.995 M Qa
value which is close to R,. The average seal
resistance in the present studies was 0.9 G @,
(R_.) and the membrane resistance ranged from 80
tc 120 M . Arbitrarily, let us take 100 M o as
R,. If these values were used in the above
equation, R, will be equal to 90 M Q. This

means a 10% drop in the effective R,.

In cells in which it is difficult to obtain high seal
resistance, the use of two patch electrodes to access
voltage inhomd>geneities will not be recommended.

One way of getting an idea about voltage
inhomogeneities in a spherical cell is to adopt analytical
expressions to suit the data. Unfortunately, such an
expression, to the best of my knowledge, has not been given
for TSWCR. For a spherical cell, the closest equations that
are available are those of Eisenberg and Engel (1970). For
isopotential conditions, the relationship between the
membrane potential and current is ohmic. Egquation A-5
describes this relationship. Note that R,, here, is the

specific membrane resistance measured in Ohm centimetre
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squared; i, is current in ampere and a is radius of a

spherical cell (cm).

Eisenberg and Engel (1970), derived equations which,
essentially, described the error involved in the spread of
voltage across a sphere. At steady state conditions, the
equation turns out to be equal to the product of equation A-

5 and a factor which, in this paper, I will call error

factor (Errf:see equation A-6).

Exrf. (equation A-7) should be less than one, as long as

there is a voltage drop across the cell.

Errf={(1-2a/MA) (1 + (a/A)D- (a/A)2E,)) + (a/A) cscB/2] . ... (A-7)
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The error factor involves the space constant of the cell,
which is defined in equation A-8: R; is the volume
resistivity of the cell; units, 1-cm. D and E, are defined
in equatic.s A-9 and A-10 respectively and the symbol, 0,
refers to the angle between the electrode and a point on the

sSphere.

D=1n_S5c26/2

m ...... (A"g)

A table for the respective values of 6, D and E  has
been given in Eisenberg and Engel (1970). When arbitrary
values for R, and R; are plugged into equation 7, the

profile of error seen, indicated that there was a huge error
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at points close to the electrode. However, the error
decreased till a point 60° from the electrode, where there
was minimum error. Beyond 60°, the error increased again.
This observation was consistent with that reported in
Eisenberg and Engel (1970). The only difference between the
calculations made in this paper and that of Eisenberg and
Engel is that they considered the absolute error values
(i.e. values which were sometimes greater than one) while
the actual error involved were considered here.

The errors described by the original equations refer to
the error at a point on the sphere and not the error
involved in the region covered by the specified angle. To
calculate the error at a region in the sphere, subtended at
the angle (6) the error at that point (from equation 7)
should be multiplied by the region covered by this section
of the sphere. Equation 11 described the region subtended

by a sphere at an angle 9.

%‘g =2xa?sin®. ... .............. (A-11)

The derivation of equation 11 has been considered

systematically in Appendix C: dS is the change in the
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surface area, d©, is the change in ® and a, is the radius of
the sphere.

During voltage clamp experiments, the worst case of
voltage inhomogeneities happens when the recorded current is

at its peak (i.e. when R, is small). The worst case values

of specific membrane resistance R; (5000 Q-cm?) and volume
resistivity R; (100 Q2-cm: Gorman & Maurizio, 1972) were
selected. R, is an estimated value from experiments while

R; is an assumed value based on the literature of molluscan
neurons. Low (Kuffler_ et al., 1984) and high (Hodgkin and
Rushton, 1946: Hodgkin, 1947) values of R; have been
reported. However, the value chosen by Gorman and Mirolli,
(1972) seemed to be a reasonable value to select. The
diameter of cell selected for this caiculation was 50 um,
based on the theoretical assumption that the maximum

size of cell suitable for TSWCR is about that size. Note
that the error would be less if a 30 um cell (average size
of FSN) was considered. The total error over the entire
region of the sphere as given by the area under figure A5 is
0.26%. What this means is that under stead state
conditions if, for example, the voltage at the tip of a
pipette was 10 mV, on the average, the voltage seen over the

sphere would be 9.974 mV.
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Figures A5 & A6.
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the regions of a sphere (50 um in diameter) subtended
at a reference point (the centre of the tip of the
patched electrode; see appendix C) is illustrated. 6.
Here the profile of the error as seen over the entire
sphere indicates that the least error is expected at
a point 60° from the patch electrode.
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The worst case conditions, for calcium current
(IX.,), occur when the recorded current was at its
peak e.g. 1.2 nA from holding potential of -60 mv
to step potential of +20 mV (V_,). The input
resistance R; of the cell is given by:
dv/dI; where daV is the driving force
(i.e. vV, - V.2 V_  and V_ are the membrane and
reversal potential respectively). If we assume V_
for I, to be +100 mV. R, at peak current is 66.67
M Q. Assuming a spherical cell of diameter
50 um, the specific membrane resistance becomes

5238.1 Q-cm?.

Moreover, the error profile as observed from the angle of
region subtended at the pipette is non-uniform. Table 1lAa &
b illustrates errors involved at different regions of a
sphere subtended at the angle 8. When I also considered the
time variable, with a 7 of 1 us the error increases to 0.75%
(see Appendix C for equations). As T increases to 10 us the
error is not appreciably different from the steady state
conditions.

Figure A7 describes the relationship between voltage
and conductance (reverse potential for I, was assumed to be
equal to +100 mV) of the calcium current being studied. The
slope of the line in fig. A7 corresponds to a limiting

voltage sensitivity of 10 mV for a e-fold change in
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conductance. In table Al, the voltage error at different
regions are given. These errors, even at the worst
conditions (when 6 is small), are small. The relation
between calcium conductance and voltage is sigmoidal and the
error in voltage should increase in a similar fashion. It
is reasonable to assume that the calcium current begins to
activate at -30 mV, from a holding potential of -60 mV (see
figure A7). Given that, estimates of the potentials beyond
which the error increases above 5% are given in table A1ld.
Note that the situation is worst at the region covered at 5°
from the electrode.

Let us consider the relation between voltage and
calcium conductance once again (figure A7). The steepest
part of'the curve occurs between 0 and 10 mV. At this
voltage range, the conduciance of the current increases by
0.4699 nS for 1 mV change in voltage. ~he error becomes 1.7
times worse compared to “.2.e mean. The last column of table
A-1 lists the voltages beyond which the error increases
above 5% at the steepest region of the conductance curve.

The region of the cell close to the electrode (between 0°
and 10°) will experience an error greater than 5% when

currents are elicited at voltages above -5 mV.
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Change in Ca. conductance with voltage (fig 7)
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Figure A~7.

The activation of I, increases in a sigmoidal
fashion. The estimated conductance (g) of the current
was Calculated from the equation: g = I /(V - V_ ),
where Vv is the step potential and V,. is the reversal
botentjial of calcium (assumed to be +100 mV in this
QzSe) . The steepest part of the curve occurs between
qt 0 and 10 mV and it is at this voltage range that the
highest error of voltage inhomogeneity is expected.
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I

Table A-1-1

Angle 6 Region of Error at 0 Total error
(degrees) su ten513p (x107™) atqgeglon (x
(cm x 10°°) 10°%)
5 3.3 120.1 4.0
10 6.8 59.1 34.9
| 30 19.6 14.9 3.0
l 60 34.0 1.1 0.4
[ 90 39.3 3.9 1.5
|[ 120 34.0 6.6 2.3
|[ 150 i9.6 8.0 1.6
180 0 8.5 l.6

— |

Table A-1-2

Angle 8 (degrees) % error at point O error at region
from electrode subtgpded by
(x10°°%)
5 1.20 1.98
10 0.60 3.14
' 30 0.20 6.60
IF 60 0.01 8.84
90 0.04 8.92
120 0.07 9.29
150 0.08 9.54
180 0.09 10.44
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B

Table A—-1-3

Angle 0 (degrees) Voltage (mV% at 9 when
command voltage = 10 mV.
5 9.88
" 10 9.94
|| 30 S5.98
60 9.99
I[ 30 9.99
r' 120 9.99
150 9.99
| 180 9.99
[ Table A-1-4
Angle 0 (degrees) ggltage (mVv Voltage (mVv
yond which erxrror | beyond whic
exceeds 5%. error exceed 5%
at steepest,
region in figure
5 +12 -5
| 10 +55 +20
30 +248 +134
60 +4970 +2211
L 90 +1220 +705
120 +684 +390
* 150 +595 +338
180 +338 +338

A larger portion of the cell however,

(between 10° and

180°) is not subject to any significant error within the

voltage ranges at which calcium currents were recorded.

The analysis made,

parameters, indicates that, within limits, the potential

a spherical cell, 50 um diameter,

using experimental and theoretical

of

is close to isopotential
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conditions. This is consistent with other reported cases
(Jack, et al., 1975). It is perhaps important to reiterate
the fact that the neurons which were studied had an average
size of 30 um. Theoretically, the error should be less in a
30 um cell.

Evidence of serious space clamp problems can be
detected from the recorded current traces and the current
voltage (IV) relationship. Commonly, ‘bumps', occur in the
current traces and also, beyond the threshold voltage,
action potentials can be elicited even when the cell is
electronically clamped. The IV curve, for a badly clamped
cell may look like an upside-down action potential (Jones,
1987). None of the signs of space clamp problems were
obsérved in the experiments. The shape of the current-
voltage relationship for sodium and calcium currents were
Close to bell-shape: an indication that the space clamp

conditions were close to being ideal.
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Appendix B (figure)

Below is a circuit which describes the resistances involved
when two patch electrodes are used to record from one cell.
R, = Series resistance of command electrode
R, = seal resistance of command electrode with cell
R_,, = seal resistance of recording electrode
R, = series resistance of recording electrode

R;, = input resistance of recording amplifier.

SEE APPENDIX 4 FOR DETAILS

R COMMAND ELECTRODE

CELL

RECORDING ELECTRODE

AMPLIFIER of RECORDING ELECTRODE
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Appendix B
Assumption:
R, is a large number
The quality of a voltage clamp depends on the ratio:

Ve
VP
V., = effective command voltage and V_ is the potential
applied at the end of the pipette.
Yo o _Bus
Vp Rtocal

where R, tal is the total resistance and R, is defined as:

1
R =
n 1, 1,1
Rin+Rse Rsez Rm
1 - 1
Rin+R32 R.in
1
R .=
L 1T
R.in Rsez Rm

The wvalue of R, is determined by R,.; and R, (see equation A-
4).

Ve
p

~

-1
1+Rs1
R

ns

o

As R, approaches zero the quality of the voltage clamp

improves. Perfect voltage clamp is obtained by reducing Rsl
or increasing R_.
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Appendix C.

The figure below shows a circle
with ratius a, at the center of the
Cartesian plane (0,0). As the
circle is revolved about the plane
from 0 to 7) a sphere emerges.

/\ Below, the derivation of the area
of a sphere has been made.
Y
a
dS
S
=
x?+y2= 2 (1)

(1: Equation of a circle with center at the origin of X and
Y Cartesian plane).

&6s = adb (2)

(2: The change in surface area s: 6 is in radians).

y = asinb 0y = acosb6380 (3) (Sine rule)
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X = acosf 8y = —asinbé0 (4) (Cosine rule)
5s = /6x2% + 8y2 (5)
8s = /a?sin?0 + a2cos?6 &6 (6 : from 1--5)

S=f:2n:y63 (7)

S=f:27rasin6a66 (8)

S = Znazf:sinﬁéﬁ (9)

S =2na?[-cosblj (10)
§=2ma?[1+1] (11)

S =4ma? (12: Area of a sphere)
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Appendix D
i R

V, = 208 (i +pia/r, 001 (1)
4Tt a

¥ = (1-2a/A) (1+(a/A)YD-(a/r)2E,)) + [(a/A)cschH/2] -1 (2)

L(t) =1 - ¢/ RaCa (3)
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