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A life in Science is never an easy one and 

on occasions one may be uncertain as to the path to follow. 

From my own experience, all I  hope is that as 

Winston Churchill once said:

"This is not the end.

It  is not even the beginning of the end.

But it is, perhaps, the end of the beginning."
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ABSTRACT

Primary sensory neurones consist of discrete functional groups, previously defined 

in terms of cell size and action potential shape. Whole cell patch clamp recordings were 

made from cells isolated from mouse dorsal root ganglia (DRGs) to define the ionic basis 

for these characteristics. Three groups emerged, expressing different arrays of voltage- 

activated currents. These correlated well with cell size, measured as a function of 

membrane capacitance. Capsaicin was used to identify a subset of small nociceptive cells. 

The properties of the major currents underlying the differences in electrophysiological 

behaviour of the cells were characterised.

The cells were used to investigate the basis for altered neuronal function during 

hypoxia/anoxia. Microfluorimetric techniques were used to monitor: (i) intracellular 

calcium ([Ca2+]i) using indo-1 (ii) mitochondrial membrane potential (\|rm) using 

Rhodamine 123 and (iii) the autofluorescence of mitochondrial NADH.

Anoxia increased [Ca2+]i5 depolarised \j/m and increased autofluorescence. Blockade 

of mitochondrial electron transport by cyanide had equivalent effects. The p02 sensitivity 

of these effects was defined. The baseline redox status of cells was estimated through 

measurement of maximal (blockade of oxygen consumption with CN/anoxia) and minimal 

autofluorescence (maximising oxygen consumption with uncoupler, FCCP). The 

contribution of the Fr F0 ATPase to \|fm was studied using oligomycin. This revealed the 

reversal of the ATPase with anoxia, slowing the rate of depolarisation of \}/m.

The actions of the convulsant barbiturate CHEB were examined. It was found to 

inhibit electron transport at Complex I, and was more potent than other barbiturates. In 

a proportion of cells which did not correlate clearly with the classification described 

above, CHEB raised [Ca2+]; dramatically. This was distinct from its metabolic effects, 

resulting from the opening of a non-selective cation conductance. This action could 

underlie the convulsant effect of the drug.
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CHAPTER ONE: GENERAL INTRO DUCTIO N

1.1 EXCITABLE CELLS AND ELECTROPHYSIOLOGY

Since the controversy between Galvani (1791) and Volta (1800) it has been known 

that electrical events are involved in nerve transmission and that the application of current 

will excite both nerve and muscle cells. Subsequently the electrical activity of excitable 

tissues was shown to have a dependence on metabolism (DuBois-Reymond, 1848) and 

also Ringeij(through a seriesof papers on perfused frog heart, 1881-1887) showed that to 

maintain normal function sodium, potassium and calcium salts needed to be present in 

definite proportions; the inter-relationship between ionic balance and cell metabolism are 

now known to be crucial for the maintenance of normal neuronal cell function (Hansen, 

1985).

The development of the compound microscope in the latter half of 19th century 

revealed the anatomical complexity of nervous tissue through the Nobel prize winning 

works of Camillo Golgi and Santiago Ramon y Cajal. Golgi (1906) managed to visualise 

the whole neuron, showing the cell body, dendrites and axon, but, it was Ramon y Cajal 

(1906, 1908) who supplied the empirical support for the nerve doctrine that the nervous 

system was made up of discrete signalling elements ie; neurones.

However it was not until the period 1935-1952 that satisfactory techniques for the 

recording of electrical activity were designed which could test the theories of the passive 

membrane properties of the cell and the propagation of action potentials. This was 

achieved mainly through the work of K. Cole, H. Curtis, A. Hodgkin, A. Huxley and B. 

Katz.

Initially, by the use of impedance measurements (Hodgkin, 1937) evidence was 

obtained for the electrical theory of propagation by local circuit current flow: a theory 

proposed by Hermann (1905). Meanwhile by similar methods, Cole &  Curtis (1939) 

found the cell cytoplasm to be highly conductive while the cell membrane was not and 

they also provided evidence to support Bernstein’s "membrane breakdown" theory: a 

selective permeability to potassium while the cell was at rest, with a non-selective increase 

in membrane permeability during activity (Bernstein, 1902). This second study also 

helped to confirm the unitary nature of membrane capacitance (at around lpF/cm2) 

irrespective of cell type.

Of greater importance was the development by Cole and Marmont during 1947 of
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a technique for impaling squid axons with a long metallic electrode (Cole, 1949; 

Marmont, 1949). With the aid of an electronic feedback circuit it was possible to apply 

current uniformly to the membrane to avoid the complications of the spread of current in 

this cable like structure. This same electrode was also used to apply current injections 

in an attempt to provide step depolarisations or hyperpolarisations. Hodgkin, Huxley and 

Katz were to refine this method (Hodgkin et al., 1949; Hodgkin & Huxley, 1952) by 

incorporating a second electrode for current injection, thus improving the ability to 

maintain the voltage clamp during large current injections. This technique of voltage 

clamp was to revolutionise the study of the nervous system and by its use in the control 

of the potential across the cell membrane (Marmont, 1949; Cole, 1949; Hodgkin et al, 1949 

Hodgkin & Katz, 1949) it was possible to quantitatively model both the resting potential 

and the action potential. Today, these models still form the basis of our understanding 

of electrical behaviour of neuronal cells.

The resting potential of the nerve cell, usually slightly positive to the Nemst 

prediction for the potassium reversal potential, could be explained in terms of a passive 

leak to other ions (Na+, Ca2+) which had more positive reversal potentials (Hodgkin &

Katz, 1949): a mathematical description for this was achieved by an adaptation of the Nemst 

equation (Nemst, 1888) to consider the effects of several ions, rather than just one (the 

G-H-K or Goldman-Hodgkin-Katz equation).

The quantitative mathematical model of the all-or-none action potential (Hodgkin 

& Huxley, 1952) suggested the existence of gating particles to control the movement of 

selected ions across the cell membrane: a supra-threshold stimulus resulted in the rapid 

opening of sodium gates and a large membrane depolarisation, the sodium gates then 

closed, while the potassium gates were opening more slowly. The combination of the 

sodium gate inactivation and the opening of potassium gates was sufficient to restore the 

membrane back to its resting level, though this was generally preceded by a period of 

afterhyperpolarisation.

Over the subsequent 25 years refinements have been made in the voltage clamp 

technique. These include the transition to the use of glass microelectrodes (Frank et al.,

1959; Frank & Tauc, 1964; Hagiwara & Saito, 1959a,b) which allowed the impalement 

of the soma or dendrites of nerves, previously not accessible using an axial wire. Also 

techniques were developed to allow dialysis or perfusion of the interior of larger cells
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(Baker et al., 1962; Baker, 1967).

By 1974, Katz &  Schwartz had improved the feedback circuits making the voltage 

clamp, previously still quite hit and miss, more reliable, while Dagan Corp. 

(Minneapolis) provided the first commercially available voltage clamp amplifier. These 

factors helped to make this technique, which had been previously limited to a few selected 

groups, more accessible.

The next major development came with the recording of single channel activity 

by Sakmann &  Neher in 1976. This technique, referred to as "patch-clamp" was further 

refined and then described in detail in 1981 (Hamill et al., 1981; Fenwick et al., 1981a). 

Now, it has largely superseded intracellular microelectrode techniques for in vitro studies. 

The high resistance seals (G£2) achieved between the membrane and the pipette tip with 

the patch-clamp technique substantially reduce the level of background noise, allowing 

single channel events to be resolved. This provides a means of extending studies over a 

wider variety of electrophysiological applications and has also provided confirmation and 

refinement of the Hodgkin and Huxley model of Na+ and K+ conductances.

Since the initial breakthroughs in the field of electrophysiology in the 1940s and 

50s, studies using both microelectrode and patch clamp techniques have uncovered the 

diversity of the voltage-activated currents expressed in both vertebrate and invertebrate 

neurones; showing the situation to be a lot more complex than was first indicated by 

Hodgkin & Huxley in 1952 (see Hille, 1984 &  1992). However, to understand the basis 

of cell excitability fully it is necessary to have an understanding of the molecular 

conformation and structural layout of the cell membrane.

The membrane itself was not visualised until the advent of electron microscopy 

in the 1940s (Kay, 1965; Palade, 1971) and then it was not until 1972 that the now more 

commonly accepted "fluid mosaic model" for the membrane structure was suggested by 

Singer & Nicolson (1972). Based on this model and the electrophysiological data 

available excitation and electrical signals in the nervous system are now widely believed 

to involve the movement of ions through transmembrane proteins.

1.2 IONIC CHANNELS; STRUCTURE AND EVOLUTION

The concept of distinct ionic channels arose mainly due to the description of the 

specific blocking actions of a-bungarotoxin for nicotinic ACh receptors (for review see
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Conti-Tranconi &  Raftery, 1982) and tetrodotoxin (TTX) for Na+ currents (Henderson &  

Wang, 1972). With the identification of ionic channels as transmembrane proteins rapid 

advances have been made in the fields of protein chemistry and molecular biology (see 

Catteral 1986 &  1988; Guy & Conti, 1990; Jan &  Jan, 1990).

The Na+ channel protein was the first of the voltage-activated ionic channels to be 

isolated. It consists of several components, though the major one, the a-subunit, can itself 

form a functional channel. The amino acid sequence shows the a-subunit protein to 

consist of four homologous repeats. The topology of the channel protein, determined by 

scoring the hydrophobicity of the amino acid side chains (hydropathy plot) indicates that 

each repeat consists of six membrane spanning segments, referred to as sl-s6 in the 

direction of the N- to C-terminals (Noda et al., 1984).

A number of different voltage-operated calcium channel types can be detected 

using electrophysiological techniques (see Nowycky et al., 1985 and reviews by Tsien et 

al., 1988 and Swandulla et al., 1991). The first to be isolated and sequenced was the 

DHP-sensitive channel protein from skeletal muscle (Tanabe et al., 1987). It is more 

complex than the Na+ channel, however, it still possesses an a-subunit, responsible for 

most of its functional features. The Na+ and Ca2+ channel proteins show considerable 

homology, the Ca2+ a-subunit also consisting of 4 homologous repeats, each with six 

membrane spanning segments (sl-s6) (Tanabe et al., 1987).

Isolation of the A-type K+ channel from the fruit fly drosophila melanogaster 

revealed that it too had the same structural motif (Tempel et al., 1987), though this time 

there was only a single repeat. The work of Isacoff (1990) and MacKinnon (1991) have 

indicated that four potassium channel proteins combine to form a functional channel. This 

enables the formation of heteromeric forms, which along with the existence of several 

related K+ genes and the possibility of alternate splicing may account for the diversity of 

potassium channels observed (Jan &  Jan, 1990).

A number of different potassium gene families have now been isolated which are 

referred to as shaker, shab, shal and shaw and in that order their functional properties 

appear to extend from the A-type across to the delayed rectifier form of K+ current (Wei 

et al., 1990); an observation not restricted to the fruit fly, but also seen in vertebrates.

Though the membrane channels are believed to have an "hour-glass" shape when 

situated in the membrane, their exact 3-D structure is still widely debated. Until a
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definitive picture is achieved it will not be possible to say exactly how they function. 

However, the similarity in the structures of the voltage-activated channels isolated so far 

has led to the postulate of a common ancestral non-selective cation channel (Hille, 1984 

& 1992). Over millions of years this channel has diversified to give the distinct groups 

of more specialised voltage-activated, ion selective channels seen today. These voltage 

sensitive channels can be distinguished by their single conductance rates of ~107 ions/sec, 

the high ion selectivity and their steep potential dependence.

A similar super-family of channels which stem from a common origin, postulated 

to be a chemosensitive pore, has also been suggested for ligand-gated channels. The 

topology of these channels is quite separate from that of the voltage activated channels 

(Hille, 1984 &  1992).

The important features of these ionic channels, whether voltage- or ligand- 

activated, are their gating mechanisms and their selective permeability. It also appears 

that the ionic channels to Na+, K+, Ca2+ and Cl* seem to be responsible for almost all the 

electrical signals in the nervous system.

1.3 PRIMARY AFFERENT FIBRES

The present study set out to examine the voltage-operated currents underlying 

neuronal excitability using cells acutely isolated from mouse dorsal root ganglia. These 

cells provide a good model for learning about the mechanisms by which voltage-activated 

currents shape the electrical behaviour of the cell: not only do they express a broad array 

of voltage-activated currents, but also several of the properties of the cells including their 

morphology and electrical behaviour are believed to reflect the functional heterogeneity 

of these primary sensory afferents (Harper & Lawson, 1985; Rose et al., 1986; Lawson 

et al., 1989).

The notion of specific cutaneous sensation can be attributed to Bell (1811), this 

idea was furthered by Mullers’ doctrine (1840-1842) and, later in the 1840s, it was 

extended again to include postulated specific nerve endings for each sensation of 

cutaneous stimulation by Volkman. The rich innervation of the skin with axons of the 

primary afferent nerve (about lxlO6) led to the belief that the axons of the dorsal root 

were the carriers of the sensory information from the body wall to form synapses in the 

dorsal horn (Iggo, 1974). On reaching the spinal cord the axons bifurcate into cranial
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and caudal branches, both of which pass collaterals into the grey matter (Sherrington,

1893 & 1898).

1.3.1 THE PERIPHERAL NERVE

The peripheral nerve bundle which contains the axons destined for the dorsal root 

also contains axons other than those for cutaneous sensation, including visceral axons.

The morphology of the peripheral nerve and dorsal roots along with the cell constituents 

have been studied for over a century with the emphasis on correlating the information 

with function and metabolism.

The peripheral nerve contains both myelinated and unmyelinated fibres ranging in 

diameter from 0.2-20pm according to species and destination. Myelination is seen once 

the diameter exceeds 1pm and during development it begins first in those axons destined 

to be the largest (Thomas, 1956). Its effect is to increase the conduction velocity of axons 

by allowing saltatory conduction, a mechanism by which the action potential "jumps" 

from one node to the next (Jack et al., 1983).

These axons have been classified by two different methods: based on the shape of 

the compound action potential, Erlanger & Gasser (1937) classified the neurons into the 

A, B, or C wave, a property dependent on their conduction velocity, with sub-division of 

the waves into a, 6, yand 8 components. Later, (Gasser, 1955) the unmyelinated C-fibres 

were added to the classification and also the 6 and gamma sub-groups of the previous 

classification were reported to have been artifacts (Gasser, 1960). However, this second 

point has not prevented their use.

The second classification was based on the axonal diameter of cat muscle nerves 

(Lloyd & Chang, 1949; Stacey, 1969). Myelinated fibres were referred to as group I, II 

or III (diameter of I>II>III), while unmyelinated fibres were classed in group IV. It was 

possible to apply this classification to cutaneous nerves, with the relationship between 

conduction velocity and axon diameter permitting a cross-reference with the Erlanger and 

Gasser groupings (see figure 1.1). It has also been possible to assign some of these 

groups functional correlates.

Myelinated axons dominate the nerve cross-sectional area and the compound action 

potential, but numerically they are the leasti abundant. A8-fibres are the most abundant of the
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FIGURE 1.1

A. The figure depicts the current view (see text) of the structure of primary sensory cells 
and their processes.
(adapted from R.E. Coggeshall, 1986)

B. The table documents the two most widely used classifications for primary afferent 
fibres (see text) and also shows how they relate to each other, (axon diam. = axon 
diameter; C.V. = conduction velocity).
(adapted from Williams, P L . & Warwick, R. (eds) Gray’s Anatomy 36th British edition: 
Churchill Livingstone 1980)
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A.
drg cell

body

peripheral
process

dorsal
root

SPINAL 
CORD

PERIPHERY

B.

AXON DIAM.(pitl) C.v. (m/sec) FUNCTION

Aa I 13-20 80-120 proprioception

A8 II 6-12 35-75 proprioception
touch
pressure

A5 III 1-5 5-30 touch (coarse) 
pain
cold (15-30°C)

C IV 0.2-1.5 0.5-2 pain
cold (15-30°C) 
heat (30-42°C)

8



myelinated axons, while C-fibres contribute the most outnumbering myelinated ones about 

4 or 5 to 1 (Dyck et al., 1972).

1.3.2 THE DORSAL ROOT GANGLIA

The cell bodies of these primary afferent fibres, acutely isolated for this study, lie 

just outside the spinal cord encapsulated in connective tissue, a structure known as the 

dorsal root ganglion (drg). The cells contained within an individual ganglion range in size 

considerably and are predominantly unipolar or pseudounipolar, though a few show 

collaterals or dendritic trees (Dogiel, 1896; Ranson, 1912).

In early studies, the number of drg cells were thought to exceed the number of 

axons of the peripheral nerve and dorsal root (Hatai,1902). The main reason for this was 

the poor resolution of the light microscopes used in these studies which could not resolve 

the unmyelinated C-fibres. However, by 1912 Ranson had developed a silver stain for 

unmyelinated axons and showed their abundance in both the peripheral nerve and the 

dorsal root. He also speculated that the smaller drg cell bodies, which made up 60-70% 

of the cells within a drg, possessed unmyelinated axons; a result later confirmed by 

Lawson (1979).

With the improvement of the silver stain techniques came the general agreement 

that the ratio of drg cells to axons was 1:1 (Duncan & Keyser, 1938; Holmes &  

Davenport, 1940), though this view only survived until the advent of electron microscopy. 

The vastly improved resolution of this technique showed that in the dorsal root, which 

consists only of sensory fibres, there were twice as many axons as there were drg cells 

present in the ganglion (see figure 1.1 and Langford &  Coggeshall, 1979; Chung &  

Coggeshall, 1983).

In the peripheral nerve the ratio of sensory fibres to drg cells appeared similar 

(2:1), though, as it is a mixed nerve, this was more difficult to determine (Langford & 

Coggeshall, 1981). Both electrophysiological data (Bahr et al., 1981; Pierau et al., 1982) 

and clinical studies (Sinclair et al., 1948; Sinclair, 1949) exist to support the idea of an 

excess of axons to drg cells.
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1.3.3 WHY THE CONTINUED INTEREST IN DRG CELLS?

The early anatomical findings of Ranson, indicating a correlation between drg 

soma size and axon diameter, are still generally thought to apply (Lawson et al., 1974; 

Lawson, 1979; Lawson &  Biscoe, 1979; Harper &  Lawson, 1985). The cells have been 

broadly classified into two types; large, light A-cells (A) and small, dark C-cells (B). The 

large cells undergo an uneven staining of the cytoplasm, but in the small cells intense 

basophilic staining occurs when using eg: iToluidine blue.

Subsequently, further histochemical and immunocytological techniques have been 

developed to distinguish between the two cell types. Commonly used are an assay system 

for the enzyme FRAP (fluoride resistant acid phosphatase) which is located predominantly 

within the small C-cells (Jancso et al., 1981; McMahon &  Fitzgerald, 1984) and also the 

antibody RT97+ which labels the neurofilament found predominantly in the larger A-cells 

(Lawson et al., 1984).

The ease of accessi bility of these cells has allowed extensive attempts to clearly 

define the borderlines between the cell groups and in assigning their functional type 

(Lawson & Harper, 1985); however one needs to be careful not to try to assign a specific 

functional correlate for every structural observation. They also provide a useful model 

for the study of neuronal development and its dependence on trophic factors including 

serum, nerve growth factor and adhesion molecules (Baron-van-Evercooren et al., 1982; 

Johnson et al., 1986; Itoh et al., 1991). Their usefulness has been expanded further by 

the development of techniques to successfully dissociate and/or culture single neuronal 

cells (Trube, 1983; Freshney, 1983; Bottenstein & Sato, 1985; Shahar et al., 1989).

Additionally, several properties of drg cells have resulted in their use as a model 

of the central synapse in the dorsal horn. These have included the storage of putative 

neurotransmitters in the soma, the presence of receptor populations at the soma surface 

and also the presence of conductive mechanisms for electrical activity at the soma, as seen 

by its ability to fire action potentials.

Identification of putative transmitters in the cell soma may help in the 

categorisation of afferent type and function. So far, a variety of neuropeptides have been 

located in the small C- and A5-cells, these include: somatostatin (SOM) and substance P 

(sP) (Hokfelt et al., 1975a,b); chole cystokinin (CCK; Daalsgard et al., 1989); VIP 

(vasoactive intestinal peptide; Lunberg et al., 1978) and CGRP-like immunoreactivity
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(Seybold et al., 1989).

These neuropeptides, seen in vesicular form in the terminals, are synthesised in the 

ribosomes of the drg soma and cleaved from the pre-prohormone before transport to the 

synapse (Koenig, 1965). Evidence also exists for their release from the terminals 

indicating a role in neurotransmission or modulation (Yaksh, 1986).

Not all cells within the small cell population express each of these putative 

transmitter peptides, highlighting their probable functional heterogeneity (Lawson et al.,

1989). Co-expression within cells for a number of these have been observed and also, 

bombesin, angiotensin I I  and PHI (a VIP analogue) have been suggested as putative 

transmitters (Yaksh, 1986; Seybold et al., 1989).

There is a considerable interest in the properties of the small cells due to their 

involvement in the transmission of nociceptive information (Campbell &  Meyer, 1986). 

In particular, there is a large amount of evidence to support a role for sP in neurogenic 

inflammation (Yaksh, 1986), whereas CGRP-like immunoreactivity, also observed 

predominantly in C- and A8-cells (*40%), is believed to be involved in neurogenic 

vasodilation (Lawson et al., 1989).

In addition, the soma contain high concentrations of glutamic acid (Duggan &  

Johnston, 1970; Johnson &  Aprison, 1970) which is a ^marker for both the inhibitory 

amino acid GAB A and the excitatory amino acid glutamate. This provides a possible 

assay for identifying the group of large myelinated afferents which utilise glutamate as 

a neurotransmitter (Lamotte, 1986; Jeftinija et al., 1991).

However, it must be noted that, as well as species differences, differences are also 

seen in the expression of putative transmitters between the perikaryal and axonal (central 

side) varicosities (Seybold et al., 1989). This questions the validity of the assumption that 

transmitter-like substances in the soma are released as chemical signals at the synapse.

The presence of receptor populations at the soma surface may give insights into 

the presynaptic mechanisms modulating cell signalling, based on the assumption that these 

receptor populations are the same as those present at the terminal. Furthermore, there is 

selective expression of different receptor population amongst different classes of drg cell 

which may relate to function. The receptor populations recognised so far include those 

to 5-HT, noradrenaline, GAB A, dopamine and opioids (Dunlap &  Fischbach, 1978 &  

1981; Werz & McDonald, 1982; McDonald &  Werz, 1986; Bevan & Robertson, 1987).
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Electrical activity in the soma is not believed to affect the propagation of the 

action potential from the periphery to the central synapse in the spinal cord (Ito & Saiga, 

1959; Ito &  Takahashi, 1960). However the action potentials passing along the axon can 

invade the soma (Svaetchin, 1951 & 1958). The implications of this are several-fold: the 

presence of voltage-activated channels at the level of the soma may be relevant to cell 

membrane function and their co-ordination with intracellular systems including cell 

metabolism. In addition it provides an additional means of comparing the soma with the 

drg terminal, provided channel expression at the soma is of a similar type and density as 

at the terminals.
Although the DRG soma is a useful model for an excitable cell, one must 

jremember that the evidence to support its exact correlation with the central terminal is still 

widely debated.

1.3.4 ELECTRICAL BEHAVIOUR

The difference in the electrical behaviour of the primary afferents extends beyond 

differences in action potential conduction velocity to action potential shape and firing 

patterns. This is relevant to the encoding, in terms of frequency, of information sent to 

higher centres. The action potential duration, with its refractory period setting an upper 

limit to firing frequency, will also be relevant to the extent of neurotransmitter release.

Much of the previous literature has been from studies using intact ganglia where 

axon diameter, conduction velocity and the staining of specific cell constituents can all 

be used to help relate electrical activity to function. In general the small dark C-cells 

with their slow conduction velocity show long duration action potentials, while the large 

light A-cells with more rapid conduction velocities show faster action potentials (Harper 

& Lawson, 1985).

In this study the use of the whole-cell patch clamp technique with isolated drg 

cells enabled both a comparison of electrical behaviour of the soma with the voltage 

changes observed in the intact ganglia, and also an insight into the characteristics of the 

underlying voltage-activated currents.

Throughout, it is important to remember that the end-result of electrical activity 

of a nerve cell lies almost invariably in a non-electrical event, such as muscle contraction 

or secretion. The central mechanism for linking the electrical events at the membrane 

with these other cell functions generally involves intracellular calcium.
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1.4 HOW IS INTRACELLULAR CALCIUM REGULATED?

A major development in the evolution of the eukaryotic cell was the 

internalisation, to the mitochondria, of the chemiosmotic proton-motive force for the 

production of ATP, which had previously been stored at the level of the cell membrane. 

This had several important effects for the cell. Firstly, it freed the membrane from 

primary energy storage allowing other ionic gradients to occur across the cell membrane; 

a possible trigger for the evolution of voltage-operated channels discussed above. The 

development of these channels was important for a number of cell functions such as 

osmoregulation, the uptake of nutrients, behaviourial responses to the environment and 

later for cell-cell communication and the evolution of the nervous system.

Also, the ability of the cell to utilise phosphates as an energy source meant, due 

to the insolubility of Ca3(P04)2, a rigid control of cell calcium was necessary (Ketsinger, 

1977). It has been postulated that complex cell systems for the efficient buffering and 

extrusion of cellular calcium developed first to maintain the separation between calcium 

and phosphates. Only later were these mechanisms to be exploited by the cell by using 

calcium as a second messenger for the rapid relay of information (Ketsinger, 1990).

In higher species 99% of the calcium is located in the teeth and bones. The 

extracellular calcium ion concentration is maintained at around 3mM by parathyroid 

hormone, calcitonin and vitamin D. While inside the cell less than 0.01% of the calcium 

exists as the free ion, with a basal Ca2+ level of around 50-100nM. This large gradient 

for calcium across the cell membrane (==4 orders of magnitude) makes the regulation of 

calcium flux across it all the more important.

The permeability of the membrane for calcium is lower than for sodium or 

potassium, but there is still some passive leak. Therefore, the extrusion mechanisms for 

this divalent cation have to deal not only with the calcium which enters during activity, 

but also with this passive leak.

The key features involved in the regulation of intracellular calcium levels in a 

neuronal cell, such as the drg cell, are shown in figure 1.2.

1.4.1 CALCIUM INFLUX

During activity the influx of calcium into neuronal cells occurs mainly through 

voltage operated calcium channels (VOCCs). Several different types of VOCCs have
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ADP

CaPL

FIGURE 1.2
Schematic representation of calcium regulatory mechanisms in a neuronal cell.

Calcium can enter the cell through voltage-, receptor- or second messenger-operated 
calcium channels (VOCCs, ROCCs and SMOCCs respectively). Once inside calcium can 
be buffered by cytosolic binding proteins (BP), which, like membrane phospholipids (PL), 
are targets for the initiation of calcium-induced activity. Alternatively, this divalent cation 
can be sequestered and subsequently released from intracellular pools (IC, eg: the ER) or 
the mitochondria (M). Eventually, any calcium which has entered the cell will be 
extruded either by the membrane Ca2+-ATPase or the Na+/Ca2+ exchanger.
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been identified, the differences mainly with respect to their voltage dependence, kinetics 

and pharmacology (see reviews by Tsien et al., 1988; Swandulla et al., 1991 and 

CHAPTER FOUR). In addition calcium can enter through ligand gated channels, where 

the ligand may be either an intracellular second messenger (SMOCCs) or an agent acting 

at receptors on the extracellular face of the cell (ROCCs).

1.4.2 INTRACELLULAR STRUCTURES

On entering the cell, calcium has a number of targets both at the inner side of the 

membrane and in the cytosol. At the membrane calcium can alter the function of some 

ion channels (Marty, 1988) or it can act on the phospholipids of the bilayer thus initiating 

further biochemical events (Berridge, 1987).

The calcium signal in the cytosol can be translated into an intracellular response 

via its binding to one of a number of calcium binding proteins, including troponin-C, 

parvalbumin, S-100 proteins,calbindins and calmodulin (Heizmann &  Hunziker, 1990; 

Pietrobon et al., 1990). Of these, calmodulin, whose activity results from the 

conformational change in its structure following calcium binding (Herzmann &  Hunziker, 

1990), is probably the most important to cell function (Klee &  Vanaman, 1982).

The binding of calcium to these cytosolic proteins, though rapid, only provides a 

low capacity store. Organelles within the cytosol, though slower in sequestering the 

calcium are able to permit the cell a greater capacity for storage.

In most non-muscle cells the smooth endoplasmic reticulum (ER), a phylogenic 

correlate of the sarcoplasmic reticulum (SR) of muscle, is thought to form the 

predominant intracellular calcium store (Pietrobon et al., 1990; Krause, 1991). The 

sequestration of calcium into the store occurs through a Ca2+-ATPase, while release occurs 

through a either IP3-sensitive or IP3-insensitive mechanisms. Though the mechanisms 

linking extracellular calcium to the ER calcium store are still under much debate, the 

involvement of inositol polyphosphates and in particular inositol 1,4,5-triphosphate (IP3) 

in the release of calcium from the ER into the cytoplasm is well documented (Berridge, 

1984, Berridge &  Irvine 1989).

An additional structure, very similar to the smooth ER is the more recently 

identified calciosomes (Volpe et al., 1988). For a number of cell types, a connection has 

also been found between calcium and calcium binding protein in lysosomes (Malgaroli
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et al., 1987; Carafoli, 1987).

The presence of these structures and proteins for the binding or sequestration of 

calcium and also for calcium release serve to create differences in the spatial and temporal 

distribution of calcium within the cell. In turn, these could be important for the separation 

of action of the multiple processes regulated by calcium. However, the functional 

specificity of these intracellular buffers, if it exists, still remains unclear (Pietrobon et al., 

1990; Nemere, 1990).

Another important intracellular organelle is the mitochondrion which was initially 

believed to provide a low affinity "sink" for calcium. However, at resting conditions the 

low affinity and low uptake rate of the mitochondria for calcium make it unlikely that it 

plays a role in the regulation of cytosolic calcium levels (Scarpa, 1976). Although, 

calcium movement across the mitochondrial membrane appears to be strictly regulated, 

this probably relates more to the important role for calcium in the coupling of 

mitochondrial enzyme activity to cell activity (Denton &  McCormack, 1990).

1.4.3 C ALCIUM  EFFLUX

The structures mentioned above will only act as short/medium term buffers for any 

increase in intracellular calcium. Eventually, the calcium load has to be extruded from 

the cell; a load compounded by the passive leak of calcium down its electrochemical 

gradient. This removal of calcium is achieved by two systems a Na+/Ca2+ exchanger and 

a Ca2+-ATPase (Dipolo & Beauge, 1983). Both systems are exporting calcium against its 

electrochemical gradient and so require energy: the first uses energy from Na+ gradient 

set up by the Na+-K+-ATPase in the cell membrane, whilst the second utilises ATP 

directly.

The initial idea of a form of carrier for Na+ and Ca2+ was postulated for frog 

cardiac cells by Luttgau & Niedergerke (1958). In nerve cells, this exchange system was 

later to be more clearly defined by Baker (1967). The initial concept was quite simple 

and involved the competition of the two species for the same site; a function which 

depended on the concentrations of Na+ and Ca2+ and on their affinities.

The simple concept of the exchanger is now known to be more complex including 

its electrogenic nature as well as modulation by a number of ligands including ATP, Mg2+, 

H+, K+ and Pj (Dipolo & Beauge, 1990). The exchanger provides a low affinity, high
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capacity mechanism for the extrusion of calcium; the low affinity appears to be the rate 

limiting factor, while the rate of calcium uptake is rapid. Since the activity of the 

exchanger is dependent on existing gradients, an accumulation of intracellular Na+ during 

long bursts of activity results in a reversal of the exchanger (Baker et al., 1967; Baker et 

al., 1969). Under such circumstances, rather than removing calcium from the cell, it now 

contributes to further increases in the cytosolic levels of this divalent cation.

The Ca2+-ATPase was first identified in red blood cells (Schatzman, 1966), and 

was subsequently found to be a feature of all eukaryotic cells. Studies using both rat 

brain microsomes (Robinson, 1976) and the sodium independent efflux of calcium in the 

presence of ATP in squid axon (Dipolo, 1978) highlighted the importance of the Ca2+- 

ATPase in the neuronal membrane.

Since then the Ca2+-ATPase has been shown to belong to the EjEj class of 

transport ATPases, a nomenclature which relates to the conformational states of the 

reaction cycle for the carrier (Pietrobon et al., 1990). As with the Na+/Ca2+ exchanger the 

Ca2+-ATPase is also subject to regulation, most notably by calmodulin (Pietrobon et al.,

1990). The Ca2+-ATPase located in the cell membrane differs form the Ca2+-ATPase 

located in the membrane of the ER (Verma et al., 1988) not only by the lack of 

modulation of the latter by calmodulin, but also because the first has an ATP:Ca2+ ratio 

of 1:1, whilst for the second the ratio is 1:2.

The cell membrane Ca2+-ATPase has a high affinity for calcium, but a low 

transport capacity, therefore its uses are primarily concerned with the maintenance of 

normal calcium levels when the cell is at rest. In contrast, the low affinity but higher 

capacity of the Na+/Ca2+ exchanger means it is more important following a calcium load 

when levels are high (pM levels).

This study made use of two agents known to increase drg cell excitability: the 

noxious agent capsaicin (Jancso et al., 1967; Fitzgerald, 1983) and the convulsant 

barbiturate CHEB (Velluz et al., 1951; Downes & Williams, 1969). Both are known to 

have direct effects on the electrical properties of the drg cell membrane (Andrews et al., 

1981; Bevan & Szolcsanyi, 1990) and both are also believed to interfere with calcium 

homeostatic mechanisms (Pincus & Hsaio, 1981; Wood et al., 1988).

The specific interest in these two excitants lay in their selective effects on the 

electrical properties of a limited but differing proportion of the drg cell population. For
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capsaicin this is known to relate to a functional cell group; the polymodal nociceptors 

(Kenins, 1982), but for CHEB it is unclear if there is a similar specificity for one certain 

functional group.

Using recent advances in microfluorimetric techniques for single cells (Tsien, 

1989; Duchen, 1992a) it was possible to study the co-ordination between membrane and 

intracellular effects. The study set out to see if the differential sensitivities to capsaicin 

and CHEB mentioned above were also seen in their effects on intracellular calcium. Also, 

for CHEB in particular, attempts were made to determine the links between the membrane 

actions and changes in internal calcium levels.

1.5 WHERE DO CELLS GET THEIR ENERGY FROM?

Nerve cells require energy to maintain the ionic gradients, to keep their tight 

control over [Ca2+]j and also for the numerous other functions the cell has to perform. 

The main process used by the neuronal cells to meet these high energy demands is by the 

supply of energy in the form of ATP derived from oxidative phosphorylation. The two 

most important substrates for this process are molecular oxygen and glucose; both of 

which are delivered by the circulation and then, via the interstitial fluid, diffuse (oxygen) 

or are actively transported (glucose) across the cell membrane.

Subsequently a series of biochemical pathways convert these substrates into carbon 

dioxide, water and more importantly for the cell energy is released in the form of ATP. 

The complete reaction is shown below in equation (1):

602 + C6H 120 6 + 36ADP3* +36PS 6COz + 6H20  + 36ATP4'....... (1)

The main pathways involved in fulfilling this reaction are glycolysis occurring in 

the cytosol, the citric acid cycle (TCA) within the mitochondria and the coupled activity 

of the electron transport chain with the FjF0ATPase, both of which are located within the 

inner mitochondrial membrane.

1.5.1 GLYCOLYSIS

Glycolysis is an anaerobic process during which one molecule of glucose is broken 

down to two molecules of pyruvate, as shown schematically in figure 1.3a. The net yield 

of ATP from this pathway is low (2 molecules), however it is important in supplying
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substrates for oxidative phosphorylation through the transfer of electrons to NAD 

(nicotinamide adenine dinucleotide) and in the form of pyruvate which can feed into the 

TCA cycle. NAD is water soluble molecule which acts as an intermediate in the transfer 

of electrons to the respiratory chain (Chance &  Williams, 1956; Erecinska &  Wilson, 

1982).

The rate limiting step in this process is the enzyme phosphoffuctokinase(PFK: see 

figure 1.3a) which can be activated by ADP, AMP and Pj (Kaplan et al., 1987). The end 

product of glycolysis, pyruvate, is transported into the mitochondria where it reacts with 

co-enzyme A (CoA) to yield acetyl CoA. The uptake of pyruvate into the mitochondria 

is regulated by pyruvate dehydrogenase (PDH), which is in turn dependent on 

intramitochondrial calcium levels (Denton &  McCormack, 1990).

1.5.2 C ITR IC  ACID CYCLE (TCA)

The conversion of pyruvate to acetyl CoA provides the linking step between 

glycolysis and the TCA cycle; this is essentially an irreversible reaction. As shown in 

figure 1.3b and also apparent from its name, the TCA cycle is a regenerative sequence of 

reactions. As with glycolysis, the TCA cycle has no requirement for oxygen and serves 

mainly to provide oxidisable substrates for the mitochondrial electron transport chain in 

the form of the pyridine nucleotides (NAD) and flavoproteins (FAD; flavoprotein adenine 

nucleotide).

Though of major importance to oxidative phosphorylation, the TCA cycle also 

contributes to other cell functions; by-products from the cycle include GABA and 

glutamate which are important neurotransmitters, particularly in the CNS.

1.5.3 THE ELECTRON TRANSPORT CHAIN

Oxidative phosphorylation meets most of the energy demands of the neuronal cell 

under aerobic conditions and involves the coupling of the activity of the electron transport 

chain (ETC) with the F^-ATPase. The former is a complex multi-enzyme system 

located in the inner mitochondrial membrane, which reduces molecular oxygen to water, 

directly generating a transmembrane proton motive force (A^). This subsequently 

provides the energy for the synthesis of ATP from ADP and Pj as predicted by 

chemiosmotic theory (Mitchell, 1966).
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FIGURE 1.3

A. The glycolytic pathway by which glucose is degraded to pyruvic acid in the
cytosol.

B. The Citric Acid Cycle (TCA).
The first stage shows the acetyl-CoA condense with oxaloacetate to form citrate. Through 
a sequence of seven steps citrate is converted back to oxaloacetate, losing two C 02 
molecules. During the course of one cycle four pairs of electrons are removed; three to 
NAD+ to form NADH and one pair to FAD to form FADH2.
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The reduced pyridine nucleotides (NADH, NAD(P)H) and flavoproteins (FADH, 

FADH2) (processed during glycolysis and/or the TCA cycle) pass their electrons to oxygen 

along a chain of electron carriers as indicated in figure 1.4. The overall redox reaction 

and the free energy produced during each of these exergonic reactions are shown below 

in equations (2) &  (3):

NADH + H+ + lA02 -»  NAD+ + HzO AG°* = -52.6kcal/mol (2)

FADH2 + m 2 -»  FAD + H20  AG°’ = -43.4kcal/mol (3)

The ETC allows the total free energy of these full reactions to be released in small 

increments, rather than in one large step, therefore enabling it to be used to produce 

several molecules of ATP (AG°’ « -7.3kcal/mol).

Three of the respiratory complexes are believed to contribute to the transmembrane 

proton gradient. They are complex I (NADH:CoQ), complex II I  (cyt.b:cyt.c) and complex 

IV  (cyt.c oxidase). These have hydrogen containing prosthetic groups, or cofactors, which 

accept hydrogen from a substrate at the inner surface and release it at the outer surface. 

However, there is disagreement in the literature as to the stoichiometry of this proton 

translocation to the flow of electrons down the respiratory chain; generally it is estimated 

at about 10-12H72e' (Senior, 1988).

1.5.4 ATP SYNTHESIS AND THE F^o-ATPase

The F^Q-ATPase is a complex multi-subunit coupling factor which synthesises 

ATP from ADP and Pj. It consists of two principle components the F0-subunit and the 

Fr subunit. The first is an integral membrane complex which is associated with a proton 

pore. The second, the Fr subunit, consists of a number of distinct polypeptides which 

protrude on the matrix side of the inner mitochondrial membrane. This second subunit is 

also more easily dissociated from the membrane and under such conditions the F^subunit 

has the ability to catalyse ATP hydrolysis, hence the name Fr ATPase. The more natural 

state is when it is associated with both the membrane and the F0-subunit, under these 

conditions ATP synthesis can occur (Senior, 1988).

The two subunits in all consist of at least 11 different polypeptides of which 10 

are essential to function, and 1 is potentially an ATPase inhibitor peptide (Shwerzmann 

& Pedersen, 1986).
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FIGURE 1.4

Schematic diagram of the main steps involved in oxidative phosphorylation. Some of the 
major transport systems of the inner mitochondrial membrane are also shown.
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According to chemiosmotic theory, protons pass through the F0-proton pore down 

the gradient which was set-up by the electron transport chain described above. ADP and 

Pj bind to the Fr subunit resulting in the spontaneous formation of ATP at a catalytic site 

with a high ATP affinity. The passage of protons through the F0-pore to the Fr subunit 

results in a change in the protein conformation of the Fr subunit and the subsequent 

release of the ATP molecule. The stoichiometry of the H+/ATP coupling is unclear, but 

it is thought to be 2-3H7ATP, which means 2 or 3 protons required to be pumped through 

F0 in order for F! to yield 1 ATP molecule (Senior, 1988).

The point of entry of substrates into the electron transport chain is important in the 

coupling of electron flow and proton translocation to ATP synthesis; the further down the 

chain this entry occurs the less ATP is produced by its oxidation. As such the free 

energy released on the oxidation of NADH is sufficient to yield 3 ATP molecules, FADH2 

yields two molecules and ascorbate only one; NADH, FADH2 and ascorbate are therefore 

said to have P/O ratios of 3,2,and 1 respectively.

Several interrelated factors are believed to regulate the FjFo-ATPase. They include 

the ATPase inhibitor peptide mentioned above, the thermodynamic poise of the proton 

gradient across the inner mitochondrial membrane, ADP concentrations (and/or ADP + 

Pi) and also divalent cations. The exact mechanisms by which regulation occurs still 

remains unclear (Kadenbach, 1986; Schwerzmann &  Pedersen, 1986; Senior, 1988).

1.5.5 M ITO C H O N D R IA L TRANSPORT SYSTEMS

The protonmotive force, though of major importance for the synthesis of ATP, is 

also used to support a number of other transport systems in the inner mitochondrial 

membrane. Some of the more relevant ones are shown in figure 1.4, including the NADH  

shuttle, and the uptake systems for pyruvate and FFA which are all relevant to the supply 

of substrate to the ETC. In addition an ADP-ATP translocase exists, which may provide 

an additional point of regulation for oxidative phosphorylation. (A number of other 

transport systems exist which are not shown, including the transport of inorganic 

phosphate (Pj)).

A further process, shown in some detail in figure 1.4 is calcium-cycling: widely 

believed to provide a means for the regulation of the distribution of calcium ions between 

the cytosol and the mitochondrial matrix (Denton & McCormack, 1980; Denton &

24



McCormack, 1990; Crompton, 1990). It is important because of the possible regulatory 

effects of calcium on cell metabolism (Denton &  McCormack, 1990). As implied by its 

name the cycle consists of both an uptake and an efflux mechanism.

The uptake component of the cycle is a ruthenium red (RuR) inhibitable uniporter 

(Reed &  Bygrave, 1974; Crompton, 1990). Kinetic studies indicate it is more likely to 

be a form of carrier rather than a pore (Crompton, 1990). The apparent voltage 

dependence of the calcium uptake mechanism indicates a reliance on the mitochondrial 

membrane potential (\jrm) (Nicholls &  Crompton, 1979; Crompton, 1990; Kapus et al.,

1991).

With RuR present to inhibit uptake, two forms of calcium efflux have been 

documented. One is sodium dependent, the other is not (Crompton et al., 1978; Nicholls 

& Crompton, 1980; Crompton, 1990). The second has mainly been observed in liver 

mitochondria and as yet, due to the lack of any suitable inhibitor, little is known of it. 

Some postulate it merely reflects a gradual rundown of the mitochondrial membrane 

potential (see Crompton, 1990).

Heart and, of more relevance to this study, neuronal cells appear to rely mainly 

on the Na+-dependent mechanism of efflux. This system is probably linked to Na+-H+ 

exchange across the mitochondrial membrane and subsequently to the chemiosmotic 

circuit in the form of the pH gradient.

Taken together the uptake and efflux of calcium are dependent on \jfm and pH 

respectively. In turn it is these two components which make up the proton motive force 

(A^h). However, it is estimated that <0.2% of the A^ is spent on the regulation of 

calcium distribution (Crompton, 1985).
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1.6 CALCIUM AND CELL DEATH

It is apparent that complex inter-relationships exist between the ionic gradients, 

intracellular calcium and the control of cell functions such as metabolism described above. 

Therefore, the cell needs to maintain a rigid control of these variables, as any upset in this 

balance could have severe consequences for the cell. This is particularly relevant to 

neuronal cells which appear to be more sensitive to disruption than cells from other tissue 

types. This mainly reflects the functional and metabolic characteristics of the cells; 

namely their high energy demands to maintain electrical activity and excitability and also 

the inability of the cells to store 0 2 or substantial amounts of substrate (Siesjo, 1978).

In this respect the studies on the effects of CHEB and capsaicin on cell activity 

were extended to see if either had any influence on cell metabolism. In particular, their 

abilities to alter mitochondrial function were considered. The aim was to establish, if  they 

did have effects, were they due to direct actions on the mechanisms of cell metabolism 

or alternatively were the effects at the membrane level and/or on calcium homeostasis 

responsible for inducing changes in cell mitochondrial function?

Preliminary studies were also initiated into the disruptive effects of metabolic 

blockade and, in particular, of a lack of oxygen (anoxia). In the intact animal this relates 

to the condition of ischaemia, during which a loss of consciousness is observed after only 

6-7 secs and by 10-20 secs the EEG ceases (Rossen et al., 1943).

The acute effects of a lack of Oz, while altering cell function, can still be 

reversible even after more than 5 minutes of ischaemia (Siesjo, 1981); the irreversible 

changes initiating the processes leading to cell death must occur later. By the end of such 

a 5 minute period, despite the initial buffering of ATP levels by the conversion of creatine 

phosphate to ATP (Meyer et al., 1984), the depletion of ATP would be almost complete 

(Siesjo, 1981). This indicates that energy depletion alone cannot account for cell death, 

a point further emphasized by the greater extent of the damage following incomplete 

ischaemia rather than after a period of complete ischaemia (Siesjo, 1981).

It is widely believed that it is the disruption of calcium homeostasis and its 

subsequent accumulation inside the cell which are critical for the initiation of the cascade 

of events leading to cell death. Schanne et al. (1979) referred to this cascade as the final 

common path. Furthermore, it is suggested that all potentially damaging disruptions 

(ischaemia; spreading depression; epileptic activity; hypoglycaemia; hypothermia), through
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a variety of different initiating steps, will eventually access this same mechanism (Siesjo, 

1981 &  1989). The sequence of events involved in this final cascade include the 

| breakdown of PL, release of FFA and production of free radicals (see figure 1.5). 

I However, the exact point at which the damage becomes irreversible is still unclear.
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FIGURE 1.5

The proposed Final Common Path leading to cell death for which a loss of control over 
the homeostatic mechanisms for intracellular calcium ([Ca2+]i) appears to play a central 
role.

(AA: arachidonic acid, ER: endoplasmic reticulum, FFA: free fatty acid, PGs: 
prostaglandins, PL: phosholipase)
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CHAPTER TW O : M ETHODS I

2.1 PREPARATION OF THE CELLS

Dorsal root ganglion (drg) cells were obtained from male or female C57 black 

mice, aged between 10 and 15 days, bred from our own colony.

The mice were decapitated using a scalpel blade and placed prone on a dissecting 

block. The spinal column was then removed as quickly as possible into ice-cold CSF 

(solution A). While superfusing the tissue, the spinal column was pinned out onto an 

agar-coated Petri-dish, which was then positioned under a dissecting microscope equipped 

with direct illumination (Zeiss OPMi I; x20 eyepieces, focal length of objective and lens 

elements 200mm and 160mm respectively; magnification changer set to give total 

magnification of x6.2). After being stripped of viscera a ventral laminectomy was 

performed rostro-caudally to expose the spinal cord and dorsal roots. Under xlO 

magnification the lumbar ganglia were removed one at a time. Using fine forceps and 

iridectomy scissors ganglia were then individually sectioned from the spinal nerve and 

dorsal root and transferred to a small pot containing cooled solution A. Once all, or a 

sufficient number, of the lumbar ganglia had been isolated they were transferred to Ca2+- 

free solution A containing 0*5% collagenase (Sigma type II) and incubated for 30 minutes 

at 35°C. The collagenase was used to breakdown the collagen within the connective 

tissue which compactly holds cells together within each of the ganglia and also forms the 

capsule around each ganglion (collagenase also has some non-specific proteolytic activity).

Subsequently the ganglia were returned to Ca2+-containing solution A to which

0-03% papain (Worthington) and 50pg/ml cysteine had been added and the ganglia were 

incubated for a further 30 minutes at the same temperature (35°C). The cysteine was 

required to activate the papain which hydrolyses peptides, amides and esters, further 

loosening cells within the ganglia. The cells were now ready for use in either 

electrophysiological or microfluorimetric studies.

Until required ganglia were placed in an microcentrifuge tube containing solution 

B, the standard recording medium,Care was taken to contaminate this with as little of the 

previous enzyme containing medium as possible. With the microcentrifuge tube sealed 

ganglia could be kept on ice for approximately 8 hours.

When required 2-3 ganglia were transferred to a second microcentrifuge tube 

containing a small amount (c.l50pl) of the recording saline to be used for the experiment.
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There they were triturated using fire-polished Pasteur pipettes with progressively finer tips, 

so that individual cells, loosened by the enzyme treatment, would separate away from the 

ganglion.

A fire-polished Pasteur pipette was then used to transfer the cells as a suspension 

to the recording bath, consisting of a perspex ring attached to a microscope slide using 

high vacuum grease (Dow Coming). The exact design was dependent on whether the cells 

were to be superfused or not. Time (a couple of minutes) was allowed for the cells in the 

droplet to setde on the base of the dish before the chamber was filled to a depth of 2- 

3mm with Solution B to give an even meniscus which aided optics (bath volume c. 1ml).

Cells were viewed through a Nikon inverted microscope (x40 objective with 0.65 

NA, x l6  eyepieces) using phase contrast optics. The dissociation was considered healthy 

if the cells appeared smooth with a well-defined membrane edge when viewed through 

microscope. An even, but not dense, distribution of cells was preferable.
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2.2 SOLUTIONS AND MATERIALS.

All values listed in the table below are in mM.

A B C D
(aCSF) (EC) (IC) (IC)

NaCl 130 156 . -

NaHC03 26 - - -

KC1 3 3 130 -

k h 2p o 4 1.25 1.25 - -

CaCl2 2 2 1 1
MgCl2 - -

* _ *2
MgS04 2 2 - -

CsCl - - - 105
TEAC1 - - - 25
HEPES - 7.5 7.5 7.5
EGTA - - to-11 to-11
Glucose 10 10 - -

MgATP - -
* _ *2

PH 7.2 7.2 7.2 1 2

adjusted
using

95% 02 
5% C 02

NaOH KOH CsOf

* ATP in the form of the Mg2* salt always added in conjunction with equimolar MgCl2. 
Instances where MgATP included in Solution C or excluded from Solution D noted in 
text.

t  Some studies necessitated varying Ca2+-buffering power of intra-cellular solutions (0, 
0.5, 1.0 or ll.OmM EGTA). Where relevant, buffering power indicated in text.
In some instances lOmM BAPTA included to obtain complete buffering of internal 
calcium.

NOTE: External solutions hypertonic with respect to internal solutions.
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jLocal application of drugs was performed by pressure ejection and care was taken to 
jensure that none of the observations were solely pressure effects (also see section 6.4.3).

Drugs included:
l-5m M 4-aminopyridine (4-AP, Sigma); capsaicin (gift from Dr. Bruce Lynn; initially 
used at 10-lOOpM later with 0.1% DMSO in bathing solution the concentration was 
reduced to 0.1-0.5pM); 5pM carbonyl cyanide p-trifluoromethoxyphenyl hydrazone 
(FCCP, Sigma); 2mM sodium cyanide (CN, Sigma); 2-200pM 5-(2-cyclohexylidine-ethyl)- 
5-ethyl barbituric acid (CHEB, gift from Graham Johnston); 30nM dendrotoxin (dtx, gift 
from J.O. Dolly); methoxy-verapamil (D-600, 20-200pM); 2pg/ml oligomycin (Sigma); 
lOpM rotenone (Sigma); lpM tetrodotoxin (TTX, Sigma).

Drugs were made up as aqueous solutions in most instances, for those compounds 
insoluble in distilled water DMSO or ethanol was used as the solvent. Where necessary 
pH was adjusted to 7.2 using HEPES.

all chemicals used were of analytical grade and obtained from BDH.
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2.3 ELECTRICAL RECORDINGS

Recordings were made from the acutely dissociated drg cells using the whole cell 

configuration of the patch clamp technique (Fenwick et al., 1981; Hamill et al., 1981).

2.3.1 PATCH PIPETTES.

Patch pipettes were pulled from thin-walled, filamented, borosilicate glass 

(GC150TF-10: Clark Electromedical Instruments) using a two-stage vertical electrode 

puller (modelled on the Canberra design). Pipettes of adequate taper at the tip were 

obtained using low heat and by allowing the puller to operate under gravity. All pipettes 

were inspected under a microscope before use.

Pipettes used had tip diameters of 2-3pm yielding tip resistances (RT) in the bath 

of around 1MQ and access resistances (RA) of 2-5MQ.

For the purpose of these experiments, good seals with acceptable noise levels were 

achieved without having to either coat the pipettes with Sylgard or having to fire polish 

them.

2.3.2 W HO LE-CELL VOLTAGE CLAMP RECORDINGS

Pipettes were back filled with the appropriate intracellular recording medium 

(solutions C or D). The holder was filled with Solution C to avoid poisoning of the 

Ag/AgCl pellet at its base which acted as a half-cell. It was assumed that any junction 

potential arising from differences in the holder and pipette filling solutions were 

negligible. It was routine to ensure that the solution filling both pipette and holder were 

devoid of bubbles.

On lowering the pipette into the recording bath a junction potential develops at the 

tip due to differences in ion mobilities of pipette and bath solutions at their liquid 

interface. Once in the vicinity of the cell this potential was offset for zero current flow 

before establishment of the gigaohm seal. To form the seal the pipette was first pressed 

gently onto the cell, contact with the cell surface recognisable by a sudden decrease in the 

current flowing in response to a standard hyperpolarising voltage step. To assist seal 

formation suction was applied to the back of the pipette meanwhile the pipette potential, 

with respect to the bath, was gradually made more negative. The pipette potential was 

increased up to -60mV with a superimposed hyperpolarising command step of lOmV.
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Once a gigaohm seal (1-10 GQ) had been established stray capacitances were offset (see 

section 2.3.5).

The recording was now in cell-attached mode. By slightly increasing the suction 

the membrane patch under the pipette was ruptured forming a low resistance conductive 

pathway between the pipette and cell interiors. This was observed as a large and sudden 

increase in the capacitative current (see figure 2.2) and indicated the achievement of the 

whole cell voltage clamp configuration.

Over the range of gains used the current flow was monitored by the resultant 

voltage drop across the 500MQ resistor of the current to voltage (I-V) converter in the 

headstage of the amplifier (List EPC-7). The output of the I-V  converter was put through 

a low pass active filter (lOKHz Bessel filter).

The indifferent electrode was a Ag/AgCl pellet placed in the bath, forming the second 

half-cell.

2.3.3 EQ U IVA LEN T C IR C U IT  FOR THE CELL.

The equivalent circuit for a drg cell in the whole-cell configuration of the patch 

clamp technique is shown in figure 2.1.

Cs are stray capacitances from the pipette and its holder and from the headstage 

of the amplifier. CM is the cell membrane capacitance and Rs is the leakage pathway 

through the pipette/membrane seal. The low resistance pathway from the pipette to the 

cell interior is termed access resistance and is represented by RA. The holding potential 

of -60mV was chosen because it was close to the normal drg cell resting potential. This 

avoided non-linearities in the membrane conductance (GM) due to activation of voltage- 

gated currents by the -lOmV pulse. GM has a reversal potential of ERev.

CM could be calculated by fitting a single exponential to the capacitance transient 

according to:

= tfo-Iss). 6xp(*t/t) + Iss ..........(4)

where I = current flow, t = time after step; I0 is the current flow at t=0 and Iss is the 

steady-state current flow at t= °o (figure 2.2).
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500 Mohm

rev

FIGURE 2.1

Equivalent circuit for the whole cell configuration of the patch clamp technique, where 
CM is the membrane capacitance; GM is the membrane conductance which has a reversal 
potential of Erev; RA is the access resistance; Rs is the seal resistance and Cs are the stray 
capacitances. All these factors are explained in more detail in the text.
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FIGURE 2.2

Incomplete compensation of the stray capacitances in the cell attached configuration of 
the patch clamp technique can be seen as a small capacitative current (Ai) in response to 
a lOmV hyper-polarising step from a holding potential of -60mV. On rupturing the 
membrane under the seal the whole-cell configuration results, recognised by a much larger 
transient capacitative current (Aii).

By subtraction of A(i) from A(ii) a capacitative current results of which CM is the major 
component. An expanded view of this subtracted component is shown in (B). A single 
exponential fit (— ) to the transient was achieved using pClamp 5. The best fit yields 
values for the current extrapolated back to the initiation of the voltage step (Iq) and the 
time constant (x) with which the current approaches its steady state (Iss). These values 
are related to membrane capacitance and used to obtain a value for CM and RA as 
described in the text.

The voltage protocol is shown in (C).
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The equivalent circuit parameters could be related to Iq, Iss and x through the 

following:

Vp .Rs
Ra = -----------------   (5)

do • Rs - Vp)

Vp.Rs
Rm =  ......  Ra  (6)

(Iss • Rs - Vp)

R m  +  R a

Cm = T . (  )  (7)
Rm • Ra

where Vp is the pipette potential.

In this form 4 unknown values (RA, Rs, RM and CM) are to be resolved from 3 

known values (Io, Iss and V ), which is not possible. Therefore, it was assumed that the 

seal was perfect ie, Rs was infinitely large and as such was lost from the equation:

R’a = V p/ I 0 ..........(8)

( V p - Ra . I ss)
R ’m = ----------    (9)

r m  +  R a

C’m = x • ( ---------- )  (10)
Rm • Ra

With Rs = 20G£2 and RA = 2-10MQ this assumption would give only a 0.1% error in CM 

(Lindau and Neher, 1988). Furthermore, provided RM was several orders of magnitude 

larger than RA then the calculation of CM could be simplified to:

Cm = x / R a ..........(11)

39



2.3.4 ACCESS RESISTANCE, RA.

Poor clamp control would result if RA was large since a significant voltage drop 

would then occur between the patch pipette and the cell interior. An acceptable clamp 

was defined as a voltage drop across the access resistance of less than 5mV during 

maximum current flow. Therefore, with a 2-5 MQ range for RA the maximum current that 

can flow during an experiment was 1 - 2.5nA. In all experiments the clamp error was 

calculated as:

V Rea, =  V Comm - (I . Ra) ......... (12)

where VReal was the actual voltage seen by the cell, V Comm the theoretical voltage applied 

and the voltage error the product of the current flowing and the access resistance. If  the 

error was greater than 5mV then an equivalent offset was used when plotting I-V  curves. 

The series resistance compensation circuit of the List EPC-7 was not used.

2.3.5 CAPACITANCE TRANSIENT AND COMPENSATION.

With large (nA range) capacitance currents major problems can arise: (i) After 

a voltage step change the patch clamp amplifier could driven into saturation lasting 

several msecs. For the List EPC-7 amplifier with a 12V range and using the 500MH gain 

range saturation would occur if current flow exceeded 25nA. (ii) The linear range of the 

recording device (tape recorder or A-D converter) could be exceeded resulting in a loss 

of current information for a short period of time following a voltage step.

These potential problems were avoided by employing capacity compensation. In 

addition all stimulus commands were filtered, rounding off voltage pulses (rise time 

20psecs). This made the capacitance transients smaller and so easier to compensate.

A lpF capacitor was used for fast transient compensation cancelling stray 

capacitances of upto lOpF.

By rearrangement of equation (11):

x = CM /  Gs , where Gs = 1 /  RA  (10)

As shown in figure 2.2 the membrane capacitative current (Ij) induced by the 

voltage step demonstrates an exponential relaxation. To obtain an equal and opposite 

cancelling current also with an exponential decay a lOpF compensation capacitor, located
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within the amplifier circuitry was used. The voltage drop across this capacitor could be 

altered using two potentiometers, C-slow and G-series, as required until it was equivalent 

to the integral of Ij. This compensates for capacitances in the range of 10-100pF, which 

is adequate for the preparation of isolated drg cells used in this study.

2.3.6 SPACE CLAMP.

Assuming cytoplasmic resistance is less than membrane resistance the cytoplasm 

should remain essentially isopotential (Jack et al., 1983). Though believed valid for 

spherical cells this is not so for those of more complex geometry. In the valid case, 

potential differences do not prevail along the cell membrane. Any change in the 

membrane potential is simultaneous over the whole cell. The cell therefore behaves as 

predicted by the equivalent circuit described earlier and is said to be space clamped. 

Confirmation of this is simple: a single exponential should adequately describe the decay 

of the capacitance transient. In these studies this was routinely observed.

LEA K  SUBTRACTION

The passive leak across the drg cell membrane was measured as the current flow 

in response to a lOmV hyperpolarising step from a VH -60mV under whole-cell voltage 

clamp conditions. In each cell recorded from this protocol was used to calculate RM (see 

figure 2.1), a value subsequently used for the subtraction of the leak current component 

from all the current traces used in the present study.

When the series resistance error during an individual response was less than 5mV, 

leak subtraction was performed using the function key assigned for this purpose in the 

clampfit analysis programme of pClamp (version 5.0) and inserting the RM value obtained 

as described above.

, I f  the voltage error was in excess of 5mV, then Lotus 123 spreadsheets were used

firstly to correct for the voltage error (see section 2.3.4) and then to subtract the leak 

! component from all the current records. This second manoeuvre was carried out by 

dividing voltage protocol values by the estimated leak (RM in MQ) and subtracting the 

result from the current values.
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2.4 MEASUREMENT OF CELL SIZE.

2.4.1 USE OF CELL IM A G E.

Dorsal root ganglion cells possess a single axon which was generally excised 

during the dissociation, the somatic membrane then reseals, resulting in a cell with a 

spherical appearance as viewed through the microscope. An image of the cell was relayed 

through a panasonic tv camera (model wv 1850/B) onto a monitor while being 

simultaneously stored onto a VCR tape. During the course of an experiment a rough 

guide to cell size was obtained by super-imposing a calibration grid (10pm intervals), 

drawn on a separate acetate sheet, in front of the monitor. Later, the stored image of the 

cell was used to gain a more accurate gauge of the drg cell size. The image of the cell 

was traced around and the perimeter then measured using a Summa graphics tablet in 

conjunction with Bioquant system IV  software. The cells were assumed to be spherical 

and circumference measurements were used to estimate cell surface area.

These calculated values were used to plot a frequency histogram (figure 2.3) which 

gave two distinctive peaks in the ranges 240-280pm2 and 600-640pm2, indicating the 

presence of two cell populations . These values correspond well with the peaks around 

200 and 600pm2 of the bimodal distribution described by Lawson (1979) in cells from the 

same species at a similar age. Lawson referred to the two groups as small, dark cells and 

large, light cells, the small cells making up a larger proportion of the cell total 

(approximately 70%). In the present study the distribution between the two groups 

appeared more even. This difference probably arose because Lawson (1979) presented results 

from whole intact ganglia whereas this work presents data pooled from cells isolated from 

a number of different ganglia.

2.4.2 USE OF CELL CAPACITANCE.

All biological membranes are believed to have a unitary membrane capacitance, 

this value is generally quoted at lpF/cm2 (see INTRODUCTION; section 1.1). By 

deduction, CM measurement (see section 2.3.3) should give an indication of cell size in 

terms of surface area. Therefore CM values were calculated as a correlate for cell size and 

compared to estimates of cell surface areas obtained as described above (see figure 2.3).
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FIGURE 2.3

A Frequency histogram of the cell membrane capacitance calculated from the whole cell 
capacitative transient as described (see figure 2.2 and section 2.3.3). Bin size is 5pF and 
n=204.

B Frequency histogram of drg cell membrane surface area estimated from stored images 
as described in the text. Bin size is 40pm2 and n=204.

C Relationship between cell membrane capacitance (A) and estimated cell surface area 
(B). The solid line (— ) was the best fit calculated by regression analysis assuming an 
intercept of 0 .(R2=0.16; n=204). The interrupted line (— ) represents the theoretical 

cell surface area calculated from the membrane capacitance assuming a unitary 
cell membrane capacitance of lpF/cm2.

R2 was obtained by linear regression analysis and then used to calculate the correlation 
coefficient r as defined in the text. The significance of r was tested for.
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Capacitance measurements taken over the first 2-3 minutes of whole cell recording 

were stable, but subsequently decreased during the course of whole cell recordings. In 

order to obtain the most accurate estimates of cell size CM measurements were therefore 

obtained immediately on going whole cell as described in section 2.3.3. An exception to 

this was during the study of Ca2+ current density (see section 4.3.2.1) where the rapidity 

of the current rundown necessitated CM measurement at a later stage. A possible 

explanation for the decrease of CM with time is a gradual breakdown of the phospholipid 

bilayer.

2.4.3 HOW WELL DO THE IMAGE AND CAPACITANCE ESTIMATES 

CORRELATE?

As both values were used as indices of cell surface area one would expect a close 

correlation between the two variables.

The correlation between estimated drg cell surface area and CM was found to be 

significant (P>0.01 where R2=0.16, n=204 and r=2sin[(7t/6)R]). Despite this good 

correlation, there was still a considerable degree of scatter to the plot obtained in figure 

2.3c which could have arisen for a number of reasons:

(i) Errors in the estimation of cell surface area:

- Inaccuracies could have been introduced while using the mouse (supplied with the 

graphics tablet) to measure the length of the traced cell’s perimeter edge. Due to the high 

resolution of the system used, it was unlikely that an errors exceeded more than a few 

percent. At the worst, an error of 5% would result in a misjudgment of a real surface 

area value of 2000pm2 by 200pm2.

- The cells flattened out on the dish as they settled resulting in an overestimation of cell 

circumference.

The close correlation of the distribution peaks’ of the estimated surface area measurements 

with those from previous studies (see section 4.2.1) make it seem unlikely that errors in 

the estimation of cell size by this method were excessive.

(ii) Errors in CM measurement:

- Due to debris collecting in and around the pipette tip RA would increase during the
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course of an experiment. This is pertinent to the validity of the assumption that RM »  

Ra (see section 2.3.3).

- During the course of whole-cell recordings the capacitance value declined. Measurement 

of CM was presumed to occur before any of this decrease had begun.

- In some cases stray capacitances were not fully compensated leading to an error of 1.8 

± 0.4pF (n = 30). Assuming a unitary membrane capacitance of lpF/cm2 this would lead 

to an error in the expected surface area in the region of 200pm2.

- If  the axon had not been fully excised its contribution to the CM value would lead to an 

artificially high value. However, where it was obvious that some of the axon remained, 

these cells were not used for electrophysiological recordings.

Implicit to the correlation of the estimated cell surface area from perimeter 

measurements and the CM value is the assumption that the drg soma is smooth. It was 

apparent from figure 2.3 that values estimated from the stored image of the cell under

estimated those expected assuming unitary membrane capacitance by 43.2% (±1.8%; 

n=203). A similar under-estimation of the CM values (by 32.8%) from surface area 

estimates was noted for drg cells by Scroggs and co-workers (1992). The perikaryal 

projections reported to exist on the drg cell surface are estimated to increase the cell 

surface area by about 40% (Kotani & Kawashima, 1961; Pannese et al., 1983) could 

partly explain this discrepancy. However, this would not explain the high degree of 

scatter to figure 2.3 unless there was variability in the extent of these projections from cell 

to cell.

CM values were used as the major correlate for cell size partly due to their more 

effortless measurement. Also, this variable seemed more pertinent with respect to the 

calculation of current densities. The image of the cell displayed on the monitor was still 

used to obtain a rough idea of cell size and was especially useful when not performing 

electrical recordings.
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2.5 CURRENT CLAMP

This is the potential monitoring mode of the whole cell patch-clamp configuration 

and is used to study membrane potential, input resistance (RM), the excitability and firing 

patterns of the cell as well as action potential shape and duration. The cell membrane 

potential was defined as the potential at which there was zero current flow. For these 

cells this was around -50mV (see section 3.3.4). The current referred to as the injection 

current consisted mainly of capacity current and was equal to the current flow across the 

membrane of the cell when it was stimulated. The injection current was either charging 

or discharging the membrane for hyper- or de-polarising current pulses respectively.

Using the EPC-7 amplifier the most rapid response time obtainable was lOpsec, 

with the series resistance and capacity compensation mechanisms disabled. As with the 

voltage clamp mode all signals were passed through a lOKHz Bessel filter. An additional 

amplifier was incorporated between the EPC-7 and the computer interface to make the 

best use of the ±10V range of the analogue-to-digital converter (see below).

2.6 DATA ACQUISITION. STORAGE AND ANALYSIS

Data acquisition was controlled using a microcomputer (Dell system 200, 286 

microprocessor) with a Tecmar Labmaster interface driven by the clampex routine of 

pClamp version 4 (Axon Instruments). When recording over a longer time course or 

following drug application the responses were also stored onto FM tape using a Racal 

4DS recorder.

The Labmaster interface is an A-D board which converts analogue signals into a 

digital form which the computer programmes can interpret. It can also function in the D- 

A mode to be used, for example, in replaying digital data back onto an oscilloscope. The 

A-D board works at a 30KHz conversion rate over a ±10V range with 12 bit resolution.

With a 12-bit resolution the circuitry divides the 20V range into 4096 voltage windows 

of around 5mV each. It is therefore necessary to amplify signals so that the allocation 

of data points into bins of 5mV does not significantly affect signal resolution or alter the 

shape of the signal.

Data analysis was performed off-line using the clampfit analysis package of 

pClamp (version 5.0). This data could be imported in ASCII form into numerous other
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programmes for further analysis, which included: the compilation of spreadsheets in Lotus 

123 (version 2.01) and Sigma Plot (version 4.1); the best fits for current 

activation/inactivation data and the first differentials of action potential waveforms were 

performed using Labtech Notebook (Laboratory Technologies Corp., MA.); most of the 

figures shown were edited using Freelance Plus (version 3.0).

Values quoted as the mean ± standard error of mean (SEM), where n corresponds to the 

sample number.
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CHAPTER THREE; SODIUM CURRENTS.

3.1 INTRODUCTION

The first part of this study considers the underlying role of voltage activated- 

currents in the electrical behaviour of drg cells by the use of the voltage- and current- 

clamp modes of the whole cell patch clamp technique (Hamill et al., 1981). Sodium 

currents are fundamental to the formation of an action potential (Hodgkin &  Huxley, 

1952; Hille, 1984 &  1992) and therefore, an examination of their properties and 

expression seemed an ideal starting point for this study.

The heterogeneous drg cell population can be divided into at least two distinct 

morphological groups (see CHAPTER 1 and Lawson, 1974; Lawson, 1979; Lawson &  

Biscoe, 1979). In addition, on the basis of their sensitivity to the Japanese puffer fish 

poison tetrodotoxin (TTX), two distinct types of Na+ current have previously been 

documented in these cells (Ransom &  Holz, 1977; Matsuda et al., 1978; Yoshida et al., 

1979; Fukuda &  Kameyama, 1980; Kostyuk et al., 1981a). How the drg cell morphology 

was reflected in Na+ current expression was examined by the correlation of INa type with 

cell size obtained from cell membrane capacitance measurements (see section 2.4.2).

The principles of the Hodgkin and Huxley (H+H) model of voltage dependence 

(Hodgkin &  Huxley, 1952; section 3.1.1) were used to define the characteristics of both 

the TTX-sensitive and resistant currents. As the action potential shape and firing patterns 

of primary sensory afferents are also heterogeneous, this data along with kinetic 

information and an examination of the electrical behaviour of the cells (under current 

clamp conditions) gives an insight into how the differences in Na+ current expression are 

related to the excitatory mechanisms underlying the activity of drg cells. By correlation 

with data from previous voltage clamp studies (Kostyuk et al., 1981a; Bossu & Feltz, 

1984; Carbone &  Lux, 1986; Orozco et al., 1988; Valmier et al., 1989; Omri &  Meiri, 

1990; Fedulova et al., 1991) and potential recordings made mostly from intact ganglia 

(Sato & Austin, 1961; Bessou et al., 1971; Yoshida &  Matsuda, 1979; Gorke & Pierau, 

1980; Harper &  Lawson, 1985) it was also possible to show this preparation of acutely 

dissociated cells could serve as a useful model of the in vivo state.
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3.1.1 HODGKIN AND HUXLEY MODEL FOR VOLTAGE DEPENDENCE.

In 1952 Hodgkin and Huxley published a series of 4 papers describing 

mathematically the passive and active electrical properties of squid giant axon. Their 

assumptions still form the basis to most of today’s theories concerning the properties of 

voltage-activated channels.

This chapter uses their model to define the voltage dependence for both the TTX- 

sensitive and -resistant INa. Therefore, at the outset a brief description of the model and 

its underlying assumptions with respect to INa seem relevant:

Membrane depolarisation has a dual effect on Na+ conductance (gNa)

(i) channel activation; described by factor m which varies between the values 0-1 and is 

time and potential dependent.

(ii) channel inactivation (this is a decline in current flow while depolarisation is still 

maintained as opposed to deactivation which occurs when the membrane is repolarised); 

described by factor h with a range of 1-0, a potential dependence which is the inverse of 

m, and over a much slower time base.

When the cell is at rest the value of m will be low and h high.

These two factors are termed gating charges or the voltage sensor and for the 

potential difference across the membrane to effect these particles they need to have a 

dipole moment.

The current flowing through the channel at any one time (INa) will be related to the 

maximum conductance (gNa^*) and the driving force through that channel (equation (14))

!n. = gNa™,, m3h (E„-EN, ) ..........(14)

where EH is the membrane potential at that time and ENa is the Na+ reversal potential. If  

there is only one gating charge then activation would be exponential, but in fact a delay 

occurs following depolarisation before activation resulting in a sigmoidal curve; fit best 

by a slope raised to the 3rd power. H+H therefore assume 4 gating particles for the Na+ 

channel: 3 activation gates (m3) and 1 inactivation gate (h).

As INa
gNa = ........... - .......... (15)

Ô H " ENa)
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Then
gNa /  gNamax = m3h  (16)

Assuming that activation and inactivation are independent of each other then the factors 

in equation (16) can be separated.

It is further assumed that the channel exists in 2 states, open or closed allowing 

application of the Boltzman equation. This equation predicts the probability of existing 

in one of two states across an energy difference (which in this instance is the potential 

difference across the membrane).

Therefore for activation:

gNa / gNa™, = m3 .....

where 1
m = -...................  ..

vmll -V,
1 + exp ( ----------- )

3m

and m is the gating charge at a test potential Vt; VmV4 and a™ represent the half activation 

voltage and slope factor respectively.

And for inactivation:

^Na /^Nam ax ^  ..................0 ^ )

where
1

h = — ........................    (20)
Vpp -Vh*

1 + exp ( ......—  )
3h

Vpp is the preconditioning pulse level, ah is the slope factor and the half inactivation 

voltage is represented by Vhv4.

As the Boltzman equation is a probability function activation of the macroscopic 

current does not occur at a unique level. Instead channels become activated over a 

continuous voltage range as more and more of the gating particles are able to jump the 

energy barrier between the closed and open states.

(17)

....(18)
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3.2 METHODS

Macroscopic currents were recorded from drg cells using the whole cell 

configuration of the patch clamp technique (see section 2.3). In the normal Na+-based 

recording medium (solution B) INa was large (in excess of lOnA) resulting in poor clamp 

control and considerable series resistance errors. To reduce this problem 50% of the 

external Na+ was replaced with choline. To further characterise INa it was necessary to 

. separate this conductance from the other membrane currents. A Cs/TEA based IC
!
| solution (solution D) containing no ATP was used to block most gK+ and to allow rapid

rundown of metabolically labile Ca2+ currents. As well as partial replacement of 

extracellular Na+ by choline, Ca2+ was excluded from solution B to prevent contamination 

by Ca2+ currents. Due to impurities a nominal amount of Ca2+ would still be present and 

would serve to prevent Na+ entry through Ca2+ channels (Hess and Tsien, 1984).

The voltage protocols used are described either in the text or the relevant figure 

legend. All current traces were leak-subtracted and corrected for series resistance errors. 

Curves derived from the Boltzman equation (explained in section 3.1.1) were plotted, 

where the best fit for inactivation (h) was achieved using Labtech Notebook software, 

while the activation curve was fitted by eye (the software package was unable to deal with 

the complexity of the equation for activation (m3)).

All values quoted as mean ± s.e.m.
!i
!

3.3 RESULTS

In Na+ containing solutions all cells showed a large inactivating, inward current 

in response to depolarising steps. Several lines of evidence indicated it to be a sodium 

current:

(i) activation and inactivation occurred over a millisecond range; (ii) peak current 

amplitude was strongly voltage dependent; (iii) reversal potential was about +59mV 

(n=ll); (iv) lithium but not choline could substitute as the charge carrier j(see fig. 3.2); 

(v) the inwardcurrent was still present after the removal of external Ca2+; (vi) 64% of cells (n=61) show 

a current abolished by TTX, comparable to 68% of adult mouse drg cells as observed by 

Yoshida and co-workers (1978);
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3.3.1 CURRENT-VOLTAGE RELATION.

Using conditions to isolate INa, a family of currents was obtained in response to 

depolarising voltage steps. A preconditioning pulse to -90mV for 50msec was used to 

remove any steady-state inactivation occurring at the holding potential (-60mV). The 

TTX sensitive component was obtained by subtracting from the control the residual 

response after application of lpM  TTX (figure 3.1a). Plotted as a function of the test 

potential, the current activated around -50mV, peaked at -10 ± 3mV (n=10) and reversed 

at +58 ± 5mV (n=6).

In about one third (36%, n=61) of the cells examined application of TTX (lpM)

had negligible effect. The I-V  relation for this TTX resistant Na+ current was obtained

from the difference between the toxin resistant component and the residual response

remaining after total replacement of external Na+ by choline (figure 3.2a). The reversal 
potential of the TTX-resistant IN, was unaltered from that of the TTX-sensitive current 
(+60 ± 5mV, n=6), whereas the activation and peak current now occurred at -30mV 
and lm V ± 2mV (n=10) respectively. This indicated a shift to the right in the voltage

dependence of the TTX-resistant INa when compared to that of the TTX-sensitive current.

In general, cells expressed predominantly Na+ current type, either TTX-sensitive 

or TTX-resistant. Although in a few cells dual expression was observed, this was only 

to a limited extent (also see Heyer and MacDonald, 1982; Omri and Meiri, 1990).

Examination of the peak INa amongst drg cells revealed that the absolute peak 

inward current sensitive to TTX was routinely larger than the TTX-resistant current. 

However, the current density for both types was found to be similar; 86 and 81pA/pF for 

the sensitive and resistant forms respectively (n= ll). These values were pooled for 

comparison with the peak Na+ current density from previous studies using drg cells (table 

3.1) and found to compare favourably. The smaller absolute but similar density of the 

TTX-resistant INa was indicative of its selective expression by the smaller cells. This was 

confirmed by compilation of a frequency distribution of TTX-sensitivity as a function of 

CM (Figure 3.4a). TTX-sensitivity was found to be restricted to those cells with CM > 

35pF.

This selective expression of TTX-resistant INa by small, dark cells and TTX- 

sensitive current by large, light cells has been documented by several groups (Ransom and 

Holz, 1977; Matsuda et al., 1978; Yoshida etal., 1978; Bossu and Feltz, 1984; Harper and 

Lawson, 1985; McLean et al., 1988).
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FIGURE 3.1

Analysis of TTX-sensitive Na+ current.

A.(i) A family of Na+ currents in response to 20msec depolarising voltage steps to -70mV 
through to 60mV in lOmV increments from VH of -60mV after a 50msec preconditioning 
step to -90mV. The TTX-sensitive component was blocked by lpM  TTX (ii) leaving only 
the residual TEA/Cs insensitive K+ conductances. Subtraction of (ii) from (i) yielded the 
TTX-sensitive INa (iii).

B. A plot of peak inward TTX-sensitive current (Aiii) against test potential.
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FIGURE 3.2

Analysis of TTX-resistant Na+ current.

A.(i) Shows a family of traces from a smaller cell using the same voltage protocol as 
described in figure 3.1. In this case the effect of lpM  TTX was nominal (ii), but total 
replacement of external Na+ by choline abolished the inward component (iii). Note the 
different characteristics of the residual Cs/TEA insensitive outward current as compared 
to those in figure 3.1 (also see CHAPTER 5). The TTX-resistant Na+ component (iv) was 
obtained by subtraction of (iii) from (ii).

This was plotted as peak inward current against test potential (B).

Replacement of external Na+ by choline reduced IN. by 94.6±2.1% (n=10). In contrast, 
when external Na+ was replaced by Li+, the peak current was maintained at 83.7±5% 
(n = ll) of control.
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CELL SPECIES PEAK INa 
(mA/cm2)

TEMP.
(°C)

AUTHORS

Rat 0.07 20 Moolenaar &  
Spector (1978)

Rat 0.55 - Omri & Meiri 
(1990)

Chick 0.5 25 Kameyama (1983)

Chick 0.2 12 Carbone &  Lux 
(1986)

Guinea-pig 2.5* 20 Kostyuk et al (1981)

Human 0.047 20-22 Caviedes et al 
(1990)

Mouse 0.075* 23-25 Orozco et al (1988)

Mouse 0.083* 20-25 TH IS  STUDY

TABLE 3.1

Comparison of peak sodium current density measured in this study with values previously 
documented for dorsal root ganglion cells.

* values not quoted directly in the text, 
f  pooled data from TTX-sensitive and TTX-resistant currents.

58



3.3.2 VOLTAGE DEPENDENCE.

As mentioned above, a 15mV rightward shift was observed in the I-V  relation for 

the TTX-resistant INa as compared to that of the TTX-sensitive current. The H+H model 

of voltage dependence was used to further investigate this difference between the two 

classes of INa.

For both the TTX-sensitive and TTX-resistant INa the voltage dependence of 

activation and inactivation were steep.

3.3.2.1 voltage activation.

TTX-sensitive INa.

The protocol described for acquiring the current voltage relation was also used to 

examine voltage activation. Normalised peak conductance (gNa /  gN a^) was plotted as 

a function of test potential (figure 3.3a). The data points revealed a sigmoidal relationship 

with current activation occurring around -50 mV. They were well fitted by the H+H  

model for Na+ activation assuming 3 activation gates (equation 18). The best fit values 

gained for the TTX-sensitive component were VmV4 = -39 ± 2mV and am = 6.8 ± 0.6mV 

(n=6).

TTX-resistant INa.

A sigmoidal relationship was also obtained for the TTX-resistant Na+ current, but 

with activation occurring around -30mV (figure 3.3b). Assuming, as before, 3 gating 

particles this more depolarised activation curve resulted in a best fit value for VmV4 of -19 

± 2mV but with little change in slope 2̂  = 6.1 ± 0.9mV (n=3).

3.3.2.2 voltage inactivation.

Inactivation was studied using the voltage protocol described in the legend to 

figure 3.3a. The response to a standard test voltage was plotted as normalised current (INa 

/  INamax) against the range of preconditioning potentials. The duration of time spent at the 

preconditioning level was assumed to be sufficient for the channels to reach a steady state 

of inactivation. This resulted in a relationship well fitted by the inactivation curve 

(equation 20).
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TTX-sensitive INa.

For inactivation of the TTX-sensitive INa, the best fits to Vhv4 and ah were -65 ± 

7mV and 9.4 ± l.lm V  (n=5) respectively. Consequently, at the normal resting membrane 

potential for these cells, (about -51mV for the total population) approximately 30% of 

channels will be available for activation. The selective expression of the TTX-sensitive 

current to the larger cells which have a more hyperpolarised resting potential 

(approximately -61mV for cells with CM >55pF; see table to figure 3.6) shifts the 

percentage of channels available for activation to about 60-70%. Also, very little overlap 

existed between the activation and inactivation curves.

TTX-resistant INa.

Data for the TTX-resistant component of the Na+ current were plotted using the 

same inactivation protocol (figure 3.3b). The best fits resulted in Vhv4 of -36 ± 5mV and 

ah = 5 ± lm V (n=3). As for TTX-resistant INa activation, the inactivation curve was 

shifted to the right when compared to the TTX-sensitive component. Again there was 

very little overlap between the activation and inactivation curves, with 60-70% of channels 

available for activation at the mean drg cell resting potential (around -51mV). 

However, this current is selectively expressed by the small cells which were found to have 

a resting potential of around -42mV (see table to figure 3.6), which would reduce the 

number of channels available for activation to around 50-60%.

These values, as well as those quoted above for the TTX-sensitive current, with 

respect to both the voltage dependence of activation and inactivation were in general 

accordance with previous studies using drg cells (Kostyuk et al., 1981a; Kameyama, 1983; 

Carbone and Lux, 1986; Valmier et al., 1989; Caviedes et al., 1990; Omri and Meiri, 

1990).

3.3.3 Na+ CURRENT K INETICS.

Comparison of the TTX-sensitive and TTX-resistant current traces (figures 3.1a 

and 3.2a respectively) indicates the resistant form to have a slower time course both for 

activation and inactivation. Both sets of time constants were resolved for a more 

quantitative comparison of the INa kinetics.
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FIGURE 3.3

A. Steady-state activation ( O  ) and inactivation ( •  ) characteristics of TTX-sensitive Na+ 
current.

The current voltage relation for the cell described in figure 3.1 was used to obtain the 
relative TTX-sensitive Na+ conductance. This was plotted ( O  ) as a function of test 
potential. The solid line through the data represents the best fit using the activation 
relationship explained in the text (equation 18) with VmV4= -40mV and a,,, = 7mV.
On the same scale the normalised peak current ( •  ) in response to 10msec depolarising 
step to OmV is shown as a function of the preconditioning potential which lasted 625msec. 
The Vh between sweeps was -60mV. The best fit using equation 20 is represented by the 
solid line and has a Vhv4 of -52mV and ah is 6mV.

B. Steady-state activation ( O  ) and inactivation ( •  ) characteristics of TTX-resistant Na+ 
current.

The same procedure as described in (A) was applied to the cell whose current voltage 
relation is shown in figure 2. The best fit for activation gave VmVi= -21mV, ah = 8mV and 
for inactivation Vhv4= -44.5mV and ah= 6mV.
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FIGURE 3.4

A. Expression of the TTX-resistant Na+ current as a function of cell membrane 
capacitance. The filled bars represent those cells found to possess a TTX-resistant INa out 
of the total population of cells tested (hollow bars) with lpM  TTX. Bin size = 5pF; 
n=61.

B. Na+ current kinetics.
Na+ currents were activated by depolarising steps from -90mV to -40mv through to 
+10mV in 10 mV increments. Both the rising phase and the decay phase were well fitted 
by a single exponential (xp and xh, respectively).
In (Bi) xp was plotted as a function of membrane depolarisation for both the TTX- 
sensitive ( O  ) and -resistant ( •  ) components.
This was repeated for xh in (Bii).

Each point is the mean of n=4-9, except (*) where n=l; bars are SEM.

Of the 61 cells tested 55 expressed only one IN. current type (>80%), 4 cells possessed a 
peak IN, of which only 28.1-33.6% was sensitive to TTX, for 1 cell the reverse was true 
case with 30.3 of the current resistant to TTX and only 1 cell expressed both IN. current 
types to an equal extent (45.8% of the peak INl was TTX-sensitive).
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The rise time of the current following depolarising test potentials and the 

subsequent current decay were both well fitted by a single exponential over the range -40 

to +50mV. Plots of activation and inactivation time constants (xp and \  respectively) as 

a function of membrane depolarisation (figure 3.4b) revealed a strong voltage dependency 

for both in their TTX-sensitive and resistant forms. These results also highlighted the 

slower overall time course of the resistant current.

The values obtained were in general agreement with previous data from sensory 

neurones (Kostyuk et al., 1981a; Omri and Meiri, 1990; Carbone and Lux, 1986; Bossu 

and Feltz, 1984).

3.3.4 ELECTRICAL PROPERTIES OF DRG CELLS

When using solutions which mimic the physiological condition the mean resting 

membrane potential (Vm) for this preparation was -51.3 ± 1.7 mV (n=49) which was in 

agreement with values previously quoted for drg cells (-48.8mV by Heyer and 

MacDonald, 1982; -51mV by Erdelyi and Such, 1985; -63mV by Rose et al., 1986; - 

57.3mV Orozco et al., 1988; -59mV by Valmier et al., 1989; -58mV by Caviedes et al., 

1990; -55mV by Aguayo et al., 1991). It appeared that the smaller cells had a more 

depolarised Vm. This was examined more closely (see table to figure 3.6) by dividing the 

total drg cell population into three groups according to CM. Consequently the Vm of 

smaller cells (CM<30pF) was shown to be significantly more depolarised than the Vm for 

the larger cells (CM>55pF); -42.3±2.2mV and -61.3±2.4mV respectively. The choice of 

the cell size ranges used was decided on the basis of data from this and ensuing chapters 

(see GENERAL DISCUSSION; section 5.5). This variation in Vm had also been noted for 

mouse drg cells by McLean et al., (1988) and Yoshida and co-workers (1978) and in bull

frog drg cells by Tokimasa et al., (1990).

The single exponential fit to the capacity transient observed on formation of the 

whole-cell mode can be used not only to measure the CM but also to obtain a value for 

the resistance of the cell membrane (see section 2.3.3). The specific membrane resistance 

(D/cm2) was plotted for 73 cells over a 12-84pF range (figure 3.5) and was found to be 

significantly greater for the smaller cells (see table to figure 3.6).
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FIGURE 3.5

The specific membrane resistance (Q/cm2) for dissociated drg cells (n=73) was obtained 
by the division of the total membrane resistance (R^) by cell membrane capacitance (CM). 
These values were plotted as a function of cell size using CM (filled circles). The solid 
line fit to the data (by eye) highlights the decline in the specific membrane resistance with 
cell size. The mean values for cells <30pF and >55pF in size are shown in the table to 
figure 3.6.
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3.3.4.1 Action Potential Configuration

As the cells were quiescent at their resting potential, a depolarising current pulse 

(magnitude dependent on cell input resistance) was employed to evoke action potentials. 

The general characteristics of the resultant action potentials were documented with respect 

to cell size as shown in the table to figure 3.6.

Cells were considered healthy if the action potential possessed an overshoot above 

OmV of at least 20mV. This criterion was adopted from previous studies to aid in the 

comparison of the results. The overshoot of the action potential evoked from the resting 

level by a depolarising current injection was significantly larger in amplitude for the small 

cells compared to the larger ones; an observation previously documented by Yoshida et 

al., (1978) and Fulton (1987). There was not a large difference in the density of the Na+ 

current or in the number of channels available for activation between the small and large 

cells. The Na+ current activated per unit of membrane will be similar across a range of 

cell sizes. However, the significantly higher specific membrane resistance of the smaller 

cells will result in greater voltage changes in response than in the larger cells to the same 

amount of current, and this may partly explain the larger overshoot in the smaller cells. 

Other mechanisms, not involving INa properties may also be relevant, including the 

stronger activation of potassium conductances.

Differences were also noted in the action potential duration measured at the OmV 

potential level. The smaller cells (<30pF) exhibited longer duration spikes (2.73±0.3 msec 

as compared to 0.95±0.13msec), resulting mainly from a more pronounced hump on the 

repolarising phase.

Signals were differentiated to give an indication of the rate of rise and subsequent 

recovery of the spike. The difference in the rise times between the small and large cell 

groups was not statistically significant. Though a difference may have been expected due 

to the major role of Na+ influx in the action potential upstroke and the selective 

expression of the kinetically slower TTX-resistant current to the smaller cells. The 

maximum rate of decay of the spike was significantly slower for the small cells when 

compared to that seen for those of CM in excess of 50pF. This could also result from the 

slower overall time course of the TTX-resistant INa. Additionally, a suggested Ca2+ 

component or variations in K+ conductances activated could play a role.

These differentiated signals also revealed that most cells possess an inflexion on
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the repolarising phase. As initially evident from the raw data this phenomenon was more 

prominent in the smaller cells and will partly account for the slower rate of repolarisation 

in the group of cells possessing CM < 30pF. Previous reports have documented no 

apparent inflexion on either the de- or re-polarising phases of the action potentials 

displayed by larger cells (Yoshida et al., 1978; Yoshida and Matsuda, 1979; Fulton, 1987; 

McLean et al., 1988), except perhaps a sub-group of A6 drg cells (Harper and Lawson, 

1985). This anomaly may result from differences in experimental conditions between 

studies, such as temperature.

3.3.4.2 TTX-sensitivity of Action Potentials

As expected, the smaller cells were found to possess a TTX-resistant action 

potential (figure 3.7). It has previously been reported that a sub-section of larger cells 

also displayed resistance (Harper and Lawson, 1985). This observation was not 

confirmed here, possibly due to the cell numbers involved (this study n=36; Harper and 

Lawson n=70).
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FIGURE 3.6

Action potential configuration.

A. Current clamp record of a representative action potential is shown (i) where (a) is 
membrane potential (Vm); (b) is the overshoot of the action potential above OmV and (c) 
is the duration of the action potential at OmV.
The first differential of the record in (i) is shown in (ii). The maximum rate of 
depolarisation (+dV/dt) is shown by (d) and the maximum rate of fall (-dV/dt) is the value 
(e).
The current protocol is shown in (iii).

B. The values obtained above in (A) and from figure 3.5 were used to compile the table 
shown.
Measurements for two cell groups, small cells (<30pF) and large cells (>55pF), are shown. 
Values from the two groups were compared using Student’s t-test.

* p<0.01
+ p<0.05
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20mV

a

50mV/s |

2msec

e

B.

CELL SIZE (pF) < 30 > 55

Vm (mV) -42.3±2.3 -61.3±2.5‘
(n=21) (n=10)

SPEC. MEMBR. RES 26.5±3 3.2±1 *
(Q /c m 2) (n=26) (n = ll)

ACTION POTENTIAL 54.2±2.4 31.6±3.5*
OVERSHOOT (mV) (n=13) (n=9)

ACTION POTENTIAL 2.73±0.3 0.95±0.13*
DURATION (msec) (n=13) (n=9)

+dV/dt 142.5±15 163.5±22
(V/sec) (n=13) (n=9)

-dV/dt 49.6±5.7 82.5±10.6t
(V/sec) (n=13) (n=9)
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FIGURE 3.7

Current clamp records from two different cells of CM 35pF and 25pF in (A) and (B), 
respectively.

In (A) a single action potential was elicited from a holding level (Vh) of -68mV by 
injection of 300pA depolarising current for 6 msec. Injection of a second identical current 
step when TTX (lpM ) was present externally no longer elicited a regenerative spike. 
The lower portion (B) displays records from a single cell possessing a TTX-resistant INa. 
External application of lpM  TTX had a negligible effect on the action potential evoked 
from a VH of -62mV by an 18 msec 200pA depolarising current injection.
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3.4 DISCUSSION

Sodium ions are crucial for the normal electrical activity of a nerve cell. The 

movement of sodium ions down their electrochemical gradient underlies the upstroke of 

the action potential in the drg cell (Yoshida et al., 1978; Kameyama, 1983), with the entry 

of sodium ions into the cell occurring through voltage-activated sodium channels 

(Hodgkin & Huxley, 1952; Hille, 1984 & 1992). Due to recent advances in molecular 

biological techniques the availability of structural and molecular information concerning 

the regions which are involved in the ion selectivity, pharmacology, voltage dependence 

and kinetics of these channels has increased (Trimmer & Agnew, 1989; Guy &  Conti,

1990). Using the whole-cell mode of the patch clamp technique, this study examined the 

properties of the macroscopic currents (INa) resulting from the entry of sodium ions 

through the population of channels in the cell membrane. An attempt was made to relate 

INa diversity to the variations in electrical activity observed amongst drg cells.

TTX-SEN SIT IV ITY

In the preparation of mouse drg cells studied two types of INa were recorded with 

differential sensitivities to the Japanese puffer fish poison tetrodotoxin (TTX). A similar 

situation has also been seen for other mammalian drg cell preparations (Kostyuk et al., 

1981a; Omri and Meiri, 1990), but not for avian (Carbone & Lux, 1986; Gottman et al.,

1988) or frog (Ishizuka et al., 1984) drg neurones, where only type of INa, the TTX- 

sensitive form, is expressed.

In the classical toxin sensitive form, two TTX molecules bind to a site on the 

extracellular face, close to the mouth of the pore, resulting in channel block (Benoit &  

Dubois, 1985). In the toxin insensitive form, TTX (up to 15pM: Bossu & Feltz, 1984, 

or even 30pM: McLean et al., 1988) has no effect on Na+ influx.

S IM IL A R IT Y  TO Ca2+ CURRENTS

The two classes of Na+ currents show similar ion selectivity (Kostyuk et al., 

1981a), though pharmacologically the TTX-resistant current is more analogous to a 

calcium current. Highlighting this is the reduction of the TTX-resistant INa by Ca2+ 

channel blockers, including methoxy-verapamil (D-600) and the inorganic agents cadmium 

and cobalt, which have no effect on the TTX-sensitive form (Kostyuk et al., 1981a).
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Isolation of Na+ currents from Ca2+ currents was therefore achieved by the removal of 

external Ca2+ and not by the use of Ca2+ channel blockers.

The existence of TTX-resistant Na+ channels, though most widely documented in 

drg cells (Ransom and Holz, 1977; Yoshida et al., 1978; Matsuda et al., 1978; Fukuda 

and Kameyama, 1980; Kostyuk et al., 1981a), is not restricted solely to this cell type. 

They have also been observed in tunicate eggs (Okamoto et al., 1976), starfish oocytes 

(Miyazaki et al., 1972), skeletal muscle cell lines (Kidokoro, 1975), leech neurons 

(Kleinhaus and Prichard, 1976) and cranial neurons (Bossu and Feltz, 1984).

INa TYPE AND CELL M A TU R ITY

The predominance of the TTX-resistant INa in immature systems led, initially, to 

the view that this current served a developmental role (Spitzer, 1979). This arose from 

studies on cardiac and skeletal muscle (Sperelakis et al., 1975; Harris and Thesleff, 1971) 

as well as from studies using intact dorsal root ganglia (Matsuda et al., 1976; Matsuda et 

al., 1978).

As the cells matured it was believed that the sodium current expression shifted 

away from the toxin resistant form towards the TTX-sensitive channel type, a change in 

line with the shifting requirements of the cell (Spitzer, 1979). As techniques became 

available for the culturing of drg cells these too were seen to express the TTX-resistant 

current (Heyer &  MacDonald, 1982). This was explained as a result of dedifferentiation 

or enzyme proteolysis (Lee et al., 1977), with evidence for the latter provided by the 

artificial induction of the resistant form by treatment with trypsin. However, the native 

expression of TTX-sensitive and TTX-resistant INa has been observed in trypsin untreated 

cells (Omri and Meiri, 1990).

It was through the works of Yoshida and co-workers (1979; Yoshida &  Matsuda, 

1978) that the expression of TTX-resistant INa was shown to persist into maturity in 32% 

of cells in a mouse drg cell preparation. In the present study the expression of TTX- 

resistant INa in 36% of mature cells was again indicated in a preparation of mouse drg 

cells and expression was at a similar level.

However, caution should be shown in the use of percentage values from 

preparations of intact ganglia and more especially in dissociated cell preparations as it is
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not feasible to examine the TTX-sensitivity of all the cells in an intact ganglion. An 

artifical impression could be gained due to the heterogeneity of the cells under study, 

combined with any bias towards the loss of any particular cell type during dissociation. 

In this study it was assumed that sample sizes were large enough (generally > 100 cells) 

to give a reasonable estimate of the situation in the intact ganglion, relying on the further 

assumption that the variable tested for remained constant amongst different ganglia from 

the lumbar region.

From the present literature it is still clear that the toxin resistant form is the 

predominant INa type during development. However, it is now apparent that, though 

reduced, the expression of this current persists into adulthood in a proportion of cells, 

suggesting a functional role in maturity (McLean et al., 1988).

TTX-SENSITIVITY WITH RESPECT TO DRG CELL TYPE

In addition to correlation of INa type with age, the observation that an individual 

cell almost exclusively expresses one INa type led to an examination of current type with 

respect to drg cell type. The cell type was generally defined on the basis of drg cell 

body size, axon diameter and axon conduction velocity (Lawson et al., 1974; Lawson &  

Biscoe, 1979; Lawson, 1979; Harper & Lawson, 1985). The small drg cells express the 

TTX-resistant current (McLean et al., 1988; Caffrey et al., 1991) and are generally 

considered to be the cell bodies of c-fibre and A8-fibre sensory neurones. Additional 

confirmation of the selective expression of the TTX-resistant INa to these two sensory 

afferent types was obtained from adult nodose and petrosal ganglia preparations. In these 

preparations, which consist mainly of C- and A5-cells, 90% of cells show TTX-resistant 

Na+ currents (Bossu &  Feltz, 1984; Belmonte & Gallego, 1983). In the present study, the 

differential expression of a TTX-resistant INa to the smaller cells was used as a means of 

identifying them as C-cells.

In contrast, the 64% of the drg cell population seen to express a TTX-sensitive 

current were selectively distributed to the mid- and upper membrane capacitance range. 

(In an individual cell the class of INa expressed was almost exclusively (at least 85-90%) 

of one type.) These cells were considered to represent the large A-cell population.

However, the recent study by Fedulova and co-workers (1991) contradicts this idea 

of differential expression of Na+ current type with cell size. They found no correlation
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between drg cell diameter and specific groups defined on the basis of the current 

expressed. But, their collection of the cells into groups on the basis of the expression of 

several and not just one individual current type could help explain this.

More recently with the isolation of at least three different mRNA for Na+ channels, 

attempts were made to correlate mRNA expression with the INa current which can be 

recorded electrically. While addressing this question, Caffrey and co-workers (1991) have 

identified not only a TTX-resistant current in small drg cells and a TTX-sensitive current 

in the large drg cells, but also a third type of INa. This third current, while TTX-sensitive 

had properties which differed from those of the current observed in the larger cells and 

its expression was restricted to the smaller cells in the population. They also identified 

three different types of Na+ channel mRNA in drg cells. However, while the INa current 

types recorded electrically showed differential expression, all three forms of mRNA 

appeared to be expressed in all the cells.

VOLTAGE DEPENDENCE

To return to the two types of sodium current identified here, their differences 

extended beyond their pharmacology to include voltage dependence and kinetics, 

providing additional ways of distinguishing between the two.

The voltage dependence of each current compared favourably with the descriptions 

in the literature for drg cells (Kostyuk et al., 1981a; Kameyama,1983; Carbone & Lux, 

1986; Orozco et al., 1988; Valmier et al., 1989; Omri & Meiri, 1990; Fedulova et al.,

1991) and for other central neurones (Bossu & Feltz, 1984; Stiihmer et al., 1987). The 

predominant observation was a 20mV shift in the depolarising direction for both activation 

and inactivation of the TTX-resistant current in comparison to the TTX-sensitive INa.

It is interesting to note that despite the 15-20mV shift in the activation curves 

between the two currents, the number of channels available for activation remains fairly 

constant as a result of the more depolarised Vm of the smaller cells. For both the TTX- 

sensitive current of the large cells and the TTX-resistant current of the small cells, the 

range of voltages over which the respective Na+ currents are activated are consistent with 

a role in the upstroke of the action potential, as are the steep voltage dependence and 

rapid inactivation for both. It is interesting to note that if the TTX-sensitive current were 

expressed by the smaller cells, the combination of the more hyperpolarised voltage
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dependence and the more depolarised resting potential would mean this current would 

contribute little, if at all, to the action potential in these cells.

Despite the general agreement with the literature concerning voltage-dependence, 

some disparities were observed. These were mainly confined to the inactivation 

characteristics. Some groups (Kostyuk et al., 1981a; Orozco et al., 1988; Fedulova et al.,

1991) reported noticeably more negative values for the half inactivation value (Vhv4) in 

both the TTX-sensitive and -resistant INa. Others (Bossu & Feltz, 1984; Omri &  Meiri, 

1990) found more positive values for V hv4 of the TTX-resistant Na+ current. Since the 

differences did not extend to the activation characteristics they could not be due to poor 

isolation of the current concerned. Due to the dependence of the inactivation on time, as 

well as the voltage, the differences may be a reflection of variations in the time course 

of the protocols used.

Within the literature noted above, a large degree of variability exists for the 

potential at which the maximal current was observed. This is the case for both the TTX- 

sensitive and TTX-resistant INa. There are several possible explanations for this:

Firstly, sodium currents in drg cells were large, in some cases in excess of lOnA. 

Series resistance errors arising from currents of this size would result in a loss of voltage 

clamp control (see section 2.3.4). Unless adequately compensated for, an artificially 

negative value for the peak potential would then be observed. In this study to maintain 

series resistance error at a nominal level (<5%) a proportion of external Na+ was replaced 

with choline (choline does not permeate Na+ channels).

In addition, Fernandez and co-workers (1984) reported a shift in the Na+ current 

voltage relation towards more negative values of 25mV or more within the first 30 

minutes of a whole-cell recordings from rat GH3 cells (a pituitary cell line). The time 

dependent shifts were "hypothesized to arise from the slow dissipation of a Donnan type 

potential between the cytoplasm and the internal pipette solution and a change in the 

membrane’s surface potential". The potential at which peak Na+ current flow is observed 

is therefore dependent on the time between the start of the recording and the plotting of 

the I-V  relation.
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ELECTRICAL BEHAVIOUR OF THE DRG CELLS

In addition to differences observed under whole cell voltage clamp conditions, 

differences in the electrical behaviour of the cells were seen. Several studies have 

examined the electrophysiological properties of primary afferent drg and nodose ganglion 

neurones (Sato & Austin, 1961; Bessou et al., 1971; Jaffe & Sampson, 1976; Gallego &  

Eyzaguirre, 1978; Yoshida & Matsuda, 1979; Williams & Zieglgansberger, 1981; Gorke 

& Pierau, 1980; Harper & Lawson, 1985). But only a few have related these properties 

to ganglion cell body size (Gallego & Eyzaguirre, 1978; Yoshida &  Matsuda, 1979; 

Williams & Zieglgansberger, 1981; Harper & Lawson, 1985).

The question in this chapter is which of the electrical properties of the cell are

dependent on/or related to INa and what effects do the different properties of the two INa 

current types have? But, before considering these points attention must be paid to the 

passive properties of the cell.

The choice to make comparisons between the small and the large cells was based 

not only on the differential expression of INa with respect to cell size, but also on distinct 

differences in electrical behaviour of the cells with respect to axon diameter and

conduction velocity reported previously (see CHAPTER ONE).

Similar to the results of Yoshida and co-workers (1978), also using mouse drg 

cells, the small cells were found to have a more depolarised resting potential. However, 

in rat drg cells no difference was observed in the Vm with respect to cell size either by 

Harper & Lawson (1985) or Gallego & Eyzaguirre (1978). Whether this relates to a 

species difference is unclear.

The more depolarised resting potential in the C-cells of the mouse preparation 

could arise from a difference in specific ion permeabilities between cells. Alternatively, 

the same result would be seen if decrease in the viability of the small cells occurred 

following acute isolation as this may increase the non-specific membrane permeability.

From Ohm’s law the magnitude of the depolarisation following activation of a 

current will also be dependent on the specific membrane resistance! (Q/cm2) . In this 

preparation, the passive leak ' of the small cells was found to be significantly

lower than for the larger cells. Therefore, even though the channel density and the 

availability of the channels for activation may be similar for both cell groups, current flow 

across the membrane will produce a greater potential change in the small cells.
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In previous studies from rat drg cells Williams &  Zieglgansberger (1981) did not 

observe any difference in the input resistance between cell groups, whereas Harper &  

Lawson (1985) did see a significant difference. This second result was in agreement with 

existing data from pigeon drg cells (Gorke & Pierau, 1980), however, the difference in 

input resistance seen in the study from rat did not translate into a difference in specific 

membrane resistance when normalised for cell size using estimated surface area 

measurements. The use of estimated surface area measurements may have resulted in an 

overestimation of specific membrane resistance (see SECTION 2.4.3) but it should not 

have affected the distribution of the values. The disparity between this data from rat drg 

cells and that presented here may instead relate to differences arising from the use of 

isolated cells (this study) as compared to intact ganglia (Harper &  Lawson, 1985).

TH E ACTION PO TENTIAL OVERSHOOT

The upstroke of the action potential is mainly due to the activation of sodium 

channels. Consequently, it may be possible to explain the larger overshoot of the spike 

above OmV observed in the smaller cells with respect to this current. The similar 

numbers of channels available from rest and the lack of any significant difference in the 

density (pA/pF) between the two classes of Na+ current discounts the possibility of a 

larger Na+ flux in the smaller cells being responsible. A result also confirmed by the 

work of Omri & Meiri (1990). However, as explained above, the resultant potential 

change due to INa activation will be greater for the smaller cells due to the larger specific 

membrane resistance and so may explain the larger overshoot for these smaller cells.

INa AND ACTIO N POTENTIAL KINETICS

A prominent "hump" or inflexion on the repolarising phase of the action potential 

of the small cells is widely documented to reflect a calcium component of the action 

potential (Matsuda et al., 1976; Dichter & Fischbach, 1977; Yoshida et a l, 1978; Heyer 

& MacDonald, 1982; Gorke & Pierau, 1980).

The factors underlying this phenomenon will be considered in more detail in 

CHAPTER 4. However, the expression of this prominent hump in the small cells resulted 

in the longer duration of their action potentials. The action potential durations measured
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for the small and large cells were comparable to those documented by Harper and Lawson 

for C- and A-cells, respectively, which provides further support for the suggested 

classification of the small and large cells of this preparation as C- and A-cells.

This calcium component is not the only factor contributing to action potential 

duration; potassium conductances also play a considerable role in determining the 

repolarising phase of the action potential, a point which will be considered in more detail 

in later sections (see CHAPTER 5).

The slow Na+ current is an alternative name for the TTX-resistant INa and indeed, 

examination of the activation and inactivation time constants (xp and Th, respectively) 

revealed both to be slower for the TTX-resistant Na+ current than for its TTX-sensitive 

counterpart. The values obtained for xp and xh for both classes of INa were similar to those 

of previous studies (Kostyuk et al., 1981a; Kameyama, 1983; Valmier et al., 1989; Omri 

& Meiri, 1990; Caviedes et al., 1990). An exception to this general consensus was the 

study by Carbone and Lux (1986), who observed 2-5 fold slower Na+ current inactivation 

in cultured chick drg cells, however, their study was carried out at 12°C, indicating the 

temperature sensitivity of INa kinetics.

As well as spike duration, action potential kinetics were examined by taking the 

first differential of the voltage record. Despite the 5-10 fold faster kinetics of TTX- 

sensitive INa with respect to the resistant form, no significant difference was observed in 

the maximum rate of rise (+dV/dt) of the action potential between small and large cells. 

The reason for this was unclear, however a similar result also seen by Matsuda and co- 

workers (1978) in fetal mouse drg cells. In contrast, the later studies of Harper and 

Lawson (1985) and Fulton (1987), both performed using rat drg cells, did observe a faster 

rate of rise for the large, A-cells. Again, this may indicate a species difference between 

rats and mice, or alternatively the result may reflect differences in experimental 

conditions, including differences in the temperature at which the studies were performed.

The rate of fall of the action potential (-dV/dt) was found to be slower in the 

smaller cells. As with the increased action potential duration in this group of cells this 

was due to the prominent "hump", though the slower inactivation of the TTX-resistant 

current may have played a part.

From the raw voltage record it was apparent that the small cells expressed a 

prominent "hump", a component not so obvious amongst the larger cells. Examination
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of first differential of the action potentials showed more clearly the existence of an 

inflexion in most cells tested (though more prominent in the smaller cells). This 

contrasted with previous studies where small cells and a subpopulation of the larger cells, 

designated ABt (Harper &  lawson, 1985), express a hump, but the remainder of the A-cells 

were found to possess no inflexion. As mentioned above the disparities may arise from 

differences in the experimental conditions: in the present study recordings were made at 

room temperatures (20-25°C), whereas previous studies from intact ganglia were generally 

carried out at over a more physiological range (36-37°C).

To conclude, the expression of TTX-resistant and TTX-sensitive Na+ currents has 

been demonstrated in a population of mouse drg cells. The currents were selectively 

distributed to small and large cells respectively, in accordance with the small cells being 

C-cells and the larger cells A-cells. The differences in the characteristics of these currents 

under voltage clamp conditions were illustrated.

Differences were also found to exist between the electrical behaviour of the small 

and large cells when recorded from in current clamp mode. However, these were not 

solely explainable on the basis of the Na+ currents expressed. Therefore it was necessary 

to go on to examine other voltage activated currents expressed by the drg cells.

The compatibility of the results with those from previous studies, including those 

from intact ganglia help validate the preparation as reflective of the in vivo state.
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CHAPTER FOUR: C A LC IU M  CURRENTS

4.1 INTRODUCTION

DRG cells possess a second class of voltage-activated inward currents, which are 

the voltage-operated Ca2+ currents, or VOCCs. In vertebrate drg cell bodies action 

potentials arise from the transient entry of both Na+ and Ca2+ ions (Koketsu et al., 1959; 

Dichter & Fischbach, 1977; Baccaglini, 1978). The activation of VOCCs during the 

course of the action potential providing a mechanism for calcium entry into the cell 

where it can modulate and integrate a wide range of functions.

Over the past 5-10 years it has become well established that several distinct classes 

of Ca2+ channels exist in neurones, including drg cells (Nowycky et al., 1985; Fox et al., 

1987; Kostyuk et al., 1988).

This chapter examines the characteristics of the Ca2+ currents with reference to the 

two main classes of VOCCs: the low voltage activated (LVA) and high voltage activated 

(HVA) Ca2+ channels. Due to the previously mentioned heterogeneity of the primary 

sensory neurones, the question of the differential distribution of Ca2+ currents amongst drg 

cells was addressed. The expression of both LVA  and HVA VOCCs were correlated to 

CM, used as an indicator of cell size.

The degree of expression of these two types of Ca2+ conductances will be crucial 

for determining firing patterns and action potential shape. In turn, these varying patterns 

of electrical activity possibly correlate to different functional groups of drg cells (Harper 

and Lawson, 1985; Rose et al., 1986).

4.2 METHODS

Preliminary studies into the expression of the low threshold Iq, and current clamp 

records were obtained using KCl-based pipette solution (solution C) and normal external 

medium (solution B).

For isolation and a more detailed voltage-clamp analysis of both high and low 

threshold currents the internal solution was exchanged to solution D. This had the 

advantage of blocking all principal K+ conductances. To help maintain the metabolically 

dependent HVA currents 2mM MgATP and 2mM MgCl2 were included. Internal Ca2+ is 

also believed to down-regulate the HVA currents (Brehm and Eckert, 1978; Tillotson,
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1979; Hagiwara and Byerly, 1981) and so a high level of intracellular Ca2+ buffering was 

aimed for by using llm M  EGTA internally. Except where stated in the text, Solution B 

remained as the external media throughout. When voltage dependent or kinetic 

characteristics were studied either TTX (lpM ) was applied externally or Na+ was replaced 

by choline.

Voltage protocols employed are described in the relevant sections of text or figure 

legends.

4.3 RESULTS

Using a standard depolarising voltage protocol from Vh-70mV a proportion (27%; 

n=124) of cells showed a prominent, low threshold, inactivating inward current (figure 

4.1). This current was smaller and had a slower time course of activation and inactivation 

than INa, also it was TTX (lpM ) and choline insensitive. This was characteristic of the 

LVA Ca2+ current (Nowycky et al., 1985; Fox et al., 1987: Kostyuk et al., 1988). The 

frequency histogram (figure 4.1c) of LVA expression as a function of CM showed that the 

current was expressed principally by those cells of intermediate size (30-55pF).

By exchanging the internal medium (to solution D), which abolished a substantial 

amount of the outward current in these cells, a clearer examination of VOCCs was 

possible. This revealed that in fact 3 groups existed with respect to LVA expression: (i) 

those referred to above with a prominent LVA current; (ii) those with no LVA; (iii) cells 

showing a small LVA current which under the previous conditions was masked by more 

predominant K+ currents.

Blockade of the major K+ conductances unmasked the routine expression of HVA  

currents by all cells. Rapid washout of these currents, but not of the LVA, was observed 

on dialysis of the cell interior by the pipette solution. Inclusion of MgATP (2mM) in the 

internal pipette solution delayed this process.

By the use of appropriate voltage protocols it was possible to isolate the HVA and 

LVA components (figure 4.2).
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FIGURE 4.1

A. Voltage-clamp responses from two different isolated drg cells; (i) and (ii). From a 
holding potential of -70mV depolarisation to the levels indicated revealed the selective 
expression of the LVA Ca2+ current ( * ) by some cells (i) but not others (ii).

B. Family of currents in response to hyperpolarising steps from a holding potential of - 
50mV to -60mV through to -lOOmV in lOmV steps. On repolarisation from progressively 
more negative steps the extent of LVA Ca2+ current activation is seen to increase ( * ) due 
to the removal of steady-state inactivation.
Steps to -90mV or more negative potentials also activate a slowly developing inward 
current ( T ;see section 5.3.3).

C. Differential expression of the transient LVA Ca2+ current as a function of CM. From 
the total population of cells examined (hollow bars) the filled bars represent the numbers 
of cells found to exhibit the current. The LVA current was selectively distributed to those 
cells within the inter-mediate range of CM values (30-55pF). Bin size=5pF; n=124.
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FIGURE 4.2

Separation of Ca2+ currents into LVA and HVA components.

Currents records from the same cell at the test potentials indicated, evoked from Vh - 
50mV (Ai) and -70mV (Aii).
The corresponding peak current-voltage relations for Vh -50mV ( ■  ) and -70mV ( •  ) 
were plotted (B).

Test steps applied at 15 second intervals to reduce the effects of activity dependent run
down of the HVA calcium currents.
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4.3.1 LO W  VOLTAGE ACTIVATED C A LC IU M  CURRENT (LVA)

To isolate LVA from HVA currents a depolarising step protocol was employed 

from two different holding potentials, -70mV and -50mV, to test steps of -60mV through 

to +60mV, in lOmV increments. The peak current-voltage relation was plotted for each 

set of current traces (figure 4.2b).

Comparison of both the current records and the I-V  plots reveal a low threshold 

transient current (LVA) available for activation at the more hyperpolarised V h; while the 

more depolarised Vh resulted in its steady-state inactivation. LVA Ca2+ currents activated 

between -50mV and -60mV, the current then increased in size until it reached a peak at - 

32±2mV (n=6). Due to contamination of the I-V  plot by H VA  currents at more 

depolarised potentials it was not possible to distinguish the LVA current reversal potential 

from that of the HVA component. The combined reversal occurred at +35±2mV (n=6), 

similar to that obtained for the HVA alone (section 4.3.2).

4.3.1.1 LVA  Ca2+ current voltage-dependence

Due to the differential voltage sensitivity of the LVA and HVA currents it was 

possible to examine LVA voltage-dependency more closely.

Normalised peak conductance (gCa /  gC a^) was plotted as a function of test 

potential from a holding level of -80mV, where gC a^ refers to the maximum current 

activated at -30mV (figure 4.3). The voltage dependence plot gave half-activation value 

of approximately -46±0.5 mV (n=5).

The LVA inactivation characteristics were examined by plotting the response to 

a standard test voltage to -50mV as normalised current (ICa /  ICamax) against the range of 

hyperpolarising prepulse potentials applied. These preconditioning steps were used to 

remove inactivation. The current was fully inactivated by -60mV, whereas at potentials 

of -lOOmV, or more negative, nearly all the channels were available for activation. The 

half inactivation potential was roughly -88±4 mV (n=5).

It was therefore evident that at rest, in the sub-population of drg cells found to 

express it, the transient low threshold Ca2+ current would be almost totally inactivated. 

This is considered in more detail later, when the contribution of Ca2+ currents to the 

normal electrical activity of the cell is described.
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FIGURE 4.3

Voltage dependence of LVA activation and inactivation.

The steady-state curve for normalised Ca2+ current flow (ICa/Ica max) ( O ) was plotted as 
a function of the test potential. The steady- state curve of Ca2+ inactivation (ICa/Ica max) 
was plotted against the pre-conditioning pulse potential ( •  ).
Symbols show the mean of n= 5 ; error bars represent SEM.
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FIGURE 4.4

Time course and kinetic parameters of LVA Ca2+ current.

A. Family of currents elicited by a single drg cell on depolarisation from -70mV to - 
60mV through to -30mV in lOmV increments (i). A single exponential was fitted to both 
the rise time, xp (tp*,— ) and the current decay, xh (th;—) as is shown for the LVA current 
evoked by a test step to -30mV (ii).

B. The values for xp ( •  ) and xh ( O  ) were both plotted as a function of the test 
potential; (i) and (ii) respectively.
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FIGURE 4.5

Effect of Vh on current clamp behaviour.

The upper trace (A) shows the action potential elicited by an isolated drg in response to 
a 6msec, 500pA current injection from a Vh of -54mV.

The voltage response in the lower panel (B) was from the same cell subjected to the same 
depolarising current protocol, but the Vh had been hyperpolarised to -68mV. The action 
potential is now followed by an afterdepolarisation (adp). Note also the occurrence of a 
second action potential.
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4.3.1.2 LVA  Ca2+ current kinetics

The low threshold component is shown in isolation in figure 4.4a. Activation and 

the subsequent decay of the current was almost complete within the 80msec duration of 

the depolarising step. This was quantified by fitting a single exponential to both time to 

peak (xp) and the inactivation time course (xh). Plotted as a function of the test potential 

(figure 4.4b), this revealed both xp and xh to be voltage dependent and confirmed activa

tion as more rapid than inactivation over the voltage range used.

4.3.1.3 LVA  and current clamp recording

When monitoring the membrane potential under current clamp conditions, the 

action potential elicited in response to a depolarising current pulse was followed by an 

afterdepolarisation (adp) in a sub-population of drgs (figure 4.5).

The appearance of an adp correlated with the expression of the LVA Ca2+ current 

under voltage clamp conditions. A comparable voltage dependence was observed for the 

adp and the LVA Ca2+ current; the adp was activated following an action potential when 

the membrane potential was held at levels negative to the resting potential (around - 

70mV), but was no longer apparent when the membrane potential was close to the resting 

potential (around -50mV).

4.3.2 H IG H  VOLTAGE ACTIVATED C ALCIUM  CURRENT (HVA)

The HVA current was activated by depolarising voltage steps from Vh of -50mV 

(figure 4.2), a potential at which the LVA component was fully inactivated. HVA  

activation occurred around -30mV, the current peaked at -2±2mV (n = ll) and reversed at 

+36±3mV (n= ll).

The peak current activated from the -50mV level was markedly reduced in 

comparison to that seen at the more negative holding potential (figure 4.2b). There are 

a number of possible explanations for this observation which will be discussed later (see 

section 4.4).

Removal of external calcium abolished the HVA current (figure 4.6a), an effect 

only partially reversible. In addition to this dependence on external Ca2+, the current 

persisted in the presence of external TTX (lpM ) and following Na+ replacement by 

choline. These factors, as well as the currents positive reversal potential, indicated that
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FIGURE 4.6

A. HVA requirement for external Ca2+.
From a holding potential of -70mV a preconditioning step to -30mV was employed to 
inactivate any transient low threshold currents. Subsequently, a test step to OmV evoked 
inward HVA Ca2+ currents (i). Replacement of external Ca2+ by Mg2+ resulted in a loss 
of the HVA component (ii). On restoring control conditions only partial recovery was 
observed (iii).

B. HVA current density.
From the moment of achievement of the whole cell recording configuration the HVA  
component was monitored using the voltage protocol described in (A). The family of 
traces shown are currents recorded (i) 20secs, (ii) lmin, (iii) 2mins 20secs and (iv) 3mins 
following compensation of the capacity transient after going whole-cell. Initially outward 
K+ currents were observed (i), these were blocked once the Cs/TEA pipette solution had 
dialysed the cell interior revealing the inward HVA component. The HVA Ca2+ current 
density was calculated from the maximum inward current (iii) measured before any wash
out started to occur (iv).
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Ca2+ was the primary charge carrier for the HVA component.

4.3.2.1 HVA Ca2+ current density

Cells routinely expressed a sustained, high threshold Ca2+ current but were there 

variations in HVA current density (pA/pF) amongst different sub-populations of drg cells? 

The protocol employed to examine this consisted of a preconditioning step from -70 to - 

30mV for 2.5sec to inactivate low threshold Na+ and Ca2+ currents followed by a 90msec 

test step to OmV. Once the whole cell configuration had been achieved and capacity 

compensation was complete, this protocol was initiated.

Initially the test step to OmV activated K+ conductances (figure 4.6b). The block 

of K+ conductances on dialysis of the cell interior with the Cs/TEA pipette solution soon 

became evident. After about 1-2 minutes the peak HVA was attained but, despite the 

inclusion of MgATP, the current gradually ran down over ensuing minutes. When 

measuring the maximum HVA it was assumed that no significant washout occurred before 

K+ conductance block was complete.

This procedure was carried out for 41 cells over a range of CM values (14-8 lpF) 

and the current density (pA/pF) was plotted as a function of CM (figure 4.7). The mean 

HVA current density obtained (39±3 pA/pF; n=41) was comparable with those observed 

in other neurones (Fenwick et al., 1982; Kameyama, 1983; Carbone and Lux, 1984; 

Carbone et al., 1990).

A clear correlation between cell size and HVA current density was apparent from 

figure 4.7 (R2=0.228; n=41). Also, further analysis revealed a significantly (p<0.05) 

higher density of HVA currents expressed by larger cells (CM>50pF) as compared to 

smaller cells (CM<25pF); 56.6±8.5pF (n=7) and 32.4±4.8pF (n=12), respectively 

(calculated using unpaired Student’s t test).

Calcium-activated Potassium Currents (IK(ca))

The expression of IK(Ca) by drgs was not examined in detail but the preliminary 

results obtained are described, along with the other types of K+ conductances expressed 

by these cells, in CHAPTER 5.
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FIGURE 4.7

The HVA Ca2+ current density, obtained as described in the text and figure 4.6b, was 
plotted as a function of CM for 41 drg cells over a range of 14-8lpF ( •  ). The solid line 
through the data indicates the best fit by first order regression (R2=0.228).

R2 was obtained by linear regression analysis and then used to calculate the correlation 
coefficient r as defined in the text (see p45). The significance of r (0.477) was tested for 
and found to be significant at P>0.01.
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4.4 DISCUSSION

In addition to the Na+ currents already described, a second set of inward currents 

were expressed by this preparation of drg cells. These were calcium currents which play 

important roles in the transduction between membrane potential and intracellular events.

LO W  THRESHOLD Ic. (LVA)

One of the principal findings was the prominent but selective expression of the low 

threshold (LVA) calcium current by a sub-population of the cells. The characteristics of 

voltage dependence and kinetics were similar to those previously documented for the LVA  

Ca2+ current in drg neurones (Kostyuk et al., 1981b; Fox et al., 1987; Scroggs & Fox,

1992). Some variabilty was seen in the literature for the rate of activation (xp). This may 

have arisen from the use of a single exponential to fit xp (as used in this study), the time 

course of which is believed to follow a sigmoidal relationship (Fenwick et al., 1981b).

Differential expression of LVA current

Those cells expressing the LVA current made up 27% of the population examined 

and were confined to the mid-range CM values. Scroggs and Fox (1991a, 1992) have also 

described the prominent expression of the LVA current by medium sized (33-38pM 

diameter) cells, though they gave no indication as to the proportion of cells this entailed.

Where reported, the degree of LVA current expression in drg cells has been shown to 

vary a great deal. Also using mouse cells (cultured from embryos) Kostyuk and co

workers (1981b) reported a similar rate of expression (25%). A greater number, between 

50% (Lovinger &  White, 1989) and 75% (Schroeder et al., 1990) were documented for 

rat drg cells, whereas studies from chick drg cells indicate LVA currents to be routinely 

expressed by all cells (Gottman et al., 1988). These variations in the rates of LVA  

expression amongst different drg species could have arisen out of variations in 

experimental conditions, they may also indicate the existence of species differences. In 

accordance with this second point, rat 6-cells express an LVA current, while in mice the 

same cell type lacks any such low threshold calcium current.

Once outward currents had been blocked, a low level expression of the LVA was 

also observed in the smaller cells both in this study and by Scroggs & Fox (1991a &

1992); there are similar reports for the larger cells in a population of rat drg cells (G.
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White, personal communication). However, such small currents are considered 

insufficient to contribute anything other than a negligible amount to the electrical activity 

of the cell.

Correlation of LVA expression with cell size and electrical behaviuor

Apart from this study and also data from Scroggs et al (1992), few have correlated 

the expression of the LVA Ca2+ current to a distinct population of cells. However, these 

data raise the possibility of a third population of drg cells distinct from the well defined 

large, light A-cells and small, dark C-cells. In 1979, Lawson mentioned the probable 

presence of a third population of cells of intermediate size, morphologically distinct from 

the classical large, light and small, dark cells (Lawson, 1979). Later, following 

correlations between cell body size and electrical activity, Harper &  Lawson (1985) 

provided more conclusive evidence for a distinct group of cells of intermediate size. They 

postulated that these were A8-cells, suggested by Sato & Austin (1961) to show burst- 

firing activity.

Such bursting activity is believed to be due to an underlying afterdepolarisation 

(adp) following an action potential both in the central (Llinas, 1988; Suzuki &  Rogawski,

1989) and peripheral ((Lovinger &  White, 1989; White et al, 1989) nervous systems. The 

presence of an adp in cultured rat drg cells was believed to result from the activation of 

a Ca-dependent chloride current (Mayer, 1985). In acutely dissociated rat drg cells, where 

the expression of Ic1(Ca) is more limited (Lovinger &  White, 1989), the LVA current was 

shown to be a more likely candidate for inducing adps and consequently burst-like 

activity. This second mechanism is emphasised in this preparation by the similar voltage 

dependence of the LVA current and the adp.

It appears, therefore, that a distinct population of medium sized cells have been 

identified, which show characteristic burst-like activity due to the expression of the low 

threshold Ca2+ current. This group of drg cells may form a population with a distinct 

functional role.

Developmental role for LVA current

Burst-firing and oscillatory activity are thought to be of developmental importance 

and the underlying ability of the LVA current to support such electrical behaviour
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suggests it could play an important part in shaping the activity of developing cells. This 

is reinforced by the prominence of this current in the early stages of cell differentiation, 

in chick drg cells, for example, the LVA current is the first inward current to be expressed 

(Gottman et al., 1988). A recent study by Fedulova and co-workers (1991) has shown 

that the expression of the LVA current declines with post-natal age of rat drg cells again 

supporting this ontogenic theory.

However, using the same preparation of acutely dissociated rat drg cells Lovinger 

& White (1989) observed the degree of expression to remain roughly constant with 

increasing post-natal age. Moreover, they observed an increase in the magnitude of the 

current with age accompanied by an increase in the ability for the adp to generate burst 

firing behaviour. This indicates that the role of the LVA current may not be solely 

developmental, a theory supported by the similar rates of LVA expression reported in this 

study using young adult mice with those from neonates (Kostyuk et al., 1981b).

LVA and frequency coding

In addition to its role in threshold behaviour, the LVA may also contribute to 

action potential shaping. McCobb & Beam (1991) have applied whole cell voltage-clamp 

protocols to chick drg cells the pattern of which mimics the shape of an action potential. 

They refer to this protocol as an action potential waveform (apw). The effects of these 

voltage-clamp commands were studied on the calcium entry through the voltage-activated 

Ca2+ channels. Alterations in the duration of the imposed apw had little effect on the 

extent of LVA activation, indicating Ca2+ entry through the low threshold channels to be 

relatively insensitive to changes in the action potential duration. They suggested that this 

ability of the LVA to cause an almost constant influx of calcium charge for each action 

potential fired could make this current a useful indicator of action potential frequency. 

While it is unlikely that the conductance system in the soma of a primary sensory neurone 

can significantly effect the flow of information through the neurone (Ito &  Takahashi, 

1960; Ito &  Saiga, 1959; Gallego & Eyzaguirre, 1978), there could be a role for the 

electrical activation of the soma by invasion by axonal spikes. For drg cells the LVA  

could be a useful mechanism for providing the soma with information concerning the 

amount of activity occurring in the periphery, information which could subsequently play 

a role in the regulation of intracellular signals and the adjustment of cell metabolism.
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It is important to reiterate that in chick drg cells (used by McCobb &  Beam) the 

LVA is routinely expressed in all cells. In contrast, only a proportion (27%) of mouse 

drg cells possess this current, restricting the information concerning action potential 

frequency to only a sub-set of the population. In addition, it is unlikely that the LVA  

would be able to relay information concerning action potential frequency during burst-like 

activity, a pattern of activity also modulated by the activation of the LVA current. These 

final points, and the steady state inactivation of the LVA  (see below), detract from the 

idea of the LVA as frequency indicator under all conditions. Therefore, though an 

interesting hypothesis, if the LVA were to play a role in providing information about 

activity to the soma, the conditionsunder which this would occur would be more restricted 

in mouse drg cells than originally suggested for those of chick.

Steady-state inactivation of LVA when DRG cell at rest

As mentioned earlier, a consideration of the voltage dependence of the LVA  

current reveals it to be almost fully inactivated at the resting potential for these drg cells. 

Before any excitatory input can activate this current hyperpolarisation is required to 

remove the steady-state inactivation. This may be achieved by the activation of receptors 

at the drg cell membrane surface, including those for excitatory and inhibitory amino 

acids, catecholamines and neuro-peptides. These neurotransmitters can regulate K+ 

channels, by a mechanism generally thought to involve a G-protein mediated system 

(Miller, 1990). The subsequent hyperpolarisation could then provide the necessary 

modulation of Vm to result in the availability of LVA  current for activation.

Alternatively, some neurotransmitters (see Tsien et al., 1988) have the ability to 

modulate the activity of the LVA channel directly, in which case there may be no need 

for a preceeding hyperpolarisation of the Vm. In both cases, the specific ligand involved 

and the selective distribution of receptor populations amongst drg cells could infer 

functional specificity. A condition made more relevant by the use of the drg soma as a 

model for synaptic terminals (see CHAPTER ONE, section 1.3).

HIGH THRESHOLD 1^ (HVA)

Though widely known for a number of years that "all excitable cells possess a 

calcium current" (Hille, 1984), it was not until the mid-1980s that a clear classification
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of Ca2+ channel sub-types began to emerge (Nowycky et al., 1985; Fox et al., 1987; 

Kostyuk et al., 1988). For this preparation of drg cells it was apparent that while only 

a proportion of drg cells express LVA Ca2+ currents, all cells expressed a high threshold 

Ca2+ component. This was comparable to the 96-99% of rat drg cells seen to express 

HVA Ca2+ currents (Fedulova et al., 1991).

Calcium entry during an action potential is believed to occur predominantly 

through HVA channels, the regulation of the activity of these channels providing a 

mechanism for the modulation of neurotransmitter release (for review see Miller, 1990). 

The HVA current is purported to be very sensitive to changes in the duration of the action 

potential (McCobb &  Beam, 1991), a necessary requirement if they are to modulate 

transmitter release.

HVA current-voltage relationship

The lack of any marked steady state inactivation and the range of voltages over 

which the currents are activated are consistent with the potential changes observed during 

an action potential. This strengthen the idea that they provide the main route of entry for 

calcium into the cell during an action potential.

The voltage dependence of the HVA component described here was comparable 

to that described for other drg cell preparations (Kameyama, 1983; Ishizuki et al., 1984; 

Regan et al., 1991). Although, the studies by Kostyuk and co-workers (1981b) and 

Scroggs et al (1992) both show the peak of the HVA inward current to be at least 20mV 

more negative than was seen here or in the works quoted above.

Sub-types of HVA channels

The HVA class of channels has been further subdivided into two components 

originally referred to as L, a sustained current and N, an inactivating neuronal current 

(Nowycky et al., 1985; Fox et al., 1987; Kostyuk et al., 1988). However, this distinction 

is not as clear-cut as the one which exists between the high and low threshold Ca2+ 

currents.

More recently it has been questioned, particularly by Carbone and his co-workers, 

as to whether L and N can actually be separated on the basis of their voltage character

istics, even at the single channel level (for review see Swandulla, Carbone and Lux,
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1991).
A criterion becoming more universally accepted as a means of distinguishing the 

HVA calcium channels is their drug sensitivity. There are two principal pharmacological 

tools involved in this categorisation: dihydropyridines (DHPs) which isolate predominantly 

L-type Ca2+ currents (Triggle &  Janis, 1987) and omega-conotoxin (co-CgTx), a peptide 

from the marine snail Conus geographus, which identifies a high threshold, non-L-type 

component, generally referred to as N-type (Olivera et al., 1984; Kasai et al., 1987; 

Oyama et al., 1987).

These two pharmacologically isolated HVA components though usually referred 

to as L- and N-type do not strictly correlate to the original L and N categories defined by 

Nowycky and co-workers (1985; see reviews by Tsien et al., 1988 and Swandulla et al.,

1991). To cloud the situation further, components sensitive to both or neither agents have 

also been identified (Aosaki and Kasai, 1989; Schroeder et al., 1990; Regan et al., 1991).

Predominance of N-type (co-CgTx-sens) Ca2+ channels in neurones

In neurones, the expression of co-CgTx-sensitive calcium channels is believed to 

predominate, with DHPs reported to have little effect on neuronal whole-cell Ca2+ currents 

(Kasai et al., 1987; Aosaki and Kasai, 1989; Plummer et al., 1989; Carbone et al., 1990). 

Indeed, in chick drgs the HVA Ca2+ current is totally co-Cgtx sensitive (McCleskey et al., 

1987; Hockberger & Nam, 1991).

In this study of the electrophysiological properties of Iq,, no attempt was made to 

identify these subsets and they were referred to jointly as HVA currents. Though, in later 

studies (see CHAPTERS SIX to NINE) where changes in intracellular free calcium levels 

([Ca2+]j) in single drg cells were monitored with the fluorescent indicator indo-1, several 

isolated observations were made relating to calcium channel drug sensitivity. External 

application (= 100msec duration) of 30-50mM KC1, by isotonic replacement with external 

NaCl, depolarised the membrane potential of unclamped cells. This was sufficient to 

activate VOCCs causing an influx of Ca2+, with the resulting increase in [Ca2+]j lasting 

seconds, even minutes. The evidence that the LVA currents are mostly inactivated at rest 

indicated the involvement of HVA Ca2+ currents. This rise in internal Ca2+, though 

dependent on external Ca2+, proved difficult to block using D-600, even at concentrations
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as high as lOOpM. Although not conclusive, this indicated that a large component of the 

HVA  Ic, was DHP insensitive as previously suggested.

Also, recent data from Menon-Johansson &  Dolphin (1992) has shown roughly 

three quarters of the high threshold calcium current in cultured rat drg cells to be sensitive 

to co-CgTx.

The modulation of HVA channels by the actions of neurotransmitters (mainly 

thought to occur through GTP-binding proteins; Tsien et al., 1988) is more widely 

documented than for the LVA type (Dolphin &  Scott, 1987; Dunlap &  Fischbach, 1978; 

Deisz &  Lux, 1985; Himing et al., 1988; Lipscombe et al., 1989; Wiley et al., 1990). This 

has several important implications for primary afferent function. It has been suggested 

that the drg soma represent a model of central terminal synapses within the spinal cord 

and the array of conductances expressed and their modulation would therefore be relevant 

to mechanisms of the presynaptic regulation of neurotransmitter release (see CHAPTER 

ONE). In addition, if  autoregulation occurs at the level of the drg soma, then a knowledge 

of the modulation of neurotransmitter release in the enviroment around the cell body may 

give insights into the regulation of cell function.

Though calcium entry through HVA channels into the cell serves a number of 

important roles, the most extensively studied topic in neurones is the connection with 

transmitter release. The ability of neurotransmitters to regulate HVA channel function 

appears to reside mainly with the N-type/co-Cgtx sensitive currents (Himing et al., 1988; 

Lipscombe et al., 1989; Wiley et al., 1990). The selective distribution of both HVA  

current types and receptor populations to restricted cell types within the drg cell 

population will sub sequently determine the type and extent of the modulation of 

neurotransmitter release (Foucart et al., 1991).

Metabolic dependence of HVA currents

In this and a number of other studies (Kostyuk et al., 1981b; Kostyuk et al.,

1988) the high threshold currents, especially the sustained component were metabolically 

labile. This was seen as a rapid decline in the HVA current on attainment of the whole

cell voltage clamp mode. This results from channel dephosphorylation, which arises from 

both a fall in intracellular cyclic AMP (cAMP) dependent protein kinase and an increase
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in Ca2+-dependent phosphatases (Chad et al., 1984; Chad & Eckert, 1986; Fedulova et al., 

1985). Inclusion of cAMP and/or MgATP in internal solutions helps maintain channel 

phosphorylation (Kostyuk et al., 1981b). This slows Ic, wash-out, but cannot totally arrest 

the process.

Kostyuk et al (1981b) also noted that following wash-out of Ic*, the subsequent 

inclusion of cAMP and MgATP in „ * the solution perfusing the inside of the cell was able 

to restore the current in cells from younger animals. This was more difficult to achieve 

in cells from older animals indicating a difference in the sensitivity to metabolic state of 

the cell with age.

Comparison of the I-V  curves obtained from Vh -70 and Vh -50mV reveals not 

only the loss of the low threshold shoulder to the I-V  at the more depolarised holding 

level, but also a large reduction in the peak current flow; a reduction too great to be solely 

explained by the loss of the transient LVA current. A contributing factor to the reduced 

peak flow would be the loss an inactivating high threshold component. Despite the 

movement away from kinetic classifications for the HVA current this inactivating 

component is still generally referred to as the N-type Ca2+ current (Plummer &  Hess,

1991). Washout of the HVA current could have occurred between the initial measurement 

of the I-V  relation from a -70mV holding level and the subsequent from V h -50mV. It 

may therefore account for some of the reduction observed in the peak HVA current flow.

HVA current density

The HVA current was expressed by all cells, but between cells there was a 

considerable amount of variability in the peak current magnitude (this study and also 

Kostyuk et al., 1981b). In part this may result from varying degrees of HVA current 

wash-out. The L-type Ca2+ current is reported to washout more rapidly than the N-type 

and so a differential distribution of these two current types (Scroggs & Fox, 1991b &

1992) would cause variations in HVA run-down. By using a protocol to guard against 

the effects of washout a general trend towards higher density HVA in larger cells was 

observed.

This might signify a size dependent variability in the extent of damaged suffered 

by cells during the course of preparation. If  one assumes this is not the case then the
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difference in HVA current density with cell size could be of physiological relevance.

Calcium component to the action potential

In a sub-population of the drg cells the calcium component is sufficient to cause 

a prominent "hump" on the repolarising phase of the action potential. The evidence for 

the calcium involvement arises from the ability of cadmium, cobalt and D-600 to abolish 

it. These results alone are not conclusive for the role of calcium as these agents also 

decrease the slow TTX-resistant Na+ current, but the absence of the "hump" when external 

Ca2+ is removed, while it persists in low external Na+ (Matsuda et a l ,  1976) makes the 

results more convincing.

Cells with a calcium component to the spike are commonly present in early 

developmental stages (Spitzer, 1979) and are often found in cultured neurones from fetal 

animals (Matsuda et a l, 1976; Heyer & MacDonald, 1982). This feature was therefore 

proposed to represent an immature element of excitable cells (Baccaglini, 1978; Matsuda 

et al., 1978; Heyer & MacDonald, 1982). However, more recent literature (including this 

study) indicates it is also a component of some mature cells (Gallego, 1983; Yoshida et 

a l,  1978).

If  the "hump" is the result of a calcium component then there is an apparent 

contradiction: the "hump" is more prominent in the smaller cells but it is the larger cells 

which show a greater density of HVA Ca2+ current. However, the inflexion to the 

repolarising phase of the action potential is dependent not only on (i) the amount of 

calcium current which flows across the membrane; but also (ii) the extent of the increase 

in intracellular calcium levels; (iii) how quickly the cell is able to buffer this change and 

(iv) on the currents activated by either the change in voltage or in [Ca2+]j.

Despite the lower channel density for the small cells, observed in the present 

study, these cells have a greater surface to volume ratio compared to the large cells. 

Therefore on depolarisation, this may result in greater calcium load per unit cell volume 

in the small cells.

With reference to (ii) and (iii) Thayer & Miller (1990) using simul taneous whole

cell patch clamp and fura-2 microfluorimetric recordings from cultured drg cells showed 

the increase in intracellular calcium levels lasted longer than the period of Iq, activation.
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This emphasizes the importance of Ca2+ buffering within the cell; however their study did 

not address the question of differences in the buffering capabilities of the large A-cells 

and small C-cells.

The ratio of depolarising Ca2+ current to hyperpolarising potassium currents will 

also be important in determining the kinetics of action potential repolarisation. In the 

large cells K+ conductances, including Ca2+-dependent K+ conductances, may be more 

effective at masking any calcium component than in the small cells.

In section 3.3.4.1 (and figure 3.6) it was shown that the duration of the action 

potential varied across different cell groups. Furthermore, the HVA current can be 

modulated by neurotransmitters and therefore, even within a single cell, the contribution 

of the calcium component can be varied, and this would affect the duration of the action 

potential. This is important not only for the correlation between action potential duration 

with the amount of transmitter released, but also because the duration of the action 

potential is one of the features limiting firing frequency.

The examination of Na+ current, and now Ca2+ current properties helps in the 

understanding of features which underlie the electrical behaviour of the drg cells. 

However, it is evident that to complete the picture an examination of K+ currents is also 

required. Is there a differential distribution of K+ currents amongst the mouse drg cells 

used in this study and, if so, what effect does this have on cell behaviour?
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CHAPTER FIVE; POTASSIUM CURRENTS

5.1 INTRODUCTION

In the previous two sections inward currents due to Na+ and Ca2+ ions have been 

considered and their differential expression amongst a population of isolated mouse drg 

cells illustrated. As is the case for a wide range of eukaryotic cells, outward currents due 

to the efflux of K+ ions were also observed in these cells. Different profiles of potassium 

current activation, indicating K+ channel diversity, have already been noted in the 

preceding chapters (see section 3.1 and 3.2).

Biophysically, over 30 types of K+ conductances have been characterised (Jan &  

Jan, 1990), their differences encompassing voltage dependence, kinetics, intracellular 

modulation and pharmacology. This provides an added level of diversity, above that 

provided by the differences in inward current expression, which allows greater flexibility 

in both the shaping of the action potential and the frequency of firing.

The low threshold transient IA current and the delayed rectifier IK(V) appear 

regularly in a variety of molluscan and vertebrate neurones (Hagiwara et al., 1961; Connor 

& Stevens, 1971a &  b; Neher, 1971; Kostyuk et al., 1981c; Bader et al., 1985; Beluzzi 

et al., 1985). They are now considered as characteristic features of excitable cells and, 

as a result they have formed the basis of most of the earlier studies of drg cells somal K+ 

conductances. The emphasis of their characterisation in drg cell has generally 

concentrated on the aspects of growth and development.

In this preparation a range of K+ conductances were considered with regard to then- 

varying expression amongst a heterogeneous adult population.

5.2 METHODS

Whole cell voltage clamp recordings were carried out, the acutely dissociated drg 

cell dialysed internally with solution (C) and bathed externally in solution (B). The 

isolation of potassium conductances was achieved mainly by the use voltage protocols, 

the details of which are described in the text. The use of chemical or pharmacological 

agents to aid current isolation is also noted in the text wherever necessary.
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5.3 RESULTS

The combination of media used (solutions B and C), with internal and external 

potassium ion concentrations of 130mM and 4.25mM respectively, result in a K+ Nemst 

potential (E*) of -85 to -88mV (15°-25°C). Therefore, any outward currents observed at 

potentials above this value, but negative to OmV (the Eq under these conditions), were 

presumed to be due to potassium.

This section describes, in turn, each of the K+ currents isolated. Their expression 

is correlated to CM, with the emphasis on those currents differentially expressed.

5.3.1 LOW THRESHOLD, TRANSIENT CURRENT (IA)

IA is a transient outward potassium current activated at low threshold potentials 

(around -50mV). The transient nature is a result of rapid activation and inactivation 

kinetics. It was first documented in molluscan neurones by Hagiwara and co-workers 

(1961) and was later to be characterised in both invertebrate and vertebrate cells (Connor 

and Stevens, 1971a &  b; Belluzzi et al., 1985). IA expression is well documented in drg 

cells (Kostyuk et al., 1981c; Kamayema, 1983; Valmier et al., 1989).

In this preparation the transient component to the outward currents elicited on 

depolarisation from -70mV (see figure 5.1a) was analogous to the IA current. As 

illustrated by figure 5.1c, IA was only expressed in 19% (29/153) of cells, and those were 

restricted to the lower CM range.

5.3.1.1 IA voltage dependence

Isolation from higher threshold currents was achieved by employing a 1 second 

hyperpolarising prepulse step to -lOOmV followed by a test step to -50mV. The level of 

the prepulse was sufficient to remove any steady state inactivation of the current, the 

duration of the hyperpolarising step was in excess of that required to remove steady-state 

inactivation, due to its additional use as a protocol to identify any inward rectification (see 

section 5.3.3). IA activation was examined by varying the level of the test step, whereas 

altering the degree of hyperpolarisation of the pre-pulse allowed analysis of IA inactivation 

(figure 5.2a).

Though slower, the activation and inactivation characteristics of this current were
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FIGURE 5.1

A. Voltage clamp records from a cell with CM of 25.5pF. With a VH of -70mV, IA (*) 
was activated on depolarisation to the levels indicated.

B. Current traces show the response to hyperpolarisation through the levels indicated, in 
lOmV steps, from a holding level of -50mV. Note that as the step becomes more 
negative the progressive removal of inactivation increases the magnitude of the IA (*) 
current activated on repolarisation.

C. Selective expression of IA by the smaller cells is illustrated by the use of CM as an 
indicator of cell size. The filled bars represent the numbers of cells found to express the 
current out of the total population examined, indicated by the hollow bars (n=153; bin 
size=5pF).

The criteria for the presence of IA was the activation of an outward current >80pA on 
repolarisation to -50mV, following a test step to -lOOmV (see protocol in B).

I l l



V -7 0 m VH

28 -i

\  VT0mV

1nA

>}< - 4 0 m V ^ '  ">—  
/---------------—— -------------

20msec

-60mV
r '

*

B

Vr 6° mV 
VH-50mv *>Mry?

VT-100mV 200msec

HP 10 -

n
10 20 30 40 50 60 70 80 90 100

CELL CAPACITANCE (pF)

112



FIGURE 5.2

A. Plot of the activation and inactivation curves for the IA current.
Using the protocol described in the text, activation ( •  ) is shown by plotting gA/gAmax 
versus test potential.
Inactivation ( O  ) is a plot of IA/IAmax as a function of the preconditioning level.
In both cases the solid line through the data points is the best fit of the H+H model 
achieved by eye.

B. Activation of the transient IA potassium current in response to a test step to -50mV 
follows a preconditioning step to -lOOmV which removes any steady-state inactivation (i). 
The current activated in this way was abolished bv 4mM 4-AP (ii).
Im M  4-AP reduced the IA current by 46±14% (n=3), while 4mM 4-AP reduced the 
current by 79±2% form control.
C. Record from a cell with a resting potential of -61mV. A depolarising current injection 
of 300pA was sufficient to elicit an action potential, the duration of which was extended 
by the application of 4mM 4-AP.
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more comparable with those of IN, than with those of IK(V) as originally described by 

Hodgkin and Huxley (1952). IA was therefore characterised using the H+H model for INt 

described earlier (see section 3.1.1).

Activation occurred around -60mV with a VmV4 of -37±l*5mV and of 6*2±0*5 

(n=3) and inactivation was fully complete by -60mV (Vhv4 -89-8±0-9mV, a,, 6-3±0*5; 

n=3). These results were comparable with those obtained from rat drg cells by Kostyuk 

(1981c) and rat sympathetic neurones (Beluzzi et al., 1985), but slightly more depolarised 

to those observed in nodose ganglion cells (Stansfeld et al., 1987; McFarlane & Cooper, 

1989). The smaller drg cells, which preferentially express I a .  have a resting membrane 

potential of -42 *3±2 *3 (n=21) and as a result the current will be fully inactivated at rest. 

This steady-state inactivation of IA has been noted for other cell types (Hille, 1984) and, 

as. with the LVA Ca2+ current (sections 4.3.1.1 and 4.4), activation will only occur 

subsequent to membrane hyperpolarisation.

5.3.1.2 IA kinetics

The decay of the maximal current activated on stepping to -50mV from various 

preconditioning potentials was well fitted by a single exponential (R2>0.92) with a time 

constant (xh) of 103± 12msec (range 30-297msec; n=24). In the literature the time 

constants for the inactivation IA are quite variable and the result from this study though 

comparable with xh measured from embryonic drg cells by Valmier and co-workers 

(1989), was faster than the value reported in adult rat drg cells by Kostyuk et al (1981c), 

but an order of magnitude slower than that for rat sympathetic neurones (Beluzzi et al., 

1985).

5.3.1.3 Pharmacology

In addition to voltage dependence and kinetic parameters, pharmacological agents 

can also be used to identify the IA current (Thompson, 1977; Belluzzi et al., 1985). The 

current was substantially reduced, but not abolished, by replacement of K+ by Cs/TEA in 

the internal solution (see figure 3.2). But, more convincingly, the convulsant 4- 

aminopyridine (4-AP) partially blocked the current at ImM, and concentrations of 4-5mM 

4-AP abolished the current almost totally (n= ll; figure 5.2b).

This sensitivity to 4-AP proved a useful tool in distinguishing IA from transient
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Ca2+-dependent K+ currents, which have similar voltage characteristics but lack the 4-AP 

sensitivity (Salkoff, 1983). Also, the millimolar sensitivity to 4-AP allowed the distinction 

between IA and the dendrotoxin sensitive K+ current to be described later (also see 

Stansfeld et al., 1986).

5.3.1.4 In the current-clamp mode

The effect of 4-AP on the electrical activity of the cell was also examined (n=6; 

figure 5.2c). 4-AP increased cell excitability, observed as a depolarisation of the resting 

membrane potential. In some cases this depolarisation was sufficient to cause the 

spontaneous firing of action potentials.

With respect to action potential shape, application of the drug (4 mM) had a 

negligible effect on the rising phase, but it did result in a pronounced increase in action 

potential duration. This effect of 4-AP, also documented by Malenka (1981) and Bostock 

(1981), was not necessarily a result of its inhibitory action on IA. Rogawski &  Barker 

(1983) documented a facilitation of voltage-sensitive Ca2+ entry by 4-AP, separate from 

any effect on K+ currents.

5.3.2 LOW THRESHOLD, SLOWLY INACTIVATING CURRENT ( I K (d t x ) )

A second low threshold K+ current was activated over the same voltage range as 

IA, however, this current showed no signs of inactivation during an 80msec voltage step 

from -70mV to -50mV (figure 5.3a).

Repolarisation to -50mV following a preconditioning step to -80mV, or more 

negative potentials, activated the current which subsequently inactivated over the 

following 10-15 seconds (figure 5.3b). This protocol was used to show the inactivation 

characteristics of this current (figure 5.4b). The best fit through the data indicated that 

half the current was inactivated at -92mV (n=4), which is analogous to the voltage 

dependence of inactivation of the A-current described above.

If  the period between sweeps for the above protocol was reduced to 5 seconds then 

the tail currents were observed during the following preconditioning step (see * on figure 

5.3b). By varying the level of the 1 second hyperpolarising step the reversal potential for 

the current (-81±lmV; n=10) was close to the EK for these cells under these conditions.

The expression of this low threshold, slowly inactivating potassium current plotted
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FIGURE 5.3

A. Response to depolarising steps from a holding potential of -70mV to -60mV through 
to OmV, by 20mV increments. A low threshold current was apparent on stepping to - 
40m V.

B. The voltage protocol consisting of 700msec steps to -70, -90 and -llOm V from - 
50mV is shown in the lower portion. The upper portion of (B) shows the current record 
from a 45pF cell in response to this voltage protocol. Note the activation of a slowly 
inactivating current on repolarisation to -50mV. As the preconditioning step became more 
negative, the magnitude of the outward current activated at -50mV increased.

C. The selective expression of the low threshold, slowly inactivating current by the larger 
cells is illustrated. CM was used as an indicator of cell size. The filled bars represent the 
numbers of cells found to express the current. The total population examined is indicated 
by the hollow bars. By the use of the voltage protocol described in (B) the current was 
said to be present if an outward current still persisted 5 seconds after repolarisation to - 
50mV. (n=43; bin size=5pF).

117



1nA-20mV
20msec

-40mV
VH-70mV -

-60mV

B

400pA
200msec

C
10 -

°  10 20 30 40 50 60 70 80 90 100
CELL MEMBRANE CAPACITANCE (pF)

118



FIGURE 5.4

A. Voltage clamp records obtained from two cells representative of the small (<30pF) 
and large cell (>50pF) populations are shown in A(i) and A(ii) respectively. The small 
cell had a CM of 29.8pF and the CM value for the large cell was 67.2pF.

Under voltage clamp conditions the membrane potential was ramped from -lOOmV to 
OmV over a period of 2.5 seconds. The control response is indicated by the solid line
(-------); note the difference in the control response profiles for the small and large cells.
The dashed line (••*•) illustrates the response to the same voltage protocol following 
the external application of 30nM DTX to the cell by pressure ejection. This toxin had no 
effect on the I-V  profile of the small cell, but in the large cell a low threshold outward 
component was lost Following the application of DTX the I-V  profile for the large cell 
now closely resembled that obtained from the 29.8pF cell.
Of 13 cells tested for Ik<DXX) in this way, 9 cells (CM 47-75pF) showed the loss of a low 
threshold outward current. 30nM DTX produced no change from the control response in 
the other 4 cells (CM 28-33pF).
B. Using the same protocol as figure 5.3b, the voltage dependence of inactivation of this 
low threshold, slowly inactivating current was examined. The current activated on 
repolarisation to -50mV following a hyperpolarising prepulse was expressed as a 
proportion of the maximum current activated following a preconditioning pulse to at - 
130mV. These values (I/I^x) were then plotted as a function of the preconditioning level. 
Each data point ( •  ) represents the mean from 4 different cells (error bars = SEM) and 
the best fit of these values is shown by the solid line.
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was a function of cell membrane capacitance. The current was found to be expressed by 

43 out of 80 (54%) cells tested, and these were found to be in the upper CM range.

The differential expression of this current was further investigated using current- 

voltage profiles of its activation. The membrane potential was ramped from -lOOmV to 

OmV over a period of 2-5secs (figure 5.4). The rate of change of potential was too slow 

for sufficient numbers channels with rapid inactivation characteristics to be open 

simultaneously, therefore, neither INl nor IA were activated by this protocol, enabling a 

preferential study of sustained and slowly inactivating currents. This revealed a low 

threshold outward current which be activated around -50mV to be selectively expressed 

by cells in the upper CM range (23 cells examined over CM range 28.5-91.5pF). In 

contrast to IA, this low threshold component was sensitive (n=9) to dendrotoxin (dtx; 

30nM); a toxin obtained from the green Mamba; Harvey &  Anderson, 1986) and the 

current was therefore referred to as IK(du)*

The action of dendrotoxin on a slowly inactivating potassium current was 

documented for the large A-cells from guinea pig nodose ganglia (Stansfeld et al., 1986), 

guinea pig drg cells (Penner, 1986) and also at the frog node of Ranvier (Benoit &  

Dubois, 1986). In some cell types DTX also appears to block the transient IA current 

(hippocampal cells, Halliwell et al., 1986), this was not observed for this preparation of 

drg cells (n=3) nor for superior cervical ganglion cells (Dolly et al., 1987).

5.3.3 INW ARD RECTIFIER, I H

Hyperpolarising steps from a VH -50mV to -80mV, or more negative potentials, 

resulted in a slowly activating inward current which did not inactivate during the course 

of the lsec voltage step. Subtraction of the instantaneous from the sustained I-V  relation 

over -60mV to -120mV range indicated an inward rectification of the current (figure 

5.5b). On repolarisation tail currents due to the inactivation of this current were observed.

The current was expressed by 23% of the cells tested (n=124) and they were 

mostly cells in the higher capacitance range (figure 5.5c). A similar selective expression 

of inward rectification in the larger drg cells was also noted by Heyman & Rang (1985).

The current resembled the anomalous rectifier current, IH, described by Mayer and

Westbrook (1983). This was confirmed by the ability of Im M  CsCl, applied externally,

ito reduce the current activated on hyperpolarisation by 64±8% (n=6). The
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FIGURE 5.5

A. Voltage clamp records from an isolated drg cell show the progressive activation 
of IH by hyperpolarising steps to -60, -80, and -100 mV from a holding potential of - 
50mV.

B. Instantaneous ( ■  ) and sustained ( •  ) I-V  plots were obtained from the current 
records in (A), as shown in B(i). Subtraction of the instantaneous from the sustained I-V  
relation ( * ), shown in B(ii), revealed the extent of the inward rectification that occurred 
over the course of the lsec hyperpolarising voltage step in (A).

C. The differential distribution of IH expression amongst drg cells with respect to cell size 
is illustrated. CM was used as an indicator of cell size. The filled bars represent the 
numbers of cells found to express the current. The total population examined is indicated 
by the hollow bars (n=123; bin size 5pF).

IH was considered present if  the difference between the instantaneous and sustained I-V  
relation during the test step to -lOOmV (see B) was greater than 80pA.
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10mV

FIGURE 5.6

Whole-cell recordings under current-clamp control. The electrotonic responses to a 
228msec hyperpolarising current injection of (i) lOOpA, (ii) 200pA and (iii) 400pA from 
a large cell (CM 65pF). Note the "sagging" response to the hyperpolarising current, 
indicative of time dependent inward rectification.
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channel responsible for this current, though permeable to both Na+ and K+ ions, is 

generally considered as a class of potassium current due to the preferential selectivity for 

this ion.

Subtraction of the instantaneous current from the peak current activated during the 

duration of the hyperpolarising step was used to obtain a measure of IH current density 

(pA/pF). Using an unpaired two-tailed Students t-test no significant difference (p<0.05) 

was apparent between the current density from a group of cells 35-45pF 

(4*5±0*75pA/pF; n=18) and those with a CM in excess of 50pF (6*8±l*3pA/pF; n=18). 

The greater magnitude of the IH current observed in the larger cells compared to those 

cells of intermediate size (compare figures 5.5a and 4.1b) was therefore only a reflection 

of the larger surface area of this first group of cells.

5.3.3.1 Electrical properties of large cells

When recording the electrical activity of drg cells the presence of the inward 

rectifier, IH, was indicated by a depolarising sag to the hyperpolarisation induced by 

current injection. This response was restricted to the large cells (figure 5.6). In the 

smaller cells the response to the square pulse of hyperpolarising current was purely 

Ohmic.

A further difference was noted between the electrical behaviour of small and large 

cells. In the small cells a depolarising current injection, up to 300msec duration, only 

ever resulted in a single action potential. In contrast, more heterogeneity was observed 

amongst the larger cells; following a sustained depolarising current pulse some fired only 

a single action potential whereas others were able to fire multiple trains of action 

potentials. A similar heterogeneity in the firing behaviour of large cells was noted in a 

preparation of cultured drg cells by McLean et al (1988). In figure 5.7 the differing 

patterns of electrical activity are shown for two different cells, both of which express a 

prominent I„ current.

5.3.4 SUSTAINED OUTWARD CURRENTS

Cells bathed in physiological saline with OmM CaCl2 and lpM  TTX showed 

sustained outward currents to 500msec steps to a range of depolarising potentials from a 

holding level of -50mV. Under these conditions the tail currents reversed at -83.5±2.7mV
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FIGURE 5.7

Action Potential Firing Patterns.

From whole cell records obtained under current clamp control a long (360msec) 
depolarising step the responses from the large cell population were heterogeneous. A 
proportion show a single rapid action potential in response to the same prolonged 
depolarisation (Aii). The remainder were able to fire trains of rapid action potentials ( A i ).
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(n=4), as predicted for a K+ current.

In calcium-containing solutions, sustained outward potassium currents activated by 

depolarisation from -70mV to OmV were abolished by external application of TEA 

(25mM) (n=9; CM range 22-47pF). In some cases an inward current was observed 

following TEA application due to the unmasking of Ic,. The sensitivity to TEA indicated 

the presence of either a delayed rectifier component, IK(V) or a Ca2+-dependent potassium 

component IK(Ca)- The reduction but not total loss of the outward sustained component on 

exposure to 2mM CoCl2 (n=6; CM range 22-43pF) indicated the presence of both current 

types (figure 5.8).

Application of CoCl2 was also seen to reduce the peak of the inward current 

activated in some cells, which may reflect the sensitivity of the TTX-resistant INa to 

calcium channel blockers mentioned earlier (see section 3.4).

Expression of the different types of IK(Ca) (Blatz &  Magelby, 1987; Latorre et al.,

1989) was not studied, nor was the relative size or contribution of IK(V) and IK(Ca) between 

the different cell groups.
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FIGURE 5.8

Effect of TEA and CoCl2 on the membrane currents of isolated drg cells.

The whole cell voltage clamp records in response to a depolarising step to OmV from a 
holding potential of -70mV are shown for three separate cells. Tetraethylammonium ions 
(TEA, 25mM) are seen to abolish all outward currents (Ai). However, only a limited 
proportion of the outward current is sensitive to cobalt ions (CoCl2, 2mM) as shown in 
A(ii) and A(iii). In the records illustrated in A(iii) CoCl2 may also reduce the rapid 
inward Na+ current (*).
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5.4 DISCUSSION

The wide variety of K+ channels expressed by neuronal, and also non-neuronal, cells 

probably reflect a wide spectrum of functions they can perform (Hille, 1984, 1992).

The macroscopic potassium currents of most cells has been modelled on the 

assumption of two different kinetic components (Rogawski, 1985); a rapidly activating, 

transient A current and a sustained outward component, usually classed as the delayed 

outward rectifier modelled by Hodgkin &  Huxley (1952).

Single channel studies indicate both the transient and sustained macroscopic 

currents to result from the activation of a combination of channel types, some possessing 

calcium sensitivity. This situation was highlighted in drg cells by Simmoneau and co- 

workers (1987). With this view in mind it was aimed to isolate the different components 

of the macroscopic currents by the use of voltage protocols and pharmacological agents.

TH E A-CURRENT

The A-current can be distinguished from the delayed rectifier IK(V) of Hodgkin &  

Huxley (1952) by its lower threshold for activation, its steady-state inactivation and, 

though variable between cell types, the sensitivity to 4-AP.

Since the original isolation of the Shaker gene for the expression of the A-current, 

the existence of correlates in mouse and rat have been found as have variations in 

properties of the channels expressed in both the vertebrate and invertebrate systems. The 

mechanisms by which this variation could have occurred were considered earlier (see 

INTRODUCTION:section 1.1 and Jan &  Jan, 1990).

The main differences between these channel variants lie in their inactivation 

kinetics and their pharmacology, in particular the sensitivities to 4-AP and DTX. There 

is evidence that the existence of A-current variants is a physiological situation and not just 

a genetically engineered state (Rogawski, 1985). The examination of the potassium 

current in this mouse drg cell population also provided evidence for this.

IA in the small cells

In the small C-cells a subpopulation were found to possess a current more 

classically identified as IA. Its transient nature allowed analysis of its voltage dependence 

by the H+H model for Na+ currents. Both the voltage dependence of activation and
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inactivation were comparable with studies from rat drg cells by Kostyuk (1981c) and from 

nodose ganglion cells (Stansfeld et al., 1987). However, the half-inactivation potential 

is more negative in comparison to cloned A-type channels from either invertebrate or 

vertebrate origin (Schroter et al., 1991; Wittka et al., 1991).

The inactivation kinetics for the A-type channels cloned from the Shaker family 

of genes are quoted to range from milliseconds to seconds. Characterisation of the IA 

current in some molluscan and also vertebrate neurons has shown inactivation kinetics in 

the order of 10-30msecs. The drg cells appear to have kinetics an order of magnitude 

slower than the neurones referred to above , but this is still within the range of the A-type 

variants. The average rate of inactivation (103msec) was comparable to that previously 

observed in nodose (McFarlane &  Cooper, 1989) and dorsal root ganglion cells 

(109±3 lmsec, SD; Valmier et al., 1989).

Similar to these previous studies in ganglion neurones a variability in the 

inactivation rates was observed. Stansfeld et al (1987) found a rapid 15-25msec 

component followed by a more variable second component to IA inactivation of 50msec 

or upwards in nodose ganglion cells. McFarlane and Cooper suggested the expression of 

three different sub-types of the A-current in cultured nodose neurones was responsible for 

the variability.

slowly inactivating A-type current in large cells

In the larger cells of the mouse drg population a second low threshold rapidly 

activating potassium current was observed. This differed from the IA current expressed 

by the smaller cells by its slower rate of inactivation and was similar to the current 

documented in the large A-cells of the nodose ganglion (Stansfeld et al., 1987). Despite 

the differences in kinetics between this current and the IA in the small cells, the 

similarities in the voltage-dependence allow them both to be characterised as A-type 

variants.

pharmacological differences

One of the trademarks of the A-type current is its sensitivity to 4-aminopyridine. 

The IA current in the small cells was sensitive to 4-AP, in line with the characterisation 

of potassium currents by Thompson (1977) and allows a distinction between IA and Ic, the
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transient IK(Ct) which is insensitive to this agent.

Earlier, during the characterisation of INa (see section 3.3.1) internal TEA (25mM) 

was seen to be ineffective in completely abolishing the transient outward current in small 

cells. The TEA sensitivity of the A-type currents vary amongst cell types, giving a 

further indication of the variability of this family of currents.

The slowly inactivating current of the larger cells was sensitive to dendrotoxin at 

a concentration of 30nM, which is within the range for which the toxin has a selective action 

on the A-type current variant IK(du) (Stansfeld et al., 1987; Dolly, 1988). This was further 

confirmed by its lack of effect on the sustained currents in the smaller cells or the 

transient IA current. From the literature it is seen that this IK(dtx) also has a sub-micromolar 

sensitivity to 4-AP, though this was not tested here.

Physiological role of A-type currents

The inactivation characteristics of both of the A-type currents indicate, that as with 

the LVA current, at resting levels the current will be almost fully inactivated. Prior 

hyperpolarisation will be necessary for activation. This could occur in a number of ways, 

either due to the afterhyperpolarisation (ahp) following an action potential, modulation of 

the resting potential by neurotransmitters, or a direct effect on channel activity of 

neurotransmitters. A considerable amount of the data concerning the modulation of IA 

activity both by neurotransmitters and intracellular messengers is derived from invertebrate 

systems, in particular Aplysia.. In vertebrate systems neurotransmitter action 

(noradrenaline: Aghajania, 1985) can down regulate IA currents in central neurones. This 

may be linked to the ability of protein kinase C to down regulate IA activity in vertebrate 

and invertebrate systems as well as in the cloned channel (Moran et al., 1991).

Activation of the A-current will damp down recovery from the ahp and so increase 

the interspike interval, which will therefore slow repetitive firing. Its differential 

distribution amongst cells will lead to different patterns of rhythmic activity, while its 

dependence on cell resting level will also result in variability of firing patterns within a 

single cell. Many cells lacking A-type currents also lack the ability to code graded 

potentials into frequency (Rogawski, 1985), a property important in the primary afferent 

fibres for the transmission of sensory information.

The more transient IA current expressed by the smaller cells, if activated during the
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rising phase of an action potential would have mostly inactivated before repolarisation, 

thus contributing little to it. The ability of 4-AP to extend the duration of the action 

potential is not consistent with the widely held view that IA does not contribute to action 

potential repolarisation (but see Beluzzi et al., 1985). However, reports suggest this effect 

of 4-AP is due to an increase in the calcium component of the action potential (Rogawski 

& Barker, 1983).

When available for activation, both the slowly and rapidly inactivating currents 

will be important to the regulation of cell excitability, especially as a 5-10mV 

depolarisation from rest is sufficient to initiate active membrane currents in these cells.

In some cell systems the effect of the A-current on pathway activity and therefore 

its ability to modulate neural networks has led to a suggested role for this current in 

learning, for example in aplysia (Kaczmarek & Levitan, 1987; Belardetti &  Siegelbaum, 

1988).

INWARD RECTIFICATION (IH)

Whereas the A-type currents help provide membrane stability with respect to 

depolarisation, the IH currents counter balances this by providing a mechanism for 

protecting the cell against hyperpolarisation. Hyperpolarisation activates IH which 

subsequently depolarises the cell back towards the resting potential, however, unlike the 

A-current IH does not undergo time dependent inactivation.

This current is predominantly selective for K+ ions, though there is also a limited 

permeability for Na+ and the removal of external Na+ elevates the rectification (Mayer & 

Westbrook, 1983). However, the main mechanism for rectification appears to be a 

channel block by Mg2+ ions (Matsuda et al., 1987, 1988) similar to that documented for 

NMD A receptors (Ascher & Nowak, 1988).

As well as providing membrane stability IH will also help the cell in following 

rapid frequency firing by aiding repolarisation to threshold. When monitoring the 

electrical activity of the cell this effect is seen as a time dependent sag to hyperpolarising 

current injection. Similar to the A-type currents, the activity of specific functional 

pathways could occur by a neurotransmitter mediated modulation of the activity of IH. 

In most neuronal systems studied so far this appears to occur through the intracellular 

messenger cAMP (Bobker &  Williams, 1989; Pape & McCormack, 1989; Tokimasa et al.,
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1990). In rat drg cells the herpes simplex virus has also been shown to affect IH (Mayer, 

1986).

IH is insensitive to most potassium channel blockers, including 4-AP, apamin, 

TEA+, Ba2+, and the internal application of Cs+ ions. Exposure of the external side of the 

channel to Cs+ ions inhibits both the current observed under voltage clamp conditions (this 

study and Mayer & Westbrook, 1983) and the depolarising sag observed when monitoring 

cell potential (Neher & Lux, 1970).

Mayer &  Westbrook (1983) found IH to be expressed by all the 176 cultured 

mouse drg cells they tested, though the current was more pronounced in the larger cells. 

Several other groups have reported the more marked rectification in the large A-cells 

including Gallego & Eyzaguiire (1978; nodose ganglion) and Gorke &  Pierau (1980; 

pigeon drg cells). Heyman & Rang (1985) and Harper & Lawson (1985) both reported IH 

to be preferentially expressed by the large cells, but not the small C-cells, from a 

population of rat drg cells. However, recent data from Nagy et al (1992), shows the 

expression of a depolarising sag in small, rat drg cells. The data presented in this chapter 

are in better agreement with the results from the two studies of 1985, though a consideration 

of the current density indicates that this may solely reflect the larger surface area of the 

cell. In this preparation the lack of any IH in the smaller cells may be due to the small 

size of the current in comparison to the resolution of the recording system.

However, the greater apparent contribution of IH to the larger cells may account 

for the rapid bursts of action potentials often seen for large cells while small cells are 

more likely to fire single or slow trains of action potentials. The A-current will help 

consolidate this pattern of activity in the smaller cells, while in the larger cells the balance 

between these two will be more relevant and their differential modulation would allow for 

greater flexibility in cell activity.

From single channel studies (Simmoneau et al., 1987) it was apparent that more 

than one type of IH current was expressed by drg cells. They differ not only in their 

unitary conductance (90pS versus 120pS), but also the larger conductance channel is able 

to pass outward current while the smaller cannot. The reversal potential for IH is more 

difficult to measure from macroscopic currents as the test potentials needed to show tail 

currents also activate other contaminating potassium currents, a problem noted by Kostyuk 

and co-workers (1981c).
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SUSTAINED POTASSIUM CURRENTS

All cells tested possessed a TEA sensitive non-inactivating outward component as 

described by Hodgkin & Huxley (1952) and referred to as IK(V). A component of this 

sustained outward current was sensitive to calcium channel blockers (cobalt) indicating 

the expression of calcium-dependent potassium currents also.

calcium-dependent potassium currents

These were originally described in Helix aspersa cells by Meech (Meech, 1974; 

Meech & Standen, 1975). It has since been shown that diversity exists with respect to 

the pharmacology, voltage dependence and calcium sensitivity of these currents (Blatz &  

Magelby, 1987; Latorre et al., 1989).

In general two types of IK(Ca), the BK and the SK, have been distinguished by their 

Mg and small unitary conductances respectively. The BK have been documented in 

newborn mouse drg cells (Simmoneau et al., 1987), whereas an apamin-sensitive IK(Ca) (ie: 

SK-like) has been observed in bull frog drg cells (Tokimasa et al., 1990) .

role of the sustained currents

Whereas the low threshold, inactivating currents discussed earlier are more 

concerned with frequency coding, these high threshold, sustained currents are more 

relevant to spike repolarisation and the duration and depth of the afterhyperpolarisation 

(ahp).

Gorke & Pierau (pigeon drg cells; 1980) and Yoshida & Matsuda (cultured mouse 

drg cells; 1978) both reported that the small cells which mostly express the pronounced 

hump or calcium component also had the longest ahp. This is thought to indicate a 

correlation between the amount of calcium entering the cell during the action potential and 

the subsequent extent of IK(Ca) (SK) activation. However, Harper & Lawson (1985) were 

not able to validate this in a preparation of rat drg cells. Both in vagal (Sah &  McLachlin,

1991) and hippocampal neurones (Lancaster et al., 1991) the slower component of the ahp 

is thought to involve K+ channel activation by calcium from an internal store; calcium 

influx across the cell membrane acting as the trigger for the calcium release (ie:Ca2+- 

induced calcium release).

For most neurones, including drg cells, the depth and duration of the ahp are
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important factors in the curtailment of repetitive firing. Whereas, activation of the BK 

and IK(V) currents are more important for action potential repolarisation. By limiting the 

duration of the action potential the activation of these currents will also limit calcium 

entry into the cell and therefore be important in the modulation of neurotransmitter 

release.

In this study the relative contribution of these different high threshold, sustained 

K+ currents to the drg action potential was not closely examined, though they were 

observed in all cells tested. It would be interesting to see if there were any differences 

in the density of expression of each of these currents between the different drg cell 

groups. In addition to a quantitative comparison of their activation with the extent of 

HVA Ca2+ current activation would provide meaningful information with respect to the 

different profiles of action potential repolarisation. In particular, this may help explain 

why the small cells possess a prominent hump while it appears that it is the larger cells 

which have the highest density of HVA currents.
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5.5 GENERAL DISCUSSION TO CHAPTERS 3 TO 5

DRG cells are generally classified into two groups: large, light A-cells and small, 

dark C-cells (see Lieberman, 1976 and also section 1.3). This is predominantly a 

morphological classification and due to the extent of overlap between the two groups in 

both rat and mouse populations it has been difficult to positively prove or refute the 

presence of a third intermediate group (Lawson, 1979). However, the broader range of 

cell sizes for human drg cells allows greater resolution of cell populations and has 

provided evidence for a third group of cells of intermediate size (Kawamara &  Dyck, 

1972).

By examination of voltage-activated currents this present study defined three drg 

cell groups with respect to electrical behaviour. Furthermore, the correlation of voltage- 

activated current expression with CM, used to indicate cell size, showed that these three 

groups also relate to distinct morphological cell types.

TH R EE DRG CELL GROUPS D EFIN ED

The emphasis for the classification of these three groups lay with the differential 

expression of voltage-activated currents amongst the cell population, rather than 

differences in the density of currents expressed. The main characteristics used to define 

the cell groups are described below and represented schematically in figure 5.9.

(i) Cells of the first group possessed a TTX-resistant INa, the transient potassium 

current IA but on hyprepolarisation showed no inward rectification and so lack IH. This 

repertoire of currents helps explain some of the properties of these cells as observed under 

current clamp conditions.

The slow kinetics of the TTX-resistant INt and the prominent calcium component 

on the repolarising phase of the action potential both contribute to the long duration of 

the action potential in these cells.

The inability of these cells to fire more than a single action potential in response 

to a sustained depolarising current injection will arise from both the expression of IA 

(Connor & Stevens, 1971b; Rogawski, 1985) and the absence of IH (Mayer &  Westbrook, 

1983).

The characteristics of this group of cells were reminiscent of the small, dark C-cell 

drg population which are involved in the relay of thermal and nociceptive information
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TTX-R TTX-S Na

FIG URE 5.9

Schematic diagram of differential expression o f ionic currents with respect to cell size, 
in terms of cell membrane capacitance (CM), in an acutely isolated preparation of mouse 
drg cells. The cells were divided into three main groups (1,2 & 3) on the basis of these 
properties, as described in the text.

TTX-RNa and TTX-SNa correspond to TTX-resistant and -sensitive sodium currents 
respectively.
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(Yoshida et al., 1978; Gallego & Eyzaguirre, 1978; Harper &  Lawson, 1985; Rose et al., 

1986). This was further confirmed by their CM values of below 30pF.

(ii) The second group exhibited a TTX-sensitive INa and showed IH to a limited and 

variable extent. However, the main feature used to distinguish this group was the 

presence of a prominent LVA calcium current. The lack of IA in these cells could 

possibly result from a masking effect of the more prominent LVA current activated over 

the same voltage range, although the slower kinetics of the LVA current makes this 

unlikely.

The electrical behaviour of these cells was similar to that normally defined for A- 

cells (Gallego &  Eyzaguirre, 1978; Harper &  Lawson, 1985), however hyperpolarisation 

of the resting potential uncovered a prominent afterdepolarising potential (adp) following 

the action potential. This was due to the removal of LVA  inactivation at the more 

negative resting potential, and so this calcium current could then be activated during the 

action potential. In some instances the adp was sufficient to cause the firing of further 

action potentials, reminiscent of burst-firing in vivo (Llinas, 1989; Lovinger &  White, 

1989; White et al., 1989). It has been postulated that cells showing this behaviour belong 

to the A-8 cell group (Sato &  Austin, 1961; Harper &  Lawson, 1985). This second group 

of cells were found to lie within the CM range of 30-55pF, which lends general support 

to this hypothesis.

(iii) The third and final group of cells characterised also showed a TTX-sensitive INa. In 

addition, they typically expressed a prominent IH and a variant of the A-type current 

(IK(dtx); Dolly, 1988) which is sensitive to dendrotoxin in the nanomolar range, but neither 

the transient IA nor the LVA calcium current.

These cells fired rapid action potentials of short duration resulting from the fast 

kinetics of the TTX-sensitive INa and the smaller inflexion on the repolarising phase. This 

second point was not explained by a smaller HVA calcium component (see sections

4.3.2.1 and 4.4), but was more likely related to the interplay between calcium and 

potassium currents in shaping action potential repolarisation.

However, this third group of cells did not form a homogeneous population with 

respect to the pattern of firing activity, a matter addressed previously in section 5.3.3.1.
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The firing pattern in these cells, similar to the action potential repolarisation, was probably 

due to the combined effect of several currents, including the balance between IH and the 

slowly inactivating IK(dtx).

The cell membrane capacitance of these cells was generally in excess of 55pF 

which, combined with their electrical behaviour, suggested they were the cell bodies of 

the large myelinated A-fibres (Harper &  Lawson, 1985).

It should be noted that this classification was by no means complete, as would be 

expected considering the functional and ultrastructural heterogeneity within both the A- 

and C-cell populations (Rambourg et al, 1983; also see INTRODUCTION: section 1.3). 

This subject is considered further in CHAPTER 7, but even within the classes of cells 

defined here, sub-divisions were already apparent. For instance, not all the C-cells of 

group (i) possessed IA; and, neither did all the cells of intermediate size in group (ii) 

possess an LVA Ca2+ current. With respect to the latter point, it should be remembered 

that as with many morphologically based classifications, some overlap probably exists 

between the groups (Harper &  Lawson, 1985).

In addition to voltage-activated currents, drg cells are reported to express a number 

of cation-activated currents. Most commonly studied are the calcium-activated potassium 

currents (Blatz & Magelby, 1987; Latorre et al., 1989), but calcium can also activate 

chloride, Ici(Ca)* (Mayer, 1985; Scott et al., 1988) and cation currents in these cells 

(Simmoneau et al., 1987; Partridge &  Swandulla, 1988).

Neither the selective expression of these calcium-activated currents nor their 

possible role(s) in shaping the electrical behaviuor of mouse drg cells was examined in 

this study. However, Mayer (1985) showed that 46% of cultured rat drg cells expressed 

Icl(Ca) and suggested this current as the mechanism underlying the adp discussed above. 

In contrast, it appears that in acutely isolated rat drg cells this current is not so extensively 

expressed, though afterdepolarisations following the action potential are still obsereved 

(Lovinger & White, 1989). Combined with the correlation between the magnitude of the 

LVA current and the expression of an adp in these cells (Lovinger &  White, 1989), this 

is evidence against a role for Icl(Ca) in the adp for acutely isolated rat drg cells.

A sodium-activated potassium current (IK(Na)) has also been documented in drg cells 

(avian drg cells: Bader et al., 1985a). From single channel studies various types of IK(Na)
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have now been described, distinguished partly by differences in their lithium ion 

sensitivity (Dale, 1991; Egan et al., 1991). In the whole-cell voltage clamp recordings 

from this study a transient potassium current was sometimes observed following the 

activation of the sodium current (see figure 4.1a). Several steps were taken in an attempt 

to determine whether or not this was IK(Na). Reduction of INa by the replacement of some 

of the external sodium with choline reduced the size of this transient outward current, but 

due to the magnitude of some of the currents involved, it was unclear as to whether this 

just reflected a decrease in the series resistance error (see sections 2.3.4 and 3.3). Data 

for the replacemment of external sodium ions with lithium, which are able to permeate 

the sodium pore but are reported not to activate IK(Na) (Bader et al., 1985), was also 

inconclusive.

R O U TIN E EXPRESSION OF A CURRENT DOES NOT D IM IN IS H  ITS  

IM PO RTANCE IN  SHAPING DIFFERENCES IN  C ELL BEHAVIO UR

The emphasis of this study was on a qualitative rather than quantitative recognition 

of the differential distribution of voltage-activated currents amongst drg cells and the 

consequence of this on their electrical behaviour.

During the study, it was apparent that some currents, eg., H VA  calcium currents, 

W a) anc* Ik(v> were routinely expressed by all cells. The net effect of these currents with 

those differentially expressed will also be important in shaping cell behaviour, a subject 

alluded to in the discussion of the features underlying the prominent inflexion on the 

repolarising phase of the action potential in C-cells, and also on the ability of a cell to 

produce trains of action potentials. Furthermore, these common currents may be 

expressed in varying density across the cell population, as seen for HVA (section 4.3.2.1).

Therefore, to complete the picture of how the electrical heterogeneity of this 

population of drg cells is generated, a comparison should be made of the density of 

currents amongst all cells of this preparation. The distinction between different forms of 

IK(ca) and between DHP-sensitive and co-CgTx-sensitive calcium currents should also be 

considered.

With respect to both the calcium- and voltage-activated potassium currents this 

would not be an easy task. Difficulties are encountered when isolating and identifying 

the different currents due to their sheer number and variety in these cells. Following the
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example of Simmoneau et al (1987), the use of single channel studies would provide an 

effective means of identifying the different channel types, however one then faces the 

problem of trying to relate the information back to the electrical behaviour in the whole 

cell. The use of single channel studies would probably help in the identification of IK(Na) 

discussed above.

In the whole-cell configuration, the metabolic-dependence of some currents, 

especially calcium currents (Chad et al., 1984; Chad & Eckert, 1986), and their 

consequent wash-out during recording, also imposes difficulties when trying to measure 

current density. Other variables including divalent cations (Morad et al., 1988; Hablitz 

et al., 1986; Begenisich, 1988) and pH (Morad, 1990) may also play a role in regulating 

the amount of current activated by a certain protocol. Therefore, it is important to keep 

conditions constant throughout the study, but it is difficult to know the exact extent to 

which different intracellular systems are effected by the experimental conditions and 

manoeuvres. Any differences in these variables between cells, cell groups or individual 

experiments may either mask any real differences or result in artifactual variations.

To return to the physiological situation, it is important to remember that 

intracellular systems, initiated for example by the action of neurotransmitters, will be 

relevant to cell behaviour and on the availability of currents for activation. As one 

transmitter is able to modulate several different current types, and as both the array of 

currents and the receptors populations expressed vary between drg cell groups a single 

neurotransmitter may have a different net effect between functional cell types (North, 

1989; Miller, 1990).

PREVIOUS STUDIES FRO M  DRG CELLS

There are numerous studies on the electrical behaviour of primary sensory 

neurones both from intact ganglia and isolated cells (Sato &  Austin, 1961; Jaffe &  

Sampson, 1976; Bessou et al., 1971; Gallego &  Eyzaguirre, 1978; Yoshida &  Matsuda, 

1978; Williams & Zieglgansberger, 1981; Gorke &  Piereau Harper &  Lawson, 1985; 

Heyer &  MacDonald, 1982). The advent of the patch-clamp technique has also resulted 

in a variety of studies examining the currents and channels underlying their behaviour 

(Ishizuka et al., 1984; Gottman et al., 1988; Kostyuk et al., 1981a,b,&c; Kameyama, 

1983; Fukuda & Kameyama, 1980). However, few studies exist which examine the
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differential properties within the total cell population (Scroggs &  Fox, 1991a&b, 1992; 

Fedulova et al., 1991; Mclean et al., 1988, Tokimasa et al., 1990).

Frequently, the emphasis of previous studies has been the sequence of appearance 

of different ionic currents and their relationship to maturation of the action potential 

waveform, and functional development (Spitzer, 1979; Nerbonne et al., 1986; Gottman 

et al., 1988). Alternatively, some workers have treated the drg cell population as a 

homogenous group, sometimes justified by use of only the large light cells (Orozco et al., 

1988; Valmier et al., 1989; Caviedes et al., 1990). As apparent from this study, this 

premise cannot always be justified because,despite their broad similarities,the differences 

which exist within this group are sufficient to give heterogeneous patterns of electrical 

behaviour.

Recently, Fedulova & co-workers (1991) examined the question of differential 

current expression in rat drg cells, from which they defined 5 cell groups and monitored 

the predominance of each group at different developmental stages. Their attempts to 

correlate these groups with drg cell size using cell diameter measurements were 

unsuccessful. However, this may partly relate to the nature of their correlation which was 

between cell size and a specified group, rather than for individual currents as performed 

here.

SPECIES DIFFERENCES OR EXPER IM EN TA L CONDITIONS?

A comparison of the present data with the existing literature shows there are 

differences in the degree of current expression between drg cells from various species. 

For instance, the TTX-resistant current found in about a third of mouse drg cells (this 

study; Yoshida & Matsuda, 1978) is not expressed at all in avian (Carbone &  Lux, 1986; 

Gottman, et al., 1988) or frog drg cells (Ishizuka et al., 1984). In rat, where this current 

is reported, it only appears to be expressed by 10% of drg cells (Kostyuk et al., 1981a). 

Similarly, the LVA calcium current is routinely expressed by chick drg cells (Gottman, 

et al., 1988), but only by about half of rat cells (Lovinger &  White, 1989) and a quarter 

of drg cells from the mouse (this study; Kostyuk et al., 1988).

Variations are also seen in the degree of expression within species, 

some of which may result from the use of animals at different stages of development. 

This is further complicated by the use of cultured fetal and neonatal cell preparations in
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developmental studies. Both the expression of Ca2+ currents and the T1X-sensitivity of 

the INa are altered by serum factor(s) or other trophic factors, including NGF and adhesion 

molecules (Omri &  Meiri, 1990; Aguayo et al, 1991; Ireland et al., 1991). These factors 

can also regulate the expression of neuropeptide genes and neurotransmitters in both cells 

from the neural crest and adult drg neurones (Matsumoto &  Brons, 1991; Lindsay &  

Harmar, 1989). The development of potassium currents of superior cervical ganglion cells 

are also influenced by the presence of non-neuronal cells in the culture dish (McFarlane 

& Cooper, 1991).

However, differences in experimental conditions cannot adequately explain all the 

differences; for example, in studies of similarly prepared intact rat ganglia contradictions 

arise as to whether only the large A-cells possess IH, or whether the small cells do also 

(see section 5.4). In addition, although IA is reported to be differentially expressed to the 

large cells in a population of rat drg cells (Valmier et al., 1989), in this study from mouse 

drg cells the small cells were found to express this current. Does this reflect an actual 

species difference in current expression, or could it be merely due to classification of the 

A-variant IK(dtx) as IA (Dolly, 1988).

Despite the disparities discussed above, which arise from the age of the animal 

from which the cells were obtained or the method by which the cells were prepared, it is 

clear that ionic currents are differentially expressed amongst the total drg cell population 

for a number of species. In the present study, the electr ophysiological differences 

between mouse drg cells could be characterised into three main groups which were related 

to cell size and in turn probably relate to function. In the future, techniques for 

combining electrophysiological data with immunocytochemical or ultrastructural data 

would allow a more detailed correlation between electrical properties and cell function to 

take place. The insights into the mechanisms underlying the electrical behaviour of drg 

cells may also be useful towards understanding the behaviour of other excitable cells in 

the nervous system.
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CHAPTER SIX: M ETHODS I I  - M IC R O FLU O R IM E TR IC  STUDIES

6.1 INTRODUCTION

In subsequent chapters the work is extended to examine more closely 

the pivotal role which calcium appears to play in cell function. In particular [Ca2+]j was 

examined with respect to mitochondrial function and energetics.

To best examine these variables and their interdependence a non-invasive 

technique was required as it would be of minimal disturbance to cell systems. Light 

possesses this quality and has been usefully employed as a non-invasive way of examining 

cell structure and function (Campbell & Dwek, 1984a).

The work of Einstein (1905), based on the quantum energy theory of Planck 

(1902), suggested that light was emitted as packets of energy. These packets are referred 

to as photons and can be represented as:

E = h i  where f = c/lambda (21)

where E is energy per quanta, f  is frequency, lambda is wavelength of the light and the 

speed of light is shown by c (3xl08m/sec). Light, as a form of electromagnetic radiation, 

has been utilised in a number of ways including: chemiluminescence, absorption, 

fluorescence. Here the phenomenon of fluorescence was used to monitor aspects of drg 

cell function.

Fluorescence is the emission of electromagnetic waves (light) by a molecule that 

has previously absorbed radiation at a higher frequency. The incident radiation causes a 

transition of electrons within the molecule to a higher energy state, this is followed after 

a brief time by a relapse to the lower energy level. This relapse occurs in successive 

stages of intermediate energy associated with the emission of photons. In accordance with 

the quantum theory of light the frequency of the radiation emitted at each change is 

proportional to the energy difference of the two states involved. Therefore, the spectral 

composition of the light emitted by a fluorescent molecule will be radiation of a lower 

frequency than that of the incident light.

Many organic molecules absorb energy over the ultra-violet (UV) range, but only 

a limited number release it again in the visible range and as such useful as fluorescent 

indicators. In some instances the molecule is a substance intrinsic to the cell or tissue; 

which is termed cell autofluorescence (Campbell & Dwek, 1984b; Balaban & Mandel, 

1990). In other situations a fluorescent dye sensitive for a specific variable is introduced
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into the cell. A dye which can permeate the cell membrane is advantageous as no 

mechanical disruption of the cell membrane or its contents needs then occur.

Several other properties need to be considered when selecting a suitable fluorescent 

dye (Grinvald, 1985; Cohen &  Lesher, 1986: Grynkiewicz et al., 1985: Tsien &  Poenie, 

1986):

(i) Excitation and emission wavelengths need to be compatible with the biological and 

optical systems to be used.

(ii) The dye should give a bright signal indicative of a high quantal energy yield. This 

allows for a better resolution at lower concentrations of the dye, which may limit any 

interference of normal cell functions by the dye.

(iii) A resistance to bleaching (photostability) will extend the recording time and also 

increase the quality of the signal.

(iv) The dye should be selective and specific for the variable to be monitored and not 

influenced by other cell variables.

(v) There is a requirement for the dye to remain within cell compartment intended with 

as little leakage out of the cell or movement into other cell compartments or organelles 

within the cell as possible.

(vi) The dye should have little or no effect on cell function including a lack of toxicity.

A wide variety of fluorescent dyes are now commercially available allowing for 

the study of a broad spectrum of biological variables.

Initially, many studies using monitored fluorescent signals by the use of 

spectrofluorimeters. Cell suspensions or homogenates were examined by a

monochromatic light source, the wavelength of which was selected by a diffraction 

grating. Technically, monitoring the signal from such suspensions was quite easy to 

perform, but using this method a significant amount of energy was lost at higher 

resolution.

Also, the information obtained was an average response from a large number of 

cells or isolated organelles. A population average of this type would be useful for 

comparison with the vast amount of biochemical data obtained in a similar way. 

However, this does not allow for the detection of cell heterogeneity or variations in cell 

viability amongst the preparation.
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The principles for fluorescence microscopy of single cells were originally mainly 

used to label cells (Campbell &  Dwek, 1984; Tsien, 1989), however in the early-mid 

1980s adaptations were made enabling temporal variations in the signal to be monitored 

within living cells. This modified technique had several advantages over the use of cell 

suspensions. The higher temporal resolution of the signal helped in the understanding of 

the time relationships between biochemical and electrical events. Though the apparatus 

required was more complex, the manipulation of the environment surrounding the cell was 

easier. Further adaptations to such systems can also yield an increased spatial resolution, 

but these will not be discussed here (but see Williams et al., 1985; Connor, 1986; 

Lipscombe et al., 1988).

The concern of this study was the link between intracellular calcium and 

mitochondrial function. To help fulfil this aim single cell microfluorimetry was used to 

monitor three variables: (i) intracellular calcium ([Ca2+]j) using indo-1 (ii) mitochondrial 

membrane potential (\jtm) using Rhodamine 123 and (iii) the autofluorescence of 

mitochondrial NADH.

The drg cells were prepared as previously described for electrophysiological 

experiments (see METHOD I; section 2.1). When necessary cells were loaded with the 

relevant dye as will be explained later and then placed in the experimental chamber on 

the stage of the microscope. It was possible to perfuse this chamber. In general solution 

B was used externally, but this solution could be exchanged between each of four 

reservoirs through solenoid operated valves.

But before describing the methods employed in any more detail, an outline of the 

experimental system used will be given.
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6.2 EXPERIMENTAL SET-UP

A schematic diagram of the optical system used for the microfluorimetric study 

of single, isolated cells is shown in figure 6.1. The equipment is based around a Nikon 

(Nikon Diaphot-TMD) inverted microscope equipped with epifluorescence.

6.2.1 TH E L IG H T  SOURCE

The light source for providing the excitation was a 75W  xenon lamp. This was 

a short arc lamp; the anode and cathode so close together as to effectively form a point 

light source. The anode and cathode were both made of tungsten, doped with various 

elements to improve electron emission. The filament is enclosed within a bulb containing 

xenon under pressure (5-20 bar). This light source required a stable DC source, since any 

fluctuations in the current source would result in fluctuations in the intensity of the light 

source which would be indistinguishable from biological variations. This type of xenon 

lamp provided a fairly flat spectrum ranging from U V to visible light.

Ultra-violet radiation produces oxygen free radicals which can damage or even kill 

cells. The lamp was also a source of heat which can be potentially damaging not only 

to the cells, but also to the properties of the optical filters. For these reasons heat and 

neutral density filters were placed between the lamp and the objective. It was necessary 

to strike a suitable balance between the protection of the cells and the lenses and filters 

of the optical system while still gathering a signal of sufficient intensity to fulfil the aims 

of the study.

An additional protective measure was the positioning of a shutter, across the light 

path, between the lamp and the microscope. This remained closed for the period between 

experiments to limit irradiation of the cells only to times when necessary.

6.2.2 TH E L IG H T  PATH

To customise the light path for the specific needs of different experiments a 

combination of filters and dichroic mirrors were used (see Table 6.1).

Dichroic mirrors, while polarising the light, have a refractive surface which allows 

wavelengths above a certain value to pass straight through while all wavelengths below 

the specified value were reflected at a 45° angle to its surface. In this way they were 

used to separate the excitation and emission wavelengths.
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cell

filters 
heat A  ND objectivexenon lamp

eyepiece

shutter

diaphragm
video camera

>600

<600
shutter

to tv 
monitior

output to 
► computer 

and 
chart recorder

PMT

PMT

F IG U R E  6.1

Schematic diagram of the arrangement for the measurement of dual emission fluorescence 
from single isolated DRG cells as described in the text (see section 6.2). Exchangeable 
filter blocks are located at A, E and F. Positions B, C and D are for dichroic mirrors. 
For details of the filters and mirrors used see text and Table 6.1.
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filte rs  and 
dichro ic m irrors

[C a2+]j using  
In d o  1

Vm using  
R h l2 3

N A D H  A u to 
fluorescence

A
3 4 0 ± 5

or
3 6 0 ± 5

4 8 8 ± 5 3 6 0 ± 5

B 4 0 0 5 1 0 4 0 0

C 4 5 0 - -

D 6 0 0 600 6 0 0

E 4 0 5 + 5 -

F 4 8 8 ± 5 5 3 0 ± 5 5 4 0  
lo w  pass

TABLE 6.1

Table showing the combinations of filters and dichroic mirrors (A to F) necessary for the 
study of the three variables: (i) intracellular calcium ([Ca2+]j) using indo-1 (ii) 
mitochondrial membrane potential (\|/m) using Rhodamine 123 and (iii) the 
autofluorescence of mitochondrial NADH.
The positions of the filters A, E and F and the dichroic mirrors B, C and D used in the 
optical system are shown in figure 6.1.
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At position A there was an exchangeable filter block allowing for changes to be 

made in the wavelength of excitation to reach the cells. On reaching the dichroic mirror 

at position B the excitation beam was split so only the lower wavelengths were reflected 

through the oil immersion lens, (Nikon UV-F 40x objective; 1.3NA) and focused on to 

the cell under study. This objective was chosen for its low autofluorescence and good 

efficiency (efficiency increases with numerical aperture). Using an oil-immersion lens 

also limited the loss of light due to scattering.

The fluorescence emitted from the cell passed back down through the objective and 

at the dichroic mirror all the shorter lower wavelengths are reflected back towards the 

xenon lamp. The higher wavelengths which are to be monitored pass straight through the 

dichroic mirror. The light path is then reflected by a second mirror down the camera 

sidearm of the microscope.

A second shutter (Uniblitz, D122) was positioned at this point to close off the light 

to the photomultiplier tubes if  necessary and a diaphragm was present to limit the 

fluorescent field. The signal was averaged over the whole field and so it was preferable 

to limit it as much as possible to include only the cell under study. Any background 

included in the field would have a residual amount of autofluorescence and so decrease 

the resolution of the system.

The second dichroic mirror at position C splits the light at 600nm, all wavelengths 

above this passed through to be detected by an infra-red sensitive camera (Panasonic; 

WV1850). The camera relayed an image of the field to a television monitor. When the 

eyepieces were covered to prevent any external light interference one could still monitor 

for changes in the status of the cell, movement or changes in focus.

The wavelengths below 600nm were reflected at 45° towards the photomultiplier 

tube labelled PMT2. If  a single emission wavelength was to be monitored (see table 6.1) 

the filter block at position D remained empty, and the relevant filter was placed in front 

of the glass window of the PMT at F.
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6.2.3 PHOTOMULTIPLIER TUBES (PMTs)

The PMTs (Thom EM I electron tubes; type 9924B) used were of a standard type 

for general purpose scintillation, which monitor low level light over the visible range only.

The photomultiplier works on the principle of electrostatic forces. Inside it 

consists of a number of curved plates (made of caesium/antimony) which are arranged 

such that they guide the path of electrons down the length of the tube. The first of these 

plates is the cathode, the final plate the anode and the intervening ones, which act as 

potentiometers, are referred to as dynodes.

There is a borosilicate window at the end of the PMT positioned behind the filter 

block (E or F), and as a photon enters through this window it is directed towards the 

cathode. Here it displaces several electrons by the photoelectric effect and the geometrical 

constraints within the tube focus these primary electrons on the second plate, the first of 

the dynodes. On impact these primary electrons liberate a number of secondary electrons. 

This process is repeated at each subsequent dynode and the secondary electrons from the 

last dynode are collected at the anode. This results in a much amplified signal reaching 

the anode.

The final current produced depends on the number of dynodes and the potential 

difference between the anode and the cathode. The potential difference serves to 

accelerate the speed at which the electrons travel down the tube. The faster they travel the 

more electrons they will displace on hitting the next plate. But if  going too fast, they sink 

too far into the plate, and the number of electrons displaced per electron starts to decrease. 

In this system which contains 11 dynode plates and a an electrostatic potential of =0.9kV 

between the cathode and anode there is a gain of ~3.3xl06. The current generated in this 

way was monitored using an I-V  converter (made in the departmental electrical 

workshop).

An output from the photomultiplier tube is obtained even in the absence of a light 

input; this is the dark current. For the PMTs used this background signal is specified as 

being around 0.2nA, whereas the average maximum current at the anode is lOOpA.
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6.2.4 DATA STORAGE AND ANALYSIS

The raw fluorescence signals, a marker signal and sometimes p02 levels were 

stored on to video tape (PCM 418; Medical Systems Corp.) to be analyzed off-line using 

a Labmaster interface connected to an IBM compatible microcomputer. The digitized 

signals were replayed into Labtech Notebook (version 5; Laboratory Technologies Corp.). 

Initially this data was then imported into Lotus 123 (version 2.01) for background 

subtraction and calibration. Later these two functions were carried out during sampling 

by the Labtech NB package. Lotus 123 was still used for any other data analysis or 

figure-making. Figures were edited using Freelance Plus (Freelance version 3.0) and 

Freelance Graphics (Freelance version 4.0) packages.

During experiments the raw and ratio signals were also relayed to a Gould chart 

recorder to monitor responses on-line. (They also provided a hard copy for the 

experiment.)

6.2.5 FURTHER PRO TECTIVE MEASURES

The study of single cells has a requirement for limiting movement as much as 

possible. This was even more important during simultaneous fluorescence and 

electrophysiological recordings. For these reasons the whole set-up was placed on an anti- 

vibration table, which was supported by gas filled pistons (micro-G table from Technical 

Manufacturing Corp., MA).

To prevent any interference by stray light during the course of experiments the 

equipment was enclosed in a light tight housing and the room was kept darkened. Also 

a red filter was placed in front of the microscope light source.
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6.3 CALCIUM INDICATOR

The increasing recognition of the importance of calcium as a cell regulator has 

been accompanied by the development of a number of methods for measuring cellular 

calcium levels and fluxes. Early studies made use of the luminescent photoprotein 

aequorin (Shimomura et al., 1962; McBumey &  Neering, 1985) and enabled the first 

simulta neous recordings of spatial and temporal variations in intracellular calcium (Gilky 

et al., 1984). Also employed were absorption by arsenazo IH  (Brown et al., 1977; Scarpa 

et al., 1978; Scarpa, 1979) and calcium-sensitive microelectrodes (Brown et al., 1976; 

Amman et al., 1979).

However, the above techniques suffer from low signal/noise ratio yielding low 

resolution. Also, entry of the indicator into the cell required micro-injection or cell 

impalement. Over recent years, these techniques have been superseded by fluorescence 

studies, partly because of their higher resolution. This was aided by the advent of a non- 

invasive method loading the dye into the cell which made use of acetoxy-methyl (AM-) 

esters (Tsien et al., 1982).

An acetoxy-methyl (-AM ) group was attached to the dye via an ester bond. This 

lipophilic group enables the hydrophi lie dye to cross the plasma membrane without any 

need for rupturing it. Once inside the cell the -AM  bond is cleaved by intracellular 

esterases, trapping the dye in the cytosol.

A number of dyes were developed which could utilise this method of entry into 

the cell. Their Ca2+-binding site was based on the calcium chelators EGTA and BAPTA.

6.3.1 QUIN 2

The first dye to be used was Quin 2 (Pozzan et al., 1981), whose structure was 

based on EGTA. It was only ever intended as a prototype and suffered from a number 

of drawbacks. The dye has an excitation peak near 340nm and emission is monitored 

near its peak at 490nm; these spectra overlap with those for cell autofluorescence and 

therefore 15-30% of the maximum fluorescence signal for Quin 2 could be due to 

contamination by autofluorescence. In addition, at the wavelengths used for monitoring 

Quin 2 fluorescence a number of compounds useful to experiments could not be used 

because they were either fluorescent (A23187, BSA, sulphonamides, chlorpromazine, 

trifluoperizine) or were able to quench the signal. Quenching is the relaxation of the
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excited fluorescent molecule back to its ground state by a non-radiative process such as 

the transfer of the excitation energy to the surrounding medium, or in the case for Quin

2 to FCCP or colchicine.
/Using Quin 2 the separation of artifactual changes from relevant biological signals 

is difficult because the dye is both excited and the signal monitored at a single 

wavelength. The poor photostability of the dye, its low quantal yield and low KD for 

calcium (60nM in OmM Mg2*) all led to the belief that it was not an ideal dye for the 

study of [Ca2+]; in single cells.

6.3.2 FURA-2

Due to the weaknesses of Quin2 more advanced dyes were developed. Fura 2, 

with a structure also adapted from EGTA, was one such dye (Tsien et al., 1985; 

Grynkiewicz et al,. 1985). Its excitation at slightly longer wavelengths were more suitable 

to glass optics (Tsien, 1989). It has a larger extinction coefficient, which is the absorbing 

power of the compound and so gives a higher quantum yield ("fluorescence efficiency") 

and its photostability was also much improved.

But the major development with this dye was the shift in its excitation spectra 

towards shorter wavelengths on binding calcium (380-385 to 340-350nm). By switching 

excitation filters one could excite the cell or tissue at each wavelength alternately. A ratio 

of the amount of bound to unbound dye would give a more reliable measure of Ca2+, with 

less interference from background artifacts such as dye quenching or leakage. The signal 

is still monitored at a single wavelength (peak 505-520nm) which is in the green emission 

range and so out of the range for most of cell autofluorescence.

Problems were also encountered with the use of this dye, some more serious than 

others and so attempts were made to overcome them. In some cell types, for example, 

there is tendency of fura-AM to form micelles in solution. However, this can be 

prevented by the inclusion of pluronic F-127 (200pg/ml) before dilution in the incubation 

medium (Barcenas-Ruiz & Weir, 1987); pluronic is an amphiphilic dispersing agent.

The tendency of fura-2 to be sequestered into intracellular organelles can also be 

reduced by limiting the loading and study of the dye to lower temperatures. This helps 

because the rate of endocytosis is very temperature sensitive.

The dye is purported to be better behaved if introduced into the cell as the free 

acid by microinjection (Aimers & Neher, 1985; Canned et al., 1987), though not totally

154



preventing compartmentalisation, this slows the process (Tsien 1989). However, the use 

of this method to load the dye results in the loss of an original aim of the fluorescent 

indicators, namely their non-invasive nature. Fortunately, in neuronal cells the problems 

of ester loading are reported not to be so great as in other cell types (Connor et a l., 1987; 

Cohan et al., 1987).

6.3.3 INDO-1

A second ratio dye available for the study of free cytosolic calcium is indo-1 

(Grynkiewicz et al., 1985). This is a rigidized stilbene fluorophore based on the structure 

of EGTA, similar to fura-2. The rigidized structure prevents photoisomerisation and other 

photochemical reactions which could result in artifactual changes in the signal due to 

shifts in the spectra of the dye (Grynkiewicz et al., 1985).

The major difference between fura-2 and indo-1 is that whereas the ratio signal for 

the former is obtained by excitation at two different wavelengths, the latter utilises dual 

emission.

Indo-1 is excited by irradiation at 351-365nm, while the emission spectrum shifts 

towards shorter wavelengths as calcium is bound; emission peak shifts from 485 to 

405nm. The shift in the emission rather than the excitation wavelengths means indo-1 

ratio signals are technically a lot simpler to obtain than those for fura-2.

The fura-2 system requires either two excitation sources (Tsien et al., 1985) or a 

method of switching filters in front of a single source, generally a form of spinning wheel 

(Eisner et al., 1989). A microcomputer is then generally used for the separation of the 

alternating optical signals obtained.

When using indo-1 the emission spectra can be monitored simultaneously at the 

two separate wavelengths and the ratio signal (once the background has been subtracted) 

is then only a matter of simple division. This results in fewer limitations on the frequency 

of resolution.

In the laboratory the system used (see figure 6.1) was designed for the use of dual 

emission dyes (indo-1) rather than dual-excitation (fura-2). At that time this indicator was 

not so widely used as fura-2 and therefore, problems with its usage were not so widely 

documented. Its blue/violet emission spectra which overlap with those of pyridine 

nucleotides (NADH) could potentially cause problems (Sick &  Rosenthal, 1989) as could
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the more rapid bleaching of the indo-1 signal.

The indo-1 was used to monitor free Ca2+ in the cytosol of DRG cells. Both from 

the literature on fluorescent calcium indicators and the use of the indo-1 in the studies to 

be described there were a number of factors pointing to the location of these indicators 

in the cytosol: (i) this is where the esterases required to cleave the bond between the dye 

and the -AM moiety are found (Tsien, 1981); (ii) if the plasma membrane is ruptured the 

dye is lost; (iii) When secretory cells are stimulated to secrete none of the signal is lost, 

indicating the dye is not located in secretory granules (Rink & Pozzan, 1985) and also (iv) 

the signal from the cell is diffuse and not punctate, a further indication of its distribution 

to the cytoplasm and not intracellular organelles.

6.3.3.1 Protocol for Indo-1 usage.

Indo-AM was prepared by separating the commercially purchased indo-1 

(Molecular Probes) into 50pl aliquots of a solution of 1 mg/ml in acetone, which were then 

freeze dried (with 200pg/ml pluronic). The indo was reconstituted in 50pl of DMSO. 

DRG cells were acutely dissociated as described earlier (METHODS; CHAPTER TWO). 

Cells were loaded with the AM  form of indo-1 (5pl/ml: lpM ) by incubation at room 

temperature (15-25°C) for 25-40 minutes. After loading the cells were kept on ice and 

aliquots removed for use in the experimental chamber.

For use cells were transferred to the experimental chamber and then allowed to 

settle for 2-5 minutes. After such time the external solution was exchanged using the 

perfusion system to remove any excess dye from around the cells. Further use of the 

perfusion system during the course of experiments was dependent on the nature of the 

work to be done.

The combination of mirrors and filters used is shown in figure 6.1 and table 6.1 

and the excitation and emission spectra for indo-1 are shown in figure 6.2. In the initial 

studies the indo was excited at 360nm, later this was changed to 340nm. The emission 

was monitored simultaneously at 405±5nm and 488±nm. The change in excitation 

wavelength enhanced the emission signal at 405nm, improving the signal to
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FIGURE 6.2

Indo-1 Spectra

A. Emission spectra for indo-1 (lp M ) in physiological saline in a cuvette. A 340nm 
bandpass excitation filter was used and the emission was monitored with a Perkin Elmer 
spectrofluorimeter. The cuvette solution under high calcium conditions (i) was Im M  
CaCl2; 140mM KC1; lOmM HEPES; pH 7.2; no added EGTA. Under low calcium 
conditions (ii) the solution was similar, containing Im M  CaCl2 and lOmM EGTA.

Note the considerably larger increase in the 405nm signal as compared to the fall 
in the 480nm signal as [Ca2+] rises.

B. Shows the excitation spectra obtained under identical conditions of low (i) and high
(ii) [Ca2+]. The spectrum shifts slightly to the right as [Ca2+] rises.

157



flu
or

es
ce

nc
e

t------------ 1------------ 1------------ 1------------ 1------------ 1------------ 1------------1------------ 1------------ r ~

3 6 0  3 8 0  4 0 0  4 2 0  4 4 0  4 6 0  4 8 0  5 0 0  5 2 0  5 40

wavelength (nm)

2 6 0  300  3 4 0  3 8 0

wavelength (nm)

158



noise ratio.

The signals were stored on to tape as described earlier, also the ratio signal was 

monitored on-line, but before this could be done the background signal had to be offset. 

As cells were preloaded with the indicator before exposure to the excitating light a 

background from the unloaded cell could not be obtained. Instead, the diaphragm was 

fixed so that the fluorescence window included only the cell and as little of the 

surroundings as possible. The cell was then moved out of the window and the cell free 

field was used as a background. Though cancelling any background signal due to the 

intrinsic fluorescence of the optics this did not compensate for cell autofluorescence.

While studying carotid body cells in the same fluorescence system Biscoe &  

Duchen (1990) have shown that changes in cell autofluorescence affect both of the 

monitored wavelengths to a similar extent, and therefore to have no significant effect on 

the ratio. However, a non-indo contribution to the individual emission signals may effect 

the calibration (Sick &  Rosenthal, 1989).

6.3.3.2 Calibration of the Indo-1 signal.

The relationship between [Ca2+]j and the fluorescence signals obtained is described 

by the equation:

[Ca2!  = KD.B.(Rmax-R)/R-Rmin)  (22)

where KD is the dissociation coefficient of indo-1 for calcium (250nM; Grynkiewicz et 

al., 1985); B is the ratio of maximum to minimum fluorescence at 488nm; R is the 

experimentally determined value of the ratio and R ^  and Rmin are the ratios at saturating 

and zero calcium concentrations respectively.

In these studies an in situ calibration was attempted to obtain R ^  and R ^ .

R m a x

The cells were bathed in the control external medium (solution B; contains 2mM 

CaCl2). The interior of the cell was dialysed by the use of the whole cell configuration 

of the patch clamp technique. The internal solution was similar to solution C, but while 

still having 2mM CaCl2, no calcium buffer was included. To obtain the maximal signal 

the cell membrane was electropermeabilised; this breakdown of the membrane was 

achieved by either holding the potential negative (~-200mV) or by oscillating the potential
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at positive potentials. The maximum signal was then measured before cell death and 

subsequent leakage of the dye from the cell had occurred.

R m in

The Rnji,, fluorescence ratio was obtained with a calcium free (Im M  EGTA) 

solution surrounding the cell and solution C with no added calcium and lOmM BAPTA 

dialysing the cell interior.

6.3.3.3 Problems of [Ca2+]5 calibration

All indo-1 records are calibrated and shown as estimated [Ca2+]j (see figures 8.2 

&  9.1), however calibrating the signal is a dubious process. As the validity of the 

calibration is questioned, it is becoming more common nowadays to see uncalibrated ratio 

signals (Eisner et a l, 1989).

Sources of these errors can be found at almost every stage of the relationship 

described by equation (22):

(i) In this study the KD was assumed to be 250nM as determined by Grynkiewicz et al 

(1985). This value was determined in an aqueous solution with an ionic composition to 

mimic the cytosol. However, the cytosol itself is not an aqueous solution and a sensitivity 

of the coefficient to the viscosity of the solution could introduce errors. Moreno-Sanchez 

& Hansford (1988) determined a KD for indo-1 of 95nM when loaded into isolated 

mitochondria, in contrast to a value of 196nM in simple solution.

In addition to this effect of viscosity, Moreno-Sanchez &  Hansford (1988) also 

obtained a lower KD value in aqueous solution than Grynkiewicz and co-workers (1985). 

They suggested the difference may result from differences in the temperatures at which 

the measurements were made (Moreno-Sanchez &  Hansford, 1988 - studies at 25°C; 

Grynkiewicz et al., 1985 - at 35°C), indicating a temperature sensitivity to the KD value. 

Furthermore, Gunter et al (1988), also studying isolated mitochondria, found the KD for 

indo-1 to decrease with increasing pH.

(ii) The true and Rmin situations of saturated binding of the dye with calcium and 

totally unbound dye, respectively, are required to perform an accurate calibration. It can 

be difficult to obtain exact measures of these two extremes.

(iii) Contamination of the indo-1 signal by autofluorescence (Sick &  Rosenthal, 1989) or 

incomplete hydrolysis of the bond between indo-1 and the -AM  moiety would also have

160



a detrimental effect on the conversion of ratio signals in to levels of [Ca2+]j. The 

experimentally determined ratio value, once the background has been subtracted, should 

consist only of fluorescence due to indo-1 itself.

(iv) Other factors may also be important in obtaining an accurate calibration of the indo-1 

signals, including conditions for the adequate selectivity for calcium over magnesium ions 

(Tsien, 1980).

Therefore, at all stages one must bear these points in mind. The calcium levels 

determined should be considered as estimates to aid in the comparison of responses 

between different cells within a study and not as fast and sure quantitative values.

6.4 RHODAMINE 123

Numerous dyes have the ability to label the mitochondria (see Molecular Probes 

catalogue, 1989-1991), included in these are some rhodamine analogues. For the purpose 

of this study a dye is required which not only stains mitochondria, but can also reliably 

monitor changes in the potential differences between the mitochondrial matrix and the 

cytosol.

In order to do this the dye needs to possess several properties: (i) The dye should 

permeate the mitochondrial membrane while having a low membrane partition coefficient,

(ii) The dye should not stain the plasma membrane or other intracellular organelles, (iii) 

The magnitude of the fluorescent signal should follow a Nemstian relationship with no 

self quenching or perturbation of the signal as the dye enters the mitochondria, (iv) As 

with other fluorescent indicators there is a prerequisite for high photostability and low 

toxicity.

Several dyes have been identified which can provide a provide a qualitative 

indication of mitochondrial membrane voltage including: l-anilinonaphtalene-8-sulphonate 

(ANS: Azzi et a l, 1971), saffanine (Akerman &  Wikstrom, 1976; Zanotti & Azzone, 

1980), 3,3’-dipropyl thiodicarbcyanine (diS-C3-(5): Johnson et al., 1981),

dimethylaminostyrylmethylpyridiniumiodide (DASPMI: Bereiter-Hahn, 1976; DSMP: 

Rafael & Nicholls, 1984) and more recently a ratio dye (JC-1) for measurement of the 

mitochondrial membrane potential has become commercially available from Molecular 

Probes. This study used the lipophilic cation Rhl23 which also mostly conforms to the 

above requirements (Johnson et al., 1981).
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Rhl23 distributes itself across the mitochondria inner membrane according to 

potential and its fluorescence quantum yield is insensitive to membrane binding 

(Freedman &  Laris, 1981; Freedman &  Laris, 1988; Ehrenberg et al., 1988). For most 

cationic dyes a mechanism of dye stacking at the membrane surface is proposed. This is 

thought to occur because of hydrophobic interactions between dye molecules in a polar 

environment (Colonna et al., 1973; Gear, 1974; Akerman & Wikstrom, 1976; Zanotti &  

Azzone, 1980). Stacking increases with dye concentration causing spectral shifts, however 

the spectral properties of Rhl23 are inconsistent with such a mechanism for this dye. The 

exact details are unclear, but it appears that the dye binds to low affinity sites within the 

matrix (Emaus et al., 1986). The binding of the dye may provide an alternative non- 

radiative route for the relaxation of the excited Rhl23 back to ground state and so explain 

the quenching of the fluorescence signal on accumulation of the dye inside the 

mitochondria.

In response to depolarisation of the mitochondrial membrane potential there is a 

decrease in the quenching. The mechanism for increase in the Rhl23 signal is also 

unclear, a redistribution of the dye is probably involved.

All cells tested could load the dye as demonstrated by a bright green fluorescence. 

The signal was of a punctate nature, indicating the selective accumulation into intracellular 

organelles (mitochondria).

Ehrenberg and co-workers (1988) reported that a significant amount of the Rhl23 

signal was non-potential dependent. Therefore although the fluorescence shows a linear 

relation to K+ ion Nemst potentials obtained using valinomycin, the disparity which exists 

makes it a good qualitative but a poor quantitative signal (Emaus et al., 1986).

The mitochondrial proton electrochemical potential gradient (protonmotive force), 

ApH, is 180-220mV negative inside the mitochondria with respect to the cytosol; of this 

130-170mV is due to \jfm and the remaining 30-60mV is due to the ApH. Both the weak 

acid, P4, and nigericin collapse ApH while hyperpolarising A\|fm and can be used to 

determine whether Rhl23 monitors the pH or \|rm component of ApH. The increase in 

Rhl23 quenching (decrease in fluorescence signal) in a suspension of liver mitochondria 

exposed to either of these two agents suggests that Rhl23 is monitoring the \\fm component 

of ApH (Emaus et al., 1986).

Also it appears that all optical dyes for \|fm are more or less toxic. Their
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fluorescence depends on a variety of factors and the dye itself while monitoring the 

potential also has a minimal effect on it (Mokhova &  Rosovskaya, 1986). Rhl23 has a 

weak uncoupling effect on the mitochondria (Modica-Napolitano et al., 1984), while it can 

also decrease oxygen consumption; this second point is most likely to relate to the 

cationic nature of the dye (Laris et al., 1975). At high concentrations Rhl23 blocks the 

Fj/FoATPase which results in mitochondrial swelling and may be the mechanism 

underlying the uncoupling effects of this dye (Emaus et al., 1986).

6.4.1 PROTOCOL FOR TH E USE OF R HO D A M IN E 123

The stock solution of Rhl23 (1 mg/ml) was dissolved in aqueous solution. The 

cells were incubated with the dye (lOpg/ml) for 10 minutes at room temperature. The 

incubation period was kept short to limit the toxic effects of the dye. The dye was well 

retained in the cells after washing, showing a punctate green fluorescence.

Table 6.1 gives details of the combination of filters and dichroic mirrors used. 

Note this dye has single excitation (488±5nm) and emission (530±5nm) wavelengths and 

no dichroic is placed in the filter block at position C. The signal from PMT2 was 

monitored during the course of experiments using a chart recorder while being 

simultaneously stored onto tape. The excitation and emission spectra for Rhl23 are 

shown in figure 6.3.

The background signal was obtained as described for the use of indo-1 (see section

6.3.3.1).

During the course of experiments the Rhl23 fluorescence signal declined due to 

quenching. As the Rhl23 signal was only monitored at a single wavelength the records 

obtained are superimposed on a continuously falling baseline. For analysis of the data, 

first the background was subtracted and then a linear regression was fitted to the falling 

baseline. This fitted line was referred to as the 100% basal Rhl23 level, the experimental 

values obtained were labelled as a percentage of this level (figure 6.4).

6.4.2 A B IL IT Y  OF Rhl23 TO PREDICT \jfm

A range of metabolic reagents were employed to test that the Rhl23 signal 

changed with \j/m in accordance with chemosmotic theory (Mitchell, 1966).
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FIGURE 6.3

The excitation (i) and emission (ii) spectra for Rhl23 obtained using a Perkin Elmer 
spectrofluorimeter. Rhl23 (lOpl/ml of lOpg/ml stock) was dissolved in physiological 
saline in a cuvette.
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FIGURE 6.4

Monitoring of \|;m in single isolated drg cells.

A. A single cell loaded with Rhl23 as described in the text was excited at 488±5nm and 
the emission monitored at 530±5nm. The Rhl23 fluorescence increases as \\rm falls. 
Following background subtraction, a line was fitted to the sloping baseline using linear 
regression analysis. The filled bar indicates the external application of the metabolic 
poison CN (2mM; at 23°C).

B. The signal was expressed as a percentage of the linear regression fitted to the basal 
Rhl23 signal shown in (A). CN resulted in an increase in the Rhl23 signal to about 
115% of basal indicative of a depolarisation of y m.
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6.4.2.1 FCCP (carbonyl cyanide /7-trifluoromethoxyphenylhydrazone is a proton 

ionophore which uncouples the mitochondrial respiratory chain from the phosphorylation 

of ADP. It achieves this by the translocation of protons across the inner mitochondrial 

membrane and into the matrix, dissipating the proton gradient underlying \|/m. In 

accordance with this mechanism of depolarisation of the mitochondrial membrane 

potential the external application of FCCP (l-5pM) resulted in a rapid increase in the 

Rhl23 signal (figure 6.5a). This effect was maximal at lpM  FCCP and independent of 

external calcium1 (unpublished data, M. Duchen).

6.4.2.2 Oligomycin is an antibiotic which selectively inhibits the mitochondrial 

F^oATPase. During the phosphorylation of ADP to ATP by the ATPase protons pass 

back into the mitochondrial matrix through the proton pore associated with the F0-subunit. 

This back emf (electromotive force) offsets some of the proton gradient established by the 

electron transport chain. The blockade of this effect by oligomycin (A+B+C;2pg/ml) 

results in the hyperpolarisation of \|/m and was sometimes detected by a fall in the Rhl23 

fluorescence signal (figure 6.5b). Mokhova &  Rozovskaya (1986) failed to observe this 

hyperpolarising effect of oligomycin with Rhl23. They suggested that this failure was 

due to the action of Rhl23 as an inhibitor of the ATPase.

6.4.2.3 Rotenone is an insecticide which inhibits NADH dehydrogenase at complex I of 

the electron transport chain. Rotenone will stop the flow of electrons down the chain and 

subsequently the proton translocation which maintains y m. Unless a substrate such as 

succinate, which bypasses complex I, is present \|fm will depolarise. The depolarisation 

of the mitochondrial membrane potential on application of lOpM rotenone (from lOmM 

stock made up in DMSO) in calcium-free conditions was mirrored by an increase in the 

Rhl23 signal (figure 6.6a). The ability of a brief exposure to oligomycin to enhance the 

effect on \|fm of inhibitors of the electron transport chain is discussed later (see CHAPTER 

9; section 9.3.5). In contrast, TMPD protects against the effects of rotenone as described 

below.

6.4.2.4 TMPD (N ,N ,N \N ’,tetramethyl-p-phenylenendiamine) directly reduces cytochrome 

c of the electron transport chain. Its action at this point, by bypassing complex I, supports
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FIGURE 6.5

A. Rhl23 fluorescence expressed as a percentage change from basal in response to 5pM 
FCCP (application indicated by the arrow) which depolarises \jrm. The effect of FCCP was 
still seen after the replacement of calcium in the external solution by magnesium ions.

B. Rhl23 fluorescence decreased following the application of oligomycin (2.5pg/ml) at 
the arrow. In some but not all instances, this hyperpolarisation of the mitochondrial 
membrane potential was reversible.
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the redox enzyme system and maintains \j/m even in the presence of rotenone. 

Consequently, rotenone lost the ability to increase Rhl23 fluorescence when the cells were 

superfused by a nominally calcium-free solution containing TMPD (20-40pg/ml) with 1- 

5mM Na-ascorbate (to re-reduce the TMPD) (figure 6.6a). The resting level of the 

mitochondrial membrane potential and the depolarisation due to cyanide would be 

unaffected by these conditions, as reflected by the Rh 123 fluorescence signals obtained. 

TMPD can be useful in determining the point of action of a compound along the electron 

transport chain.

6.4.2.5 Cyanide blocks oxidation-reduction reactions involving cytochromes a and % 

(cytochrome c oxidase) and so inhibits the electron transport chain. Though acting at a 

different site to rotenone the resultant effect of cyanide is the same: the proton 

translocation which maintains the mitochondrial membrane potential is no longer in 

operation and depolarisation of \|/m ensues. This effect of sodium cyanide (2mM NaCN) 

was coupled to an increase in the Rhl23 signal (figure 6.6b). In common with the 

responses to FCCP and rotenone, the effect of CN was independent of calcium. The 

insensitivity of the CN-induced depolarisation to TMPD highlights the difference in the 

site of action between this reagent and rotenone.

The Rhl23 signals appeared to correlate with the changes in mitochondrial 

membrane potential as predicted by chemi-osmotic theory. Though not calibrated to 

indicate the actual potentials involved, the use of the percentage change allows 

comparisons to be made between different cells and reagents within the study.
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FIGURE 6.6

A. An increase in Rhl23 fluorescence from basal, indicative of a depolarisation of \|/m, 
was seen when rotenone (lOpM) was present in the external perfusate. After exposure to 
oligomycin (5pg/ml; applied at the arrow) the depolarisation induced by rotenone was 
greatly increased. This depolarisation could be reversed by TMPD (22.5pg/ml with 5mM 
ascorbate). The experiment was carried out under calcium-free conditions and at room 
temperature (23°C).

B. Rhl23 signal from a different cell; the signal is expressed as percentage changes from 
basal fluorescence. The cell had previously been exposed to oligomycin (5pg/ml) and 
initially, with calcium (2mM) present externally, the application of cyanide (NaCN, 
2mM) at the arrow caused an increase in the Rhl23 signal. This signified depolarisation 
of Y|/m. This cyanide-induced depolarisation of the mitochondrial membrane potential was 
still seen when calcium was removed from the external perfusate, and also when still in 
Ca-free conditions TMPD (22.5pg/ml with 5mM ascorbate) was included in the perfusate. 
The experiment was carried out at room temperature.
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6.4.3 LOCAL PERFUSION OF CELLS

For both electrophysiological and single cell microfluorimetric experiments it was 

often more suitable to apply drugs/chemicals to a single cell by local perfusion, rather 

than by whole-bath perfusion. This avoided not only the delay in the agent reaching the 

cell due to the lag-time of the perfusion system (=20secs), but more importantly limited 

the application of metabolic poisons or agents whose responses desensitised on repeated 

application (eg., capsaicin; see CHAPTER 7) to selected cells. This second point allowed 

the same experiments to be performed on a number of different cells within the 

experimental chamber, while being sure that the particular cell had not previously been 

exposed to the drug/chemical in question.

The local perfusion of cells was achieved by the pressure ejection of solutions 

through a wide diameter pipette (tip diameter » 5pm) pulled in the same way as a patch 

pipette (see section 2.3.1). For electrophysiological experiments alone the period of the 

pressure ejection was timed using a PPM-2 pneumatic pump (Medical Sytems Corp.,), for 

microfluorimetric or simultaneous microfluorimetric and electrophysiological experiments 

the pressure ejection was timed using a Picospritzer I I  (General Valve Corporation).

It was necessary to clarify the characteristics of such timed pressure ejection of 

solutions to determine whether any aspects of observed responses (eg., duration, onset or 

recovery) were dictated by the period of time which the applied agent remained in the 

immediate environment of the cell. In order to carry out such controls, timed pressure 

ejections were made from a pipette back-filled with Rhl23 (lOpl/ml) into a cell-free 

window and the fluorescence signals were then monitored as described above (section

6.4.1). This was repeated under conditions where the whole-bath perfusion system was 

switched on (figure 6.7a) and also when it was switched off (figure 6.7b).

It was apparent that under both conditions the entry of a drug or chemical into the 

environment surrounding a cell or its diffusion away each consisted of a single component 

and that as the period of the timed ejections increased the peak concentration of the agent 

reaching the cell plateaued out. The peak concentrations reached following timed 

ejections of the order of 25-50msecs were reduced when the perfusion system was in 

operation as compared to the signals observed in the static bath but the rate of increase 

in Rhl23 fluorescence as it was ejected from the pipette appeared largely unaffected by 

the presence or absence of the whole-bath perfusion system. Also, when the whole-bath
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perfusion system was in operation the diffusion of the Rhl23 out of the window was very 

rapid; comparable to the rate of rise for the signal. In the static bath the Rhl23 remained 

in the cell window for longer, as would be expected, but even following a lsec timed 

ejection the Rhl23 had diffused away within lOOsecs.

These control responses to local perfusion were useful guides as to whether the 

responses of cells to a drug/chemical were limited by the kinetics of the pressure ejection 

system when the perfusion system was either in operation or for the static bath condition.
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FIGURE 6.7

A. Characteristics of Rhl23 (lOpl/ml) signals following its pressure ejection from a wide 
tipped (=5pm) pipette into a cell free window for (i) 12, (ii) 25, (iii) 50, (iv) 100, (v) 200 
and (vi) 400msecs when the whole-bath perfusion system was in operation.

B. As in (A), except timed ejections were for (i) 25, (ii) 50, (iii) 200, (iv) 500msecs and 
(vi) lsec and the whole-bath perfusion system was not in operation.
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6.5 NADH AUTOFLUORESCENCE

Autofluorescence is the natural or intrinsic fluorescence residing within the system 

when no fluorescent dye is present. In addition to the autofluorescence of the optical 

system (microscope slides, objective lens, immersion oil), cells and tissues themselves 

contain molecules and macromolecules which can fluoresce. These include aromatic 

amino acids, vitamin A, chlorophyll, myoglobin, haemoglobin, cytochromes, flavoproteins 

and, of more concern in this study, the strong fluorescence signal emitted by pyridine 

nucleotides, namely NADH (Chance &  Baltscheffsky, 1958; Chance et al., 1965).

A probe was required to monitor the mitochondrial redox state and to indicate 

levels of tissue oxygenation. Such a probe should fulfil certain requirements: (i) readily 

measurable; (ii) located in a distinct region in or near the mitochondria; (iii) responsive 

to mitochondrial redox state; (iv) responsive to very low oxygen tensions; (v) indicate 

oxygen sufficient for mitochondrial energy coupling. NADH autofluorescence can do this 

(Chance, 1976; Chance et al., 1979) and has been utilized to monitor mitochondrial 

metabolism in numerous systems, both in vivo and in vitro (see Balaban & Mandel, 1990).

As stated above it is the reduced form of the pyridine nucleotide, NADH, and not 

NAD which is fluorescent. Also the NADH signal predominates over NAD(P)H 

fluorescence (Avi-dor et al., 1962). Since approximately 80% of NADH is confined to 

the mitochondria the signal indicates mitochondrial NADH with very little interference 

from the cytosolic component (Estabrook, 1962; Jobsis et al., 1971).

Flavoprotein fluorescence also meets the requirements for such a probe, but, in 

contrast to the pyridine nucleotides, the fluorescence signal is increased by the oxidation 

of flavoproteins. This signal is weaker and subject to more interference which leaves 

mitochondrial NADH as the more preferable signal. At some wavelengths the 

flavoprotein fluorescence can interfere with that of the pyridine nucleotides.

6.5.1 PROTOCOL FOR MEASURING NADH AUTOFLUORESCENCE

The arrangement of the excitation filter and dichroic mirror (B) during the 

measurement of indo-1 signals (see table 6.1) was also used to monitor NADH  

autofluorescence. At these excitation wavelengths flavoprotein fluorescence (peak 

excitation 450nm) is relatively inefficient (Avi-dor et al., 1962; Chance et al., 1965) and 

should not interfere with the NADH signal.
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NADH has a broad spectrum of emission 400-600nm with the peak at around 

480nm (Chance et al., 1965). In this study the 400nm dichroic mirror at position B 

provides the limit the shortest wavelength to reach PMT2, while the dichroic at C limits 

the longest to 600nm. The 540nm low pass filter in front of PMT2 (position E) further 

reduces the range of wavelengths monitored to 400-540nm.

Similar to the rhodamine 123 signals, NADH fluorescence was only monitored at 

a single wavelength and precautions were taken to protect against artifactual changes.

In contrast to Rhl23 fluorescence, the intrinsic nature of the signal meant there 

were no problems of dye leakage or photo-instability. After background subtraction, the 

signal was not calibrated quantitatively, instead the records are presented in terms of 

arbitrary units. The only exception was during the evaluation of the redox state of the 

cell.

6.5.2 EVALUATIO N OF RESTING REDOX STATE

To assess the resting state of the cell one needs to obtain an index of the 

maximum and minimal levels of mitochondrial NADH. These correspond to the "starved” 

state 2 where the respiratory chain is fully oxidised and to state 5 when the respiratory 

rate is zero and the electron transport chain is fully reduced (Chance & Williams, 1956).

Mitochondrial respiratory state 2 can be achieved using FCCP. FCCP uncouples 

respiration from oxidative phosphorylation allowing the free running of the electron 

transport chain which results in a rapid oxidation of any available NADH to NAD. This 

gives the minimum signal (figure 6.8).

Cyanide is used to achieve respiratory state 5. It Inhibits the cytochromes a+a3, 

preventing electron flow down the electron transport chain. The result is a build up of 

the NADH supplied by the TCA cycle which in turn yields the maximum fluorescence 

signal (figure 6.8).

The resting redox state can then be calculated from the ratio

(A - Amin)/(Amas - Amin)  (23)

where A is the resting level of the autofluorescence signal, Amax is the fluorescence after 

cyanide and Amin is the signal following FCCP.

The redox state of the cells was found to be 0.61 ±0.02 (n=9).
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FIGURE 6.8

A record from an isolated DRG cell of the autofluorescence monitored over the range of 
wavelengths 400-540nm; the excitation wavelength was 360nm. The autofluorescence 
was an indictor of mitochondrial NADH. Application of 2mM NaCN (hatched bar) 
results in an increase in autofluorescence to a maximal level. FCCP (5pM at the arrow) 
caused a fall in mitochondrial NADH levels and subsequently the autofluorescence signal 
to a minimal level.

178



CHAPTER SEVEN: THE EFFECTS OF CAPSAICIN

7.1 INTRODUCTION

In the previous chapters sub-populations of drg cells have been identified on the basis 

of the voltage-activated currents they express. As stated earlier, these differences will 

contribute to the mechanisms underlying the heterogeneity of the electrical behaviour of these 

cells, which in turn, may relate to functional modality.

To further investigate this relationship between function and electrical heterogeneity 

the sensitivity of the drg cells to 8-methyl N-vanillyl-6-nonenamide was examined. This 

chemical is found in members of the capsicum family and is commonly known as capsaicin. 

At low concentrations it excites nociceptive C-fibre terminals of the peripheral nerve; 

application to the skin results in a sensation of pain and warmth (Nagy, 1982; Fitzgerald, 

1983).

In the mature animal, the C-fibre population sensitive to capsaicin includes those 

responsive to noxious heat, chemicals and mechanical stimulation (Kenins, 1982), whereas 

low and high threshold mechanoreceptors and cold receptors remain unaffected. The 

sensitivity to capsaicin is not so selective in immature animals (Nagy, 1982; Fitzgerald, 1983) 

while in avian species a sensitivity to the chemical is totally lacking (Buck & Burks, 1983; 

Szolcsanyi, 1986).

Capsaicin, similar to the excitatory amino acid (EAA) glutamate, has excitotoxic 

effects (Bevan & Szolcsanyi, 1990), which consequently results in degeneration of drg 

neurones (Jancso et al., 1977). Acute application results in a depolarisation of the cell 

membrane and an increase in cell excitability (Williams &  Zieglgansgerger, 1982; Erdelyi &  

Such, 1985; Heyman & Rang, 1985). A continued exposure, over a period of hours to days, 

results in neurotransmitter/neuropeptide depletion and subsequently cell death (Jancso et al., 

1984 & 1985).

Studies examining the effects of capsaicin have been carried out both in vivo and in 

vitro using either the intact ganglion or drg cell bodies; the latter sometimes used as a model 

for the sensory terminal. The aim of these studies is not solely to understand the mechanisms 

by which capsaicin acts but, through its ability to degenerate nociceptive fibres, it is 

frequently used to gain greater understanding into the mechanisms underlying the relay of 

nociceptive information (McMahon & Fitzgerald, 1984).

In this section an examination of the acute depolarising effects of capsaicin was
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carried out. It was not the aim of this study to perform a detailed study of how and why 

capsaicin exerts its effects. Rather, it was to exploit its properties as a marker for a functional 

sub-population of cells, allowing a correlation to be made with the groups already defined 

by their voltage activated currents.

Preliminary investigations were initiated into the mechanisms underlying capsaicin 

toxicity. It is possible that, similar to EAAs, the toxicity can be separated into two main 

components; (i) an osmotic effect and (ii) an ability to increase cytosolic calcium levels. This 

second point was examined using dual emission microfluorimetry to monitor intracellular 

calcium [Ca2+]j with indo-1. The ability of capsaicin to alter cell metabolism was also 

considered by an examination of its effects on mitochondrial function: rhodamine 123 

(Rhl23) fluorescence was used to monitor the mitochondrial membrane potential (\|/m)and cell 

autofluorescence, predominantly due to mitochondrial NADH, as an indicator of the cell redox 

state.

7.2 METHODS

The effects of capsaicin on the membrane properties of drg cells were studied using 

the whole cell voltage clamp technique (see section 2.3). Voltage protocols are defined in 

the text where relevant. During recordings the interior of the cell was dialysed with solution 

C and the external medium was solution B. As with earlier electrophysiological studies all 

responses were recorded at room temperature (20-25°C).

In initial studies higher capsaicin concentrations (lOOpM) than expected were 

necessary to evoke a response in the cells. This later transpired to result from the capsaicin 

coming out of solution making the effective concentration of the chemical seen by the cell 

much lower than thought; this was despite the presence of DMSO in the stock solution. 

Inclusion of DMSO (0.1%) in the cell bathing media was seen to have no effect on cell 

behaviour alone, but by keeping capsaicin in solution it enabled its use at concentrations (0.5- 

lpM) more comparable with those of previous studies (Heyman & Rang, 1985; Wood et al., 

1988; Bleakman et al., 1990).

Dual-emission microfluorimetry, which has been described in detail in CHAPTER 6 

(see section 6.3.3), was used to obtain estimates of [Ca2+]4 from single isolated drg cells. 

Rhl23 fluorescence was monitored and used as a measure of the mitochondrial membrane 

potential (\j/m) (see section 6.4), while cell autofluorescence was used to monitor changes in
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mitochondrial NADH levels (see section 6.5).

The cell membrane potential was not voltage clamped during the microfluorimetric 

studies so that the full extent of intracellular calcium changes due to capsaicin could be 

observed. Also, by not employing the whole-cell patch technique the intracellular systems 

of the cell remained intact which was useful for the study of the mitochondrial effects of 

capsaicin. Since the cell size could not be estimated from CM measurements, an image of the 

cell relayed on to a TV monitor allowed a rough estimate of cell size.

7.3 RESULTS

7.3.1 CORRELATION OF CAPSAICIN SENSITIVITY TO DIFFERENTIAL 

VOLTAGE-ACTIVATED CURRENT EXPRESSION

The effect of capsaicin applied externally by pressure ejection (5-20secs) was 

examined on 58 isolated DRG cells. A positive response to capsaicin was observed in 33% 

of these cells.

In initial studies, the effect of capsaicin on the membrane current was examined from 

a holding potential of -70mV. This was later decreased to -50mV, a potential more 

comparable with the resting potential of drg cells (-51±1.3mV; n=49). A cell was considered 

responsive to capsaicin if its application resulted in the activation of an inward current by 

capsaicin (figure 7.1a). This inward current was associated with an increase in the noise of 

the signal, indicating an increase in channel activity.

A histogram of the distribution of capsaicin sensitivity with respect to cell size (CM) 

revealed it to be restricted to those cells in the lower capacitance range (Figure 7.2b). No cell 

tested with both TTX (lpM ) and capsaicin was sensitive to both agents (n=12). However, 

not all cells expressing TTX-resistant INa showed a response to capsaicin; this highlights the 

result of the histogram where, unlike the almost routine expression of the TFXresistant In. by 

the small cells, only a sub-group were sensitive to capsaicin. This sub-division within the 

small C-cells resembled the situation for the expression of the transient potassium current IA 

(see section 5.3.1 and figure 5.1c). Was this sub-division identifying the same population of 

cells?

The occurrence of a response to capsaicin in drg cells was compared to the voltage 

activated currents they expressed. Under these conditions, IA was identified by its activation 

following a 1 second hyperpolarising steps from -50mV to -60 through to
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FIGURE 7.1

A. Whole cell current record from an isolated drg cell with the membrane potential 
voltage clamped at -70mV. Application of capsaicin (CAPS; lOpM) for the duration of 
the solid bar resulted in the activation of an inward current. The increase in the noise of 
the trace was indicative of an increased conductance due to channel openings.

B. The histogram shows the cell membrane capacitance for each of the 58 cells tested 
for capsaicin sensitivity (hollow bars). O f those tested, 18 cells showed a sensitivity to 
capsaicin (filled bars), and they were restricted to the lower CM range.
A current activated by capsaicin in excess of 80pA was considered as a positive response.
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-120mV (see figure 5.1b). IH was identified by its activation during a similar series of 1 

second hyperpolarising steps (see figure 5.5a). The LVA Ca2+ current was identified using 

a combination of the protocol described above for the classification of IA and by activation 

following depolarising steps from a holding potential of -70mV (see figure 4.1a &  b).

Of 15 cells showing responses to capsaicin only 6 co-expressed an IA current, and 

of 50 cells insensitive to this nociceptive agent 11 possessed the transient potassium 

current. The expression of the IA current was tested for before rather than after exposure 

of the drg cell to capsaicin due to the block of IA by this agent (data not shown but see 

Dubois, 1982; Erdelyi &  Such, 1984). The results indicated that within the small cell 

group sub-divisions could be identified to both IA expression and capsaicin responsiveness, 

but these groups, though overlapping partially, were different.

The LVA Ca2+ current and IH which are selectively expressed by intermediate and 

large cells respectively (see section 5.5) were not seen to be present in drg cells which 

were responsive to capsaicin.

7.3.2 CAPSAICIN EFFECTS ON [Ca2̂  AND M ITO C H O N D R IA L FUNCTION

Capsaicin was applied, for 200msecs-2secs, to single isolated drg cells pre-loaded 

with indo-AM. From a basal calcium level of around lOOnM, it caused a rapid increase 

in [Ca2+]j in 7 out of 12 cells, which subsequently recovered back to control values over 

the ensuing 20-30secs (figure 7.2a). Similar to the electrophysiologically observed 

membrane effects of capsaicin, sensitivity was restricted to the smaller cells of the drg 

population (though not classified with respect to CM).

Capsaicin was only applied for brief periods at low concentrations (0.5-lpM) 

which allowed several responses to be observed from a single cell.

The calcium dependence of the response to capsaicin was examined by the 

replacement of external CaCl2 with MgCl2 to create a nominally calcium free environment. 

Under these conditions the capsaicin induced increase in indo-1 fluorescence was lost, 

indicating the involvement of an influx of calcium in the response (figure 7.2a). As the 

cell membrane potential was not voltage clamped it was not possible to say if influx the 

occurred as a direct result of the conductance activated by capsaicin or via VOCCs activated 

as a result of capsaicin-induced depolarisation.

In 11 out of 27 drg cells loaded with the dye Rhl23 and bathed in calcium-
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containing solutions an increase in dye fluorescence was observed following the exposure 

of the cell to capsaicin. When external calcium was replaced by magnesium, the 

capsaicin induced depolarisation of the mitochondrial membrane potential was still seen 

(3 out of 10 cells). Therefore, unlike the capsaicin-induced changes in intracellular 

calcium this effect of the chemical was independent of external calcium (figure 7.2b).

In only two cells (out of 13 examined) was there any change in the cell 

autofluorescence in response to capsaicin. The cell autofluorescence decreased slightly, 

a change which indicated a decline in mitochondrial NADH levels.
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FIGURE 7.2

A. The dependence of the capsaicin response on external capsaicin. The record shows 
the calibrated indo-1 signal (excited 340nm) from an isolated drg cell. Exposure to 
capsaicin (pM) at the arrow resulted in a reversible increase in [Ca2+]j under control 
conditions. When the CaCl2 (2mM) in the external solution was replaced by MgCl2 
(2mM), as indicated on the trace, the response to capsaicin was lost. The response only 
partially recovered on return to calcium-containing medium, possibly due to a 
desensitisation.

B. Rhl23 fluorescence signal from a different cell. Application of capsaicin (pM) at the 
arrow increased the fluorescence signal indicative of a depolarisation of the mitochondrial 
membrane potential. The experiment was performed under nominally calcium-free 
conditions.
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DISCUSSION

ACUTE EFFECTS OF CAPSAICIN

The acute application of capsaicin has an excitatory effect (Williams &  

Zieglgansberger, 1982; Erdelyi &  Such, 1985; Heyman &  Rang, 1985). Capsaicin 

activates a non-selective cation conductance resulting in the influx of Na+ and Ca2+ ions 

and the efflux of K+ (Marsh, 1987; Bevan &  Szolcsanyi, 1990). Until recently, the 

evidence was unclear as to the site of action of this aromatic compound. However, the 

identification of a capsaicin analogue, resiniferatoxin, with highly specific binding (Szallasi 

& Bumbey, 1990) and more recently of the competitive antagonist capsazepine (Bevan 

et al., 1991a & b; Urban &  Dray, 1991) has helped confirm its direct effect at a specific 

receptor site on the cell membrane surface.

The selective distribution of capsaicin sensitivity to the cell in the lower CM range 

and the lack of IH or the LVA-type calcium current in those cells confirmed both the 

absence of these currents from the small cell population and also the lack of effect of 

capsaicin on the larger cells. A similar lack of inward rectification (IH) in capsaicin- 

sensitive cells was also documented by Heyman &  Rang (1985). These results also 

provide further support for the classification of the small acutely dissociated cells in this 

preparation as C-cells (see section 5.5).

The ability of capsaicin to cause cell depolarisation is restricted to the population 

of C-nociceptive cells (Kenins, 1982). These nociceptive cells form only a portion (=40- 

45%) of the total C-cells; functional types also present include C-mechanoreceptors and 

cold receptors. The inability of capsaicin to act on all the cells which possessed a TTX- 

resistant INa was further evidence that capsaicin only identifies a sub-population of C-cells. 

It was possible that this functional sub-division amongst the small cells was also reflected 

in their expression of voltage-activated currents, in particular IA.

The transient potassium current IA, similar to capsaicin, was only expressed in a 

proportion of the small cells. However, from the data it was evident that the capsaicin 

responsive population did not entirely encapsulate either the IA-possessing or the IA- 

lacking cells, but overlapped with their expression. This gives an indication of the 

difficulty in attaching any clear functional relevance to the individual expression of any 

particular voltage-activated current, though the collective effect on the electrical behaviour 

may be more relevant.

188



Capsaicin is a more potent, though less selective inhibitor of the IA current than 

4-AP (Erdelyi & Such, 1984). The effect of capsaicin on this current will not only 

increase the homogeneity of the electrical behaviour of the C-cell population, but would 

also provide a mechanism for increasing the excitability of the cells (Connor & Stevens, 

1971b).

LINKS TO [Ca2+]i AND THE MITOCHONDRIA

Several avenues of research have indicated the ability of capsaicin to increase 

[Ca2+]i. These have included the greater selectivity of the capsaicin-activated pore to 

calcium (permeability Ca2+>Mg2+>K+>Na+) (Bevan &  Szolcsanyi, 1990) and data from 

flux studies (Wood et al., 1984). More circumstantial is the ability of capsaicin to reduce 

HVA-type calcium currents (Bleakman et al., 1990) and the similarity of the effects of 

capsaicin to those of glutamate (and other excitatory amino acids) (Jancso et al., 1984 &  

1985). The data shown here provide further confirmation of the ability of this nociceptive 

chemical to affect calcium homeostasis.

The capsaicin induced rise in intracellular calcium was dependent on the external 

presence of this divalent cation. Previous literature concerning the ion selectivity of the 

capsaicin-activated pore indicate that the calcium entry could have occurred by a direct 

activation of this pore. As mentioned above (section 7.3.2), the membrane potential of 

the drg cells were not voltage clamped and so a role for VOCCs could not be totally 

discounted.

It is possible that the raised levels of intracellular calcium in response to capsaicin 

may explain the loss of the IA current, by a mechanism similar to the reduction of HVA  

currents mentioned above. The alteration in calcium homeostasis has also been proposed 

as a mechanism for the rapid desensitisation of the electrical response to capsaicin 

(Bleakman et al., 1990).

Prolonged (hours) exposure to capsaicin in vivo (Hayes, 1980) or of drg cells in 

vitro (Liu et al., 1991) results initially in a depletion of neurotransmitter and neuropeptide 

content. Eventually (hours-days), the effects of the exposure become toxic, a phenomenon 

that has been compared to the toxicity of glutamate (Rothman & Olney, 1987). A 

component of this effect is believed to be the sustained levels of high cytosolic calcium, 

which consequently disrupts cell function (Jancso et al., 1985; Szolcsanyi, 1985; Wood
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et a l., 1988).

As evident from above, capsaicin can exert a number of effects on the functioning 

of the primary afferent. Most of these effects can be blocked by ruthenium red (RuR at 

micromolar concentrations: Wood et al., 1988; Bleakman et al., 1990; Dray, 1990; Bolser 

et al., 199lJCarlisi, 1991; Renzi et al., 1991), which suggests they all work through the 

same mechanism. At sub-micromolar concentrations RuR inhibits all but the effects on 

cell excitability (Manzini et al, 1990; Amann & Maggi, 1991). It is postulated that at 

these low concentrations it partially blocks the capsaicin activated pore; this allows 

sodium but not calcium entry through the pore, therefore changes in electrical activity are 

still seen, but the massive influx of calcium which potentially triggers all the other effects,

: is inhibited. Increasing the concentration of RuR to pM levels results in a complete 

; block of the capsaicin activated pore so that even sodium flux through the pore is 

prevented.

The decrease in NADH levels observed could be a secondary response triggered 

by the alteration in ionic gradients, in particular, the changes in intracellular calcium. 

These changes would provide a stimulus to respiration as the cell attempted to restore 

ionic balance (Landowne &  Ritchie, 1971). Since mitochondrial NADH is a substrate for 

the electron transport chain the increase in respiration would subsequently result in the fall 

seen in NADH levels (see section 1.5 and 6.5).

The ability of intracellular calcium to alter mitochondrial function (Denton & 

McCormack, 1990) could have explained the capsaicin-induced depolarisation of the 

mitochondrial membrane potential, although, evidence against this was the maintenance 

of the response in calcium-free conditions. From the data it was not possible to say 

whether the depolarisation observed in calcium-free conditions was a direct effect of 

capsaicin on the mitochondria. Alternatively, changes in other intracellular ion 

concentrations (Na+, pH), rather than calcium, may be triggers for the change in 

mitochondrial function (Crompton, 1990).

It is evident from this preliminary report that more detailed analysis of the effects 

of capsaicin on mitochondrial function are required. In particular, it is important to 

understand any links between these effects and the action of capsaicin on other 

intracellular functions and at the plasma membrane. That all the effects of capsaicin share 

a common mechanism is partly indicated by the similar selective sensitivity of drg cells
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to this agent irrespective of the variable examined. Since alterations in mitochondrial 

function can effect calcium homeostasis (Thayer & Miller, 1990), a direct effect of 

capsaicin on this intracellular organelle would not be incompatible with the idea that most 

of capsaicin’s effects are linked to changes in [Ca2+]j (Jancso et al., 1984; Wood et al., 

1988; Bevan &  Szolcsanyi, 1990).

In the initial part of this chapter, capsaicin was used as a marker for comparison 

with other membrane properties. However, in this latter part of the chapter, where the 

specific effects of capsaicin were investigated, the low proportion of drg cells sensitive 

to this excitotoxic agent proved a problem. For future studies using single isolated drg 

cells a method of pre-identifying capsaicin sensitive cells would prove invaluable for 

increasing the numbers in the study. At present in fixed cells there are 

immunocytochemical markers which can identify predominantly the sub-population of drg 

cells sensitive to capsaicin (Coakham et al., 1982; Dodd &  Jessell, 1985; Lawson et al., 

1989), it would be useful if similar techniques for tagging living cells could be developed.
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CHAPTER EIGHT: THE ACTIONS OF THE CONVULSANT BARBITURATE

CHEB ON ISOLATED DRG CELLS.

8.1 INTRODUCTION

While barbituric acid itself has no anti-convulsant nor sedative actions most 

barbiturates are generally thought of in association with CNS depression (Rang & Dale, 

1987) and form part of the much wider class of general anaesthetics; some barbiturates 

are more useful as sedatives or anaesthetics (pentobarbital, secobarbital, amobarbital), 

others can be used clinically as anti-convulsants in the treatment of epilepsy 

(phenobarbital, mephobarbital, metharbital) (MacDonald &  McLean, 1984; Smith & 

Riskin, 1991).

The mechanism by which these CNS depressants act is unclear, though there 

potency appears correlate well with their lipid solubility (Overton, 1901) and has led to 

the hypothesis that they work via perturbation of membrane fluidity (Ho &  Harris, 1981). 

In this way they effect the activity of Na+, K+ and Ca2+ channels as well as potentiating 

the GABAa-C1‘ complex (Olsen, 1981; Kmjevic, 1991).

However, isomeric differences in the activity of barbiturates cannot be explained 

in terms of their lipid solubility (Dundee, 1974; Ho &  Harris, 1981) and furthermore, 

structural alterations in the 5-butyl side chain of the barbiturate ring can confer convulsant 

activity (Dundee, 1974). Several barbiturates have been synthesised which have these 

convulsant actions and they are separate from the removal of inhibition which gives the 

excitation observed during the initial stages of anaesthesia (Rang &  Dale, 1987).

5-(2-cyclohexylidine-ethyl)5-ethyl barbituric acid, abbreviated to CHEB, is one 

such convulsant barbiturate (Velluz et al., 1951) and its structure is shown figure 8.1. 

The underlying mechanism of action of these convulsants is unclear, although for CHEB 

an interference with neuronal calcium homeostasis has been suggested (Willow &  

Johnston, 1979; Andrews et al., 1981, Pincus & Hsiao, 1981). The effects of CHEB on 

[Ca2+]j were examined by dual emission microfluorimetry, and in addition its effects on 

membrane electrical properties were examined using the whole-cell voltage clamp.

Barbiturates can also depress respiration (Verwom, 1912; Quastel, 1932) and this 

effect has been proposed as an alternative mechanism for their CNS depressant activity 

(Krnjevic, 1974, 1991). To examine this possibility the effects of this convulsant 

barbiturate CHEB were examined on mitochondrial activity and compared to the literature
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FIGURE 8.1

The structure of the convulsant barbiturate 5-(2-cyclohexylidine-ethyl)5-ethyl barbituric 
acid (CHEB).
Alterations of the 5-butyl side chain (*) are believed to confer convulsant activity.
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concerning the effects of sedative/anti-convulsant barbiturates.

8.2 METHODS

Techniques for monitoring [Ca2+]j in unclamped isolated drg cells using the dual 

emission dye indo-1 were described in section 6.3. Similar to the previous chapter, where 

the effects of capsaicin on [Ca2+] s were considered, the effects of CHEB were initially 

examined on unclamped cells, keeping their intracellular biochemistry intact. Cell size 

was estimated from the T.V image of the isolated drg cell (see section 2.4.1).

Methods for the whole cell voltage clamp of these cells have also been previously 

described (see section 2.3). The relevant solutions and voltage protocols are described in 

the text (and also see section 2.2). When simultaneous whole cell voltage clamp and 

indo-1 measurements of [Ca2+]4 were made the concentration of EGTA in the solution 

dialysing the cell interior was varied between 0.5, 1.0 and 1 ImM; the lowest concentration 

gave indo-1 signals most similar to the situation in the intact cell.

The metabolic effects of CHEB were studied by examination of mitochondrial 

membrane potential (\|fm) using Rhl23 (see section 6.4) and the cell redox state by the 

measurement of mitochondrial NADH levels using cell autofluorescence (see section 6.5).

All experiments were carried out at room temperature (21-28°C).

8.3 RESULTS

8.3.1 INTRACELLULAR CALCIUM LEVELS, [Ca2+]j

8.3.1.1 Cell Viability

All excitable cells show a rise in [Ca2+]j in response to plasmalemmal 

depolarisation. In DRG cells the rise in calcium is due to calcium influx through voltage 

operated calcium channels (VOCCs).

50mM K+ solution, made by the reciprocal replacement of external Na+ ions, and 

applied by external pressure ejection (50-200msec) depolarised the cell membrane 

sufficiently to activate VOCCs. The result was a rise in the indo-1 signal monitored at 

405nm and a fall in the 488nm signal, the ratio of which can be calibrated to reveal a 

calcium transient (Figure 8.2).

This response to high external K+ was used to assess the viability of the drg cell 

preparation. A cell with a healthy resting potential, low basal calcium levels (50-100nM)
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FIGURE 8.2

Records from an isolated drg cell loaded with indo-AM. The indo was excited at 340nm.

A. The raw fluorescence signals monitored at 405nm and 488nm. The arrow indicates 
the brief application of 50mM K+ which depolarises the cell membrane potential. A rise 
in the 405nm (i) and a decrease in the 488nm (ii) fluorescence signal occurred.

B. The ratio of the 405 to 488 signals is shown. (The backgrounds had been subtracted 
from each signal prior to calculation of the ratio).

C. The ratio signal was calibrated to give an estimate of the changes in [Ca2+]i.
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and intact buffering systems should yield a large and rapid but transient response to the 

brief application of 50mM K+; in this preparation the high K+ induced a reversible 

rise in [Ca2*]; from the normal resting level of 97.5±4nM (n=16) to 501±53nM (n=6).

The high K+ solution pressure ejected into the environment surrounding the cell 

only remains there briefly before it is washed away by the solution perfusing the 

recording chamber (see section 6.4.3). The concentration of high K+ declines in an 

essentially monotonic fashion while the calcium transient often decayed in a biphasic 

manner. In some cases the second slower component was so pronounced as to result in 

a "hump" on the recovery phase (see figure 8.2). This is believed to result from 

intermediate buffering of changes in cytosolic calcium by mitochondria before it is finally 

removed from the cell (Thayer & Miller, 1990). In drg cells, the final extrusion of 

calcium from the cell occurs predominantly by the plasmalemmal Ca2+-ATPase and to a 

lesser extent through Na+/Ca2+ exchange (see section 1.4 and Duchen et al., 1990).

Replacement of external calcium by magnesium ions results in a loss of the 

response to 50mM K+ (n=5). This confirms that the rise in [Ca2*], is due to entry of 

external calcium. The application of D-600 (50-200pM), which blocks L-type 

(dihydropyridine sensitive) VOCCs, had a more variable effect on the response to 50mM 

K+. In all cases the calcium transient was reduced (n=5) but in only two cases was the 

transient abolished. This most probably reflected the heterogeneity of VOCC expression 

by drg cells (as discussed in sections 4.4 & 5.5).

8.3.1.2 CHEB effect on [Ca2"],

DRG cells giving healthy responses to a brief exposure to high K+ solution were 

used to examine the effects of CHEB on [Ca2*],. Application of CHEB (lOOpM) by 

pressure ejection to a single unclamped isolated drg cell increased [Ca2"], reversibly from 

a basal level of around lOOnM to between 250 and 800nM (n=46). Although the 

responses were of a comparable size to those observed on membrane depolarisation (and 

VOCC activation) by high K+ solution, the decay of the response to CHEB did not show 

the same biphasic nature.

The application of CHEB over various concentrations was examined (figure 8.3a) 

and indicated a suitable range for use during the course of the study of between 20
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FIGURE 8.3

A. Responses from a single drg cell to a range of CHEB concentrations. The CHEB was 
applied by pressure ejection for the periods shown by the filled bar. The numbers above 
the bars denote the concentration (in pM) of CHEB used.

B. The effect of removing external calcium.
Exposure to CHEB (lOOpM), as indicated by the filled bar, resulted in a reversible rise 
in [Ca2+]j when CaCl2 (2mM) was present in the bathing medium. On replacement of the 
external CaCl2 by equiosmolar MgCl2, basal [Ca2+]j declined and the response to CHEB 
was now negligible. A return to control solutions restored the CHEB response.
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-200pM.

Similar to the studies using capsaicin (CHAPTER 7), the rise in intracellular 

calcium in response to CHEB was not observed in all cells; only 55% of those cells tested 

showed a response (n=83). However, in contrast to the results with capsaicin, the CHEB 

sensitive population of drg cells did not appear to correlate to any particular 

morphological group (see section 5.5).

8.3.1.3 Dependence of CHEB effect on external calcium

On replacement of external calcium by magnesium the basal [Ca2+], level fell, and 

the response to CHEB was lost (n=6) (figure 8.3b). On returning the calcium to the 

external medium the response was restored, showing that the response involved an influx 

of calcium across the plasma membrane from the external medium.

8.3.1.4 Ruthenium red blockade of CHEB-induced effects on [Ca2+],

Ruthenium red (RuR) is an agent most widely documented for its ability to inhibit

the uniport of the calcium uptake mechanism of mitochondrial calcium-cycling (see 

section 1.4.5). Nevertheless, RuR is also known to exert effects at the level of the plasma 

membrane; of particular interest in drg cells is its antagonism of capsaicin effects (see 

section 7.4). Furthermore, RuR has also been shown to inhibit CHEB-induced membrane 

depolarisation (Andrews et al., 1981). In the present study, the rise in [Ca2*], in response 

to CHEB (IOOjjM) was also sensitive to RuR (lOpM) (figure 8.4): it reduced the

response to 19±11% of the control (n=4). It is therefore apparent that the

responses to both capsaicin and CHEB are blocked by RuR despite their effects being 

confined to different populations of drg cells; this is discussed further in section 8.4.

8.3.2 SIMULTANEOUS ELECTROPHYSIOLOGICAL AND [Ca2"], 

MEASUREMENT

To further study the mechanism by which CHEB could cause an influx of calcium 

into the cytosol the whole cell configuration of the patch clamp technique was employed 

(using intracellular solutions C or D). Cells were pre-loaded with the acetoxy-methyl 

ester of indo; all cells could then be assayed for CHEB sensitivity prior to any electrical 

recording. In this way simultaneous [Ca2"], and current records could be obtained from
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FIGURE 8.4

Calcium transients evoked by CHEB (lOOpM) in an unclamped DRG cell could be 
abolished by Ruthenium Red (RuR, lOpM). CHEB was applied for the periods indicated 
by the solid bar; the hollow bar represents the presence of RuR in the external medium. 
Following the washout of RuR the CHEB response recovered.
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cells which were known to be CHEB sensitive.

The membrane potential was clamped at -50mV and stepped to -80mV for 40msec 

every 2 seconds to monitor membrane conductance. On the application of CHEB (20- 

200pM) an inward current developed which was associated with an increase in membrane 

conductance and was coincident with a rise in [Ca2+]i (n=15) (figure 8.5).

As the membrane potential was clamped at -50mV calcium ions could not be 

entering through the activation of voltage operated calcium currents unless by altering 

their voltage dependence. With an average current activated by CHEB at Vh -50mV of 

around 300pA and an access resistance between the pipette and cell interior of 3-5MO, 

the series resistance error would not exceed 1.5mV (see section 2.3.4) and so poor clamp 

control and consequent depolarisation-induced activation of VOCCs could also be 

discounted as a mechanism for the calcium entry.

During simultaneous [Ca2̂  and current recordings the dialysis of the cell interior 

with the pipette solution (C or D) altered the buffering capability of the cell. While 

pipette solution containing 0.5mM EGTA best mimicked the situation in the unclamped 

cell, the basal cytosolic calcium levels were still generally higher and the response to 

CHEB had a much slower time course than in the unclamped cell (compare figures 8.3 

& 8.5). The magnitude of the CHEB-induced calcium transient observed under whole-cell 

voltage clamp conditions was reduced in comparison to those responses from cells in 

which only [Ca2+]j was monitored. This was probably because previously, in the 

unclamped cell, any CHEB induced current could have depolarised the membrane 

potential sufficiently to activate VOCCs, whereas under voltage-clamp conditions now 

employed this would not occur.

8.3.2.1 The CHEB-induced current

The properties of the CHEB induced current were examined in more detail by the 

use of the whole cell recordings alone; in initial studies K+ was used as the major internal 

cation (solution C). During whole-cell voltage clamp recordings a "rundown" of the 

CHEB-induced current was observed (figure 8.6), whereas the CHEB-induced calcium 

transient did not appear to attenuate on repeated exposure of a single unclamped drg cell 

to CHEB. In some cases the rundown was more rapid than the example shown. The 

disruption of the cell’s interior biochemistry during the whole-cell recordings was
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Whole-cell voltage clamp records from an isolated drg cell preloaded with indo-AM. 
Cell dialysed with solution D (105mM CsCl2; 25mM TEAC1; 2mM MgATP; 2mM MgCl2; 
Im M CaCl2; 0.5 EGTA).
The upper trace shows estimated [Ca2+]j, while the current record obtained simultaneously 
is shown in the lower trace. The membrane potential was held at -50mV, with steps to - 
80mV every 2 seconds to monitor membrane conductance.
CHEB (lOOpM) was applied for the duration of the filled bar and resulted in the 
development of an inward current associated with an increase in conductance and a 
coincident rise in [Ca2+]j.
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FIGURE 8.6

"Rundown" of the CHEB-induced current.
Whole cell voltage clamp records from a single cell dialysed with pipette solution C 
(150mM KC1; OmM CaCl; 0.5mM EGTA). The membrane potential was held at -50mV 
and stepped to -80mV every two seconds. Repeated application of CHEB (50pM), as 
indicated by the solid bar, resulted in an attenuation of the induced current despite the 
increased duration of exposure.
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probably a major factor, but inclusion of MgATP (2mM) in the pipette solution appeared 

to have very little effect.

With the membrane potential held at negative values (Vh -50 to -70mV), 16/60 drg 

cells gave an inward current in response to CHEB. In a number of cells CHEB also 

appeared to affect potassium conductances, but this was not investigated further.

Under these recording conditions voltage activated potassium currents are large and 

as a result can produce voltage-clamp errors (see section 2.3.4) which made reversing the 

polarity of the CHEB induced current difficult. In an attempt to decrease voltage clamp 

errors and isolate the CHEB induced inward current from any effects on potassium 

conductances the interior of the cell was dialysed with solution D (a Cs/TEA based 

solution; see SOLUTIONS, section 2.2). Under these conditions an inward current in 

response to CHEB was seen in an increased proportion of the cells; 15/20 cells tested 

responded to CHEB with an inward current associated with an increase in membrane 

conductance.

The effect of CHEB over a range of membrane holding potentials was examined 

(figure 8.7a); CHEB induced a current with a linear current voltage relation and reversed 

around OmV (figure 8.7b).

With the recording conditions used two possible mechanisms could account for 

such an I-V  relation; (i) a Cl' conductance or (ii) a non-selective cation conductance. The 

reversal potential was unaffected by shifts in the Cl' equilibrium potential (n=3) indicating 

a non-selective-cation conductance. Previously, Skerritt & MacDonald (1984), suggested 

that the CHEB-induced non-selective cation conductance was calciurn-activated.

8.3.2.2 Is the response calcium-activated?

Unlike the CHEB-induced calcium transient, the CHEB-induced cation current was 

still observed following the replacement of external calcium by magnesium (n=4) (figure 

8.8); this provided evidence against the current being calcium activated. The limited 

numbers used for this study was partly due to a difficulty in maintaining both the viability 

of the cell and an adequate seal during the exchange of the medium between calcium- 

containing and calcium-free solutions. Therefore, the temporal relationship between the 

rise in [Ca2+]j and current development was also used to examine the calcium dependence.

Examination of a number of responses in which both electrophysiological and
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FIGURE 8.7

A. A family of whole cell current records showing responses to CHEB (20pM) obtained 
from a single cell over a range of holding potentials. The membrane potential was held 
at the level indicated to the left of each current trace. Application of CHEB resulted in 
an inward current at negative potentials. As the potential was held positive to OmV the 
polarity of the current reversed.

B. A current-voltage relation was plotted of responses obtained under similar conditions 
to those above (in A). CHEB induced a current with a linear current voltage relation 
which reversed at around OmV.
(3<n<6 and bars represent SEM.)
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FIGURE 8.8

A. The effect of the removal of external calcium on whole cell current records.
The current records obtained from a single drg cell show the response to CHEB (50pM) 
over a range of holding potentials (as in figure 8.7a). The difference is that the responses 
shown in this figure were obtained in a nominally calcium-free solution; CaCl2 was 
replaced by equiosmolar MgCl2. Note the peak current amplitude is much increased 
compared to the responses obtained in calcium-containing solutions.

B. By plotting the peak current-voltage relation for the family of records shown in (A) 
the magnitude of the CHEB induced current was seen to vary the holding potential in a 
linear fashion. The current reversed around OmV.
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FIGURE 8.9

The temporal relationship between the CHEB induced current and the rise in [Ca2+]j.

A. Simultaneous whole cell voltage clamp record and [Ca2+]j from a single drg cell 
(similar to figure 8.5). The filled bar represents the duration of external application of 
CHEB (200pM) by pressure ejection. An inward current from a holding potential of - 
50mV was coincident with a rise in the calibrated indo signal.

B. For the response in (A) [Ca2+]j was plotted as a function of the whole cell current in 
order to examine the temporal relationship between the two during exposure to CHEB. 
The arrow superimposed over the data indicates the progress of the response; the lower 
arrow shows the development while the upper arrow shows the recovery of the response.
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[Ca2+]j recordings were made (similar to that shown in figure 8.5) revealed that on 

application of CHEB the development of the inward current preceded any rise in calcium; 

the rise in calcium occurring later (figure 8.9). While calcium levels remained high 

following the removal of CHEB, the current declined; calcium levels fell later. Therefore, 

the current appeared to drive calcium entry into the cell rather than be calcium-activated. 

While this temporal relationship (figure 8.9b) is not conclusive evidence, in conjunction 

with data obtained in nominally calcium free conditions, it appeared that the membrane 

response to CHEB was not calcium activated.

In summary, in a proportion of acutely isolated drg cells CHEB opened a non- 

selective cation pore through which calcium ions could permeate causing an increase in 

[Ca2+]i, but it was not dependent on calcium for activation. In the unclamped cell the 

subsequent membrane depolarisation would be sufficient to activate VOCCs and 

consequently an even greater increase in [Ca2+]j would be seen.

8.3.3 BARBITURATE ACTIO N AT COM PLEX I  OF TH E ELECTRON  

TRANSPORT CHAIN

Barbiturates as a class of compounds have a variety of effects on neuronal cell 

function (Ho & Harris, 1981; Smith &  Riskin, 1991). One of these is their ability to 

block oxidative phosphorylation by inhibition of NADH dehydrogenase at complex I of 

the electron transfer chain (Brody &  Bain, 1954; Emester et al.f 1955; Jailing et al., 

1955); comparable to the action of rotenone described earlier (see section 6.4.2.3).

This effect of barbiturates has mainly been studied using those compounds with 

sedative/anti-convulsant activity and has led to the suggestion that their effect on 

respiration may be a mechanism for CNS depression (Krnjevic, 1974 & 1991). The extent 

of the effects of the convulsant barbiturate CHEB on mitochondrial function were 

therefore examined.

Similar to capsaicin (CHAPTER 7), it was also of interest to know if and how the 

effects of CHEB at the plasma membrane were linked to any changes the convulsant had 

on intracellular cell systems.
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8.3.3.1 effect of CHEB on NADH autofluorescence

In this preparation of drg cells CHEB was able to increase cell autofluorescence 

(n=4) by an amount comparable to that to the metabolic poison cyanide (NaCN: 2mM) 

(figure 8.10a). The changes in cell autofluorescence reflect the ability of CHEB to 

increase mitochondrial NADH levels by inhibition of the electron transport chain, but 

from this result it was not possible to determine at what point the inhibition was 

occurring.

This effect of CHEB was also maintained when external calcium had been replaced 

by magnesium (n=3) indicating that the effect was not due to a CHEB induced influx of 

calcium across the cell membrane (figure 8.10b).

5.3.3.2 CHEB effect on Rhl23 signals

The effects of CHEB on mitochondrial function were further examined by the 

loading of isolated drg cells with Rhl23 to study changes in mitochondrial membrane 

potential (\j/m) (as described previously in section 6.4). Application of CHEB (50pM) 

resulted in a rise in Rhl23 signal (n>10; increase Rhl23 signal to 113±0.7%, n=4), 

representing a depolarisation of \j/m. This response was still seen when external calcium 

was replaced by magnesium (n=9; increase Rhl23 signal to 112±1.5%, n=3) (also see 

figure 8.11), which indicated that the CHEB induced depolarisation of \j/m was not 

dependent on a change in [Ca2+]j either.

Furthermore, whereas the effect of CHEB on [Ca2+]j was only seen in 55% of those 

cells tested, the depolarisation of the mitochondrial membrane potential was observed in 

all cells tested (as was the CHEB-induced increase in cell autofluorescence). Therefore, 

the effect of CHEB on mitochondrial function was probably independent of its effects on 

membrane properties described above.

Similar to rotenone, the CHEB induced rise in Rhl23 signals, while unaffected by 

external calcium levels, could be abolished by the inclusion of TMPD (20-40pg/ml with 

l-5m M Na+ ascorbate) in the external perfusing medium (n=4) (figure 8.12). This result 

indicates that, similar to sedative/anti-convulsant barbiturates, CHEB inhibits complex I 

of the electron transport chain (see section 6.4.2.4). The concentrations of CHEB used 

were comparable with those which show convulsant effects (Skerritt & MacDonald, 1984) 

and so it appears that the inhibition of cell respiration by barbiturates is probably not the
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FIGURE 8.10

A. Cell autofluorescence excited at 340nm and monitored over 400-540nm indicated 
mitochondrial NADH levels. Application of CHEB (200pM) shown by the solid bar 
caused a reversible .increase in NADH levels. The response was comparable to that 
produced by NaCN (2mM), whose presence in the external medium is indicated by the 
hatched bar.
The increase in autofluorescence to CN was 103±8% (n=3) of the size of the response to 
CHEB (measured in arbitrary units).
B. The dependence on external calcium of CHEB induced changes in NADH levels was 
examined. The figure shows three responses to CHEB (200pM) as indicated by the solid 
bars. The response to CHEB following the replacement of all the external CaCl2 by 
equiosmolar MgCl2 was comparable to both the pre- and post-control responses obtained 
in solutions containing 2mM CaCl2.
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FIGURE 8.11

A. Rhl23 fluorescence was monitored in an isolated drg cell. The application of CHEB 
(50pM), as indicated by the solid bar, depolarised \j/m.

B. The response was enhanced following a brief exposure (at the arrow) of the cell to 
oligomycin (2.5pg/ml).

The experiment was carried out in nominally calcium free conditions indicating a CHEB 
induced influx of calcium was not responsible for any of the responses seen.
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FIGURE 8.12

Fluorescence records from an isolated drg cell show an increase in the Rhl23 signal to 
CHEB (50pM) when the cell was bathed in control media.
The response to CHEB (as indicated by thearrowhead) was lost when the superfusing 
medium was exchanged to one which was nominally Ca2+-free and contained TMPD (with 
ascorbate) for the duration of the hollow bar. As shown in figure 8.11a, the removal of 
calcium alone from the external solution is not sufficient to do this.
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primary mechanism underlying their sedative/anti-convulsant effects.

The effect of CHEB on Rhl23 fluorescence was enhanced by oligomycin 

(n=5)(figure 8.11b). This was comparable to the effect of oligomycin on not only 

rotenone responses but also other inhibitors of the electron transport chain eg., CN (see 

section 6.4.2.5) and will be considered in further detail in the next chapter (CHAPTER 

9).
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8.4 DISCUSSION

At low doses most barbiturates possess sedative actions thought to be due to a 

calcium-dependent reduction in neurotransmitter release (Somjen, 1963; Weakly, 1969; 

Richards, 1972), while at higher concentrations, by enhancement of GABA transmission, 

they become anti-convulsant (Meldrum, 1978; Johnston et al., 1983; MacDonald, 1983; 

Olsen et al., 1986).

Relatively minor structural alterations can confer convulsant activity (see * figure 

8.1). As early as 1922 Dox &  Yoder demonstrated that 5-benzyl-5-ethyl barbituric acid 

could produce tetanus prior to sedation, independent of the excitation phase of general 

anaesthesia. While the mechanisms underlying the sedative/anti-convulsant activity of 

barbiturates are unclear, even less is known of the mechanisms for their convulsant 

activity.

To help elucidate the actions on the CNS of the small group of barbiturates with 

convulsant activity studies have also extended to the peripheral nervous system and to the 

level of the sensory nerve and dorsal root ganglion. Partly responsible for this is the 

relative simplicity of the primary sensory neuron circuitry. In addition convulsant 

barbiturates are known to effect the primary afferent fibres eg., an early symptom of the 

i-v infusion of stimulant barbiturates is pruritus (an itching due to irritation of sensory 

nerves) (Pennes, 1954).

effect on the monosynaptic reflex (MSR)

Effects of barbiturates have been studied both in vivo and in vitro and a common 

effect of all the convulsant barbiturates (including CHEB) is their ability to increase the 

amplitude of the MSR (monosynaptic reflex) (Downes & Williams, 1969; Nicholson et 

al., 1985), while sedative barbiturates (phenobarbitone, phenytoin) reduce the MSR. 

There are several possible mechanisms by which this could occur:

(i) A decrease of tonic inhibition: though an interference with tonic inhibition may be a 

possible mechanism for the action of sedative barbiturates, this is not believed to be a common 

mechanism for all the convulsant barbiturates (Downes & Williams, 1969; Nicholson et 

al., 1985). (ii) Enhancement of the post-synaptic activity of excitatory neurotransmitters: 

recently, this has become a widely discussed phenomenon with respect to synaptic 

efficacy in the CNS (Madison et al., 1991; Bindman et al., 1991), but there is no evidence
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for it with respect to the actions of convulsant barbiturates (Pincus & Insler, 1978).

(iii) A direct enhancement of neurotransmitter release from pre-synaptic terminals: this 

third point seems the most likely, eg., evidence exists for the ability of CHEB to increase 

K+-evoked excitatory amino acid release (D- aspartate) in a calcium dependent manner 

(Skerritt et al., 1983; Skerritt &  Johnston 1984).

involvement of calcium homeostasis

Calcium plays a crucial role in the modulation of cell activities, including 

neurotransmitter release (Dodge & Rahamimoff, 1967; Katz &  Miledi, 1967). Therefore, 

it is hardly surprising that as evidence increased for the ability of convulsant barbiturate 

to directly increase neurotransmitter release so too did the number of studies linking the 

effects of convulsant barbiturates to calcium homeostasis.

Convulsant barbiturates, including CHEB, have been shown to alter excitatory 

neurotransmitter release at the neuromuscular junction in a manner dependent on external 

calcium (Nicoll, 1980; Nicholson et al., 1990). They are also able to cause contraction 

of smooth muscle preparations (Edney & Downes, 1975; Hupka et al., 1969), again in a 

manner dependent on external calcium (Edney &  Downes, 1976).

However, few studies have shown a direct effect of barbiturates on [Ca2+]4. Uptake 

studies have provided most of the evidence that both convulsant and sedative barbiturates 

increase [Ca2+]i (Pincus &  Hsiao, 1981; Harris & Stokes, 1982; Leslie et al., 1979), 

whereas studies using aequorin suffered from a direct effect of barbiturates on the 

aeqourin molecule (Baker & Schapira, 1980).

More recently, with the advent of fluorescent dyes for monitoring [Ca2+]j (see 

section 6.3) the ability of sedative barbiturates to increase intracellular calcium levels has 

been shown more clearly (see Morris, 1986). In this study, similar to the results seen with 

aqueorin, the sedative barbiturate pentobarbitone resulted in an artifactual increase in the 

indo-1 ratio signal (seen at constant levels of ionised calcium in the absence of any cells: 

data not shown). Nevertheless, the convulsant CHEB gave a real increase in [Ca2+]j, seen 

at concentrations analogous to those at which it shows its convulsant effects.

In the unclamped cell it was difficult to determine how much of the calcium influx 

across the cell membrane was directly due to CHEB and how much was due to a CHEB- 

induced depolarisation activating VOCCs. The literature was also unclear on the
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mechanism for the rise in [Ca2+li, but there was evidence that sedative barbiturates 

increase the activity of membrane Ca2+-ATPase, while CHEB and other convulsant 

barbituratesinhibit it (Willow & Johnston, 1979; Harris & Stokes, 1982). Although such 

an inhibition of the Ca2+-ATPase would tend to slow the recovery to basal levels 

following a calcium load to the cell it is unlikely to produce the rapid increase in [Ca2+]j 

observed here, or show such an acute dependence on external calcium.

As mentioned earlier, an effect on VOCCs has been postulated as the mechanism 

of action of sedatives. Non-barbiturate sedatives with structural similarities to 

succinamide appear to decrease LVA Ca2+ currents, while those with convulsant properties 

have no effect on them (Coulter et al., 1990a,b). Alcohols have also been shown to 

inhibit LVA; methanol (Swandulla et al.„ 1987), octanol (Llinas & Yarom, 1986). The 

barbiturate sedatives are documented to reduce HVA rather than LVA calcium currents 

(Nishi & Oyama, 1983; Werz & MacDonald, 1985). It appears they have this action on 

both the N-type (co-Cgtx sensitive) (Gunderson et al., 1988) and the L-type (DHP- 

sensitive) (Gross & MacDonald, 1988) calcium channels.

As a consequence there is the implication that if sedative barbiturates reduce 

VOCCs then convulsant barbiturates enhance them. However, despite the dependence of 

the response on external calcium this does not appear to be the case (Pincus & Hsiao, 

1981). Furthermore, the CHEB-induced increase in [Ca2+]; in drg cells was seen even 

when the membrane potential was voltage clamped; in this situation VOCCs would not 

have been available for activation. So, it appears that CHEB does not act via a direct 

effect on VOCC activity unless it does so by transforming the properties of the pore in 

some way, similar to the action of protons (Morad, 1990).

A lack of an effect of CHEB on VOCC activity would not invalidate a reduction 

in VOCC activity as a mechanism for sedative actions. However, it would mean that 

sedative and convulsant actions of barbiturates were not due to opposing effects on the 

same mechanism.

simultaneous monitoring of membrane currents and [Ca2+]j

The activation of an inward current by CHEB was in accordance with previous 

evidence for a direct depolarising effect on the drg soma (Downes & Franz, 1971; 

Andrews et al., 1981; Skerritt & MacDonald, 1984; Nicholson et al., 1988a & b). The

221



simultaneous increase in calcium indicated that calcium entry occurred through this 

conductance and not by depolarisation activating VOCCs (or poor voltage clamp control - 

see section 8.3.2).

As mentioned in section 8.3.2, dialysis of the cell interior during whole-cell 

voltage recordings altered the shape of the CHEB-induced calcium transient. This change 

in the time course of the response most probably resulted from the altered buffering 

capability of cell interior, whereas voltage-clamp of the membrane potential would have 

contributed to the reduction in the magnitude of the [Ca2+]j response (because there was 

no CHEB-induced depolarisation to activate VOCCs).

In agreement with the results of Skerritt &  MacDonald (1984) the data indicated 

that CHEB activated a cation conductance, rather than a chloride conductance. The lack 

of effect of changes in the EC1 also provided evidence against an effect of CHEB on the 

GABAa receptor-chloride ionophore complex. This second point was in agreement with 

the work of Andrews et al., (1981) who have shown that CHEB induced depolarisations 

were insensitive to both picrotoxin (lOOpM) and bicuculline hydrochloride (lOOpM).

Potentiation of the GABAa-C1* complex is believed to play an important role in 

the anti-convulsant actions of barbiturates (Olsen et al., 1986). Convulsant barbiturates, 

like the sedative/anti-convulsant ones, can effect GABA binding (Willow & Johnston, 

1981). However, unlike the anti-convulsant compounds, the convulsants have no GABA- 

mimetic effects (Nicoll, 1975 & 1978; but see Lodge, 1979).

Dependence on calcium

As reported above, a dependence of CHEB responses on calcium has been 

documented on a number of occasions. As most of these studies were carried out in 

unclamped cells, what was unclear was the exact inter-relationship between the primary 

effect of CHEB, membrane depolarisation and changes in [Ca2+]j.

Therefore, it was necessary to distinguish between: (i) a CHEB induced 

depolarisation sufficient to open VOCCs and so alter [Ca2+]j; (ii) activation of a CHEB 

conductance which is also permeant to Ca2+ and (iii) a CHEB conductance which requires 

external calcium, or a rise in [Ca2+]j, for its activation.

The results discussed so far indicate that though the first option occurs, the 

conductance directly activated by CHEB is permeable to calcium. Therefore the point to
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consider is whether or not the CHEB induced cation conductance is calcium activated; a 

calcium-activated cation conductance has been documented in a number of cell types 

(Partridge &  Swandulla, 1988), including drg cells (Simmoneau et al., 1987).

Both the studies of Andrews et al., (1981) and Skerritt &  MacDonald (1984) found 

CHEB-induced depolarisation of drg neurones to be calcium dependent. However, in this 

study of the current activated by CHEB no such calcium dependence for its activation was 

found. The reasons for this discrepancy are unclear, but there are a number of factors 

which may be important: (i) the two quoted studies examined the voltage changes in 

response to CHEB (Skerritt &  MacDonald by intracellular microelectrode techniques, 

Andrews et al., by sucrose gap technique), whereas in this study the current activated 

under voltage clamp conditions was examined.

(ii) Dialysis of the cell interior during whole-cell recordings may have altered the nature 

of the response.

(iii) Differences existed in the protocols used for obtaining calcium-free conditions; in 

this study replacement of CaCl2 with equiosmolar MgCl2 was the routine method for 

obtaining a nominally calcium-free solution, whereas Skerritt & MacDonald (1984) 

replaced CaCl2 with NaCl. This may be relevant with respect to surface charge effects 

(Hille, 1984).

(iv) Although Skerritt & MacDonald (1984) refer to the CHEB-induced current as 

calcium-dependent they also say that CHEB in some cases can still cause a little 

depolarisation in calcium-free conditions.

In conditions of zero external calcium (obtained using EGTA) the calcium channel 

becomes permeant to other ions (namely Na+: Hess &  Tsien, 1984) and it was for this 

reason that nominally calcium-free solutions were used. The trace amounts of calcium 

(=3.5pM; based solely on chemical impurities) still present were sufficient to prevent Na+ 

entry through the Ca2+ channel. Furthermore, with the fall in resting [Ca2+]j level when 

cells are bathed in nominally Ca2+-free solutions to below the basal level of 50-100nM 

seen in Ca2+-containing solutions (refer to figure 8.3b), the cytosolic calcium level would 

not be high enough to open the calcium-activated cation pore in these cells which at 

[Ca2+]j of lpM has a popen of 0.15 (Simmoneau et al., 1987).

Considering the difficulty in maintaining a viable seal between the cell membrane 

and the pipette during the switch between calcium-containing and nominally calcium-free
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solutions and the apparent conflict with existing data, the temporal relationship between 

changes in calcium and in the current flow across the cell membrane in response to CHEB 

were examined. During the course of the response it was evident that the current response 

preceded any changes in calcium and also that an increased calcium level could not 

maintain the current. This appeared to confirm the results obtained in calcium-free 

conditions. Although, when performing such a correlation it was necessary to assume that 

a similar resolution was achieved for both variables. It may be possible that as the 

calcium changes are averaged over the whole cell a small influx at the cell membrane 

necessary to activate the cation conductance was not detected.

It has been reported that high concentrations of CHEB (> lOOpM) rather than 

increasing the MSR reduce it, similar to the action of sedative barbiturates (Downes &  

Williams, 1969; Nicholson et al., 1985 & 1988a). Related to this is the shortening of the 

action potential duration by high CHEB concentrations (Heyer & MacDonald, 1982; 

Skerritt & MacDonald, 1984). As shown by this study CHEB concentrations of this level 

and above still increased [Ca2+]i and also the electrical effects of CHEB at these 

concentrations may be a reflection of the increasing calcium load on the activity of 

membrane channels. The high threshold VOCCs, especially the dihydropyridine sensitive 

ones, are widely documented to be sensitive to high intracellular calcium levels (Dunlap 

& Fischbach, 1981; Fedulova et al., 1985; Dupont et al., 1986). The rundown of the 

CHEB response under whole cell voltage clamp conditions may indicate that a similar 

situation applies for the CHEB-activated cation pore.

CHEB effect on potassium conductances

The reduction in neurotransmitter release by the sedative barbiturates has been 

linked to a shortening of the action potential (Skerritt & MacDonald, 1984). So far this 

has been discussed in terms of a reduction in VOCC activity (Heyer & MacDonald, 1982), 

however, it could also result from an increase in a potassium conductance.

An effect of barbiturates on potassium conductances has been documented (Nicoll 

& Madison, 1982; Carlen, 1985; Morris, 1986). But, it is unclear whether or not these 

potassium conductances are activated by the barbiturates themselves or by the rise in 

[Ca2+]j they induce (Baker & Schapira, 1980; Morris, 1986).

In this study, the outward current sometimes observed in response to CHEB when
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potassium was the major cation in the pipette indicated a possible action of the convulsant 

on potassium conductances, however, this was not examined further at this stage.

selective sensitivity to CHEB

The data obtained so far indicate that CHEB can activate a cation pore in the 

membrane of drg cells which is permeant to calcium amongst other ions, as seen by the 

increase in [Ca2+]i in membrane voltage-clamped cells. Only 55% of the drg cells tested 

showed such a CHEB-induced increase in intracellular calcium and, unlike capsaicin, this 

population did not correlate to any of the three groups previously defined on the basis of 

the voltage-activated currents they possess; instead the CHEB-sensitive cells spanned the 

whole population size range. Similarly, Nicholson et al., (1988b) observed a CHEB 

induced depolarisation in only 60-65% of drg cells which again did not relate to any 

particular group as classified on the basis of their conduction velocities.

In the present study the percentage of cells in which CHEB activated an inward 

current varied considerably from 27% when using a K+-based internal solution to 75% 

when all the major K+ conductances were blocked. This probably reflected the complex 

nature of the effects barbiturates have on neuronal cells, and more specifically an ability 

to effect not only a cation pore but also K+ channels, as mentioned above.

A number of agonists are known to activate a non-selective cation pore in drg 

cells; included in this are capsaicin (Bevan & Szolcsanyi, 1990), ATP and its analogues 

(Krishtal et al., 1983 & 1988) and excitatory amino acids (Lovinger & Weight, 1988). 

For excitatory amino acids (eg., kainate) it has been shown that the mechanism of action 

is distinct from that for CHEB (Andrews et al., 1981). In contrast, drg cell responses to 

CHEB and capsaicin show a further similarity in that they are both antagonised by 

ruthenium red (this study; Andrews et al., 1981; Amann & Maggi, 1991).

The capsaicin activated cation pore, which can be blocked by RuR, is thought to be the 

same as the proton activated pore found in primary afferent neurones (Krishtal &

| Pidoplichko, 1980; Bevan & Yeats, 1989). It is possible that, like capsaicin, CHEB can 

! also activate this proton-sensitive pore, though not necessarily by an action at the same 

receptor. However, the discrepancy between the populations of drg cells responsive to 

these two agents (capsaicin & CHEB) would be difficult to explain, unless the same pore; 

was present in a number of different drg cell types but coupled to different receptors.
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The concentrations of RuR employed (lOpM in this study; 1-5jjM by Andrews et 

al., 1981) were considerably higher than those required to inhibit capsaicin effects (0.1- 

0.5pM: Amann &  Maggi, 1991) and at these higher concentrations its effect are less 

specific. It has been reported that as the concentration of RuR used is increased it loses 

its specificity for capsaicin mediated effects and also affects VOCCs, in particular N-type 

HVA channels (Massieu & Tapia, 1988). It is therefore possible that CHEB acts by 

altering the selectivity and/or voltage dependence of these HVA channels. A full dose 

response curve of the ability of RuR to inhibit the CHEB-induced changes in both the 

electrical activity and [Ca2+]; of drg cells may help demonstrate more clearly by what 

mechanism this is occurring.

CHEB effects on mitochondrial function

Narcosis as a form of asphyxia (Verwom, 1912) was one of the classical theories 

for the mechanism of action of anaesthetics. Although later discounted as the primary 

mechanism for anaesthesia in preference for the lipid solubility theory, the two are not 

incompatible.

Barbiturates were documented to act at a site between a flavoprotein concerned 

with NADH and cytochrome oxidase (Quastel &  Wheatley, 1932; Jowett &  Quastel, 1937; 

Michaelis &  Quastel, 1941). In accordance with this it was found that amylobarbitone 

was a highly effective inhibitor of NADH oxidation (Emester et al., 1955). Also Jailing 

and co-workers (1955) noted an inhibition of oxidative phosphorylation if substrates which 

all feed in at complex I of the electron transport chain were used (eg.,maleate, pyruvate, 

and isocitrate), whereas barbiturates had no effect if substrates which feed in further down 

the electron transport chain were used (eg., succinate). This again indicated that the site 

of action of barbiturates was the hydrogen transfer by pyridine nucleotides at complex I; 

similar to rotenone (see section 6.4).

The ability of CHEB to increase mitochondrial NADH levels provided evidence 

that, similar to sedative barbiturates, convulsants could also inhibit the electron transport 

chain. With the electron transport chain inhibited NADH levels rise because, while it is 

no longer being utilised, the supply of this oxidisable substrate continues (see sections 1.5 

& 6.5).

When monitoring Rhl23 signals, the depolarisation of the mitochondrial membrane
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potential in response to CHEB was seen in all cells tested and was independent of external 

calcium. This implied that the effects on the mitochondria were not linked to the action 

of CHEB at the cell membrane or the subsequent influx of calcium.

There are a number of mechanisms by which a depolarisation of \j/m can occur: 

Rotenone and cyanide both depolarise \|rm by inhibition the electron transport chain though 

by actions at different sites (see section 6.4.2). This inhibition leads to a cessation of the 

proton translocation associated with the respiratory chain, which is necessary to maintain 

\j/m (see section 1.5.3). Additionally, uncouplers like FCCP by collapsing the 

mitochondrial membrane potential can cause an increase in Rhl23 signals (see section

6.4.2.1). But rather than inhibiting the electron transport chain FCCP allows its "free- 

running" and therefore mitochondrial NADH is depleted. The ability of CHEB to increase 

both cell autofluorescence (mitochondrial NADH) and Rhl23 fluorescence indicated that, 

like rotenone and CN it was inhibiting the electron transport chain. However, from the 

results at that point it was not possible to say at what point along the chain CHEB was 

exerting its effect.

The results obtained using TMPD (with ascorbate) provided the evidence that the 

barbiturate was most likely to be acting at the level of the NADH dehydrogenase and not 

further down the chain. As explained previously (see section 6.2.4.2), TMPD bypasses 

any block at complex I to directly reduce cytochrome c which makes it available for 

oxidation and in this way supports the electron transport chain (Wilson et al., 1988).

Succinate, if used as the substrate for metabolism instead of glucose, could have 

provided additional evidence of an action of CHEB at complex I. In the TCA cycle the 

oxidation of succinate to fumarate involves the reduction of FAD to FADH2 (see figure 

1.3b) which is then oxidised by ubiquinone at a point further down the electron transport 

chain than complex I (see section 1.5 and figure 1.4). In this way addition of CHEB 

when succinate is present should leave the mitochondrial membrane potential unaltered 

while a build up of NADH would probably still occur.

The ability of CHEB, as a convulsant, to inhibit complex I of the electron transport 

chain in a similar fashion to the sedative/anti-convulsant barbiturates is evidence against 

this as a mechanism for CNS depression. The concentrations of CHEB necessary to exert 

these effects were approximately 3 orders of magnitude lower than those previously 

quoted for other barbiturates (Brody & Bain, 1954). It was unclear if this meant that

227



CHEB was a more potent inhibitor of complex I, or whether it reflected a greater 

sensitivity of single cell microfluorimetry techniques to detect the effect. To resolve this 

question further studies into the mitochondrial effects of both convulsant and sedative 

barbiturates need to be carried out.
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CHAPTER NINE: EFFECTS OF ACUTE METABOLIC INSULT ON rCa2*! AND 
MITOCHONDRIAL FUNCTION.
9.1 INTRODUCTION

Neuronal tissue is much more sensitive than other tissue types to changes in its 

environment including temperature variations and the supply of substrates. This is 

emphasized by the damaging effects to CNS function of conditions such as hypolgycemia, 

hypothermia, spreading depression, hypoxia and ischemia (Siesjo, 1981; Siesjo &  

Bengtsson, 1989). This susceptibility appears to relate mainly to the dependence of 

neuronal cells on oxidative phosphorylation for energy and the resultant necessity for a 

continuous supply of oxygen and glucose to the CNS. Consequently, interruption of 

cerebral blood flow for only 6-7 seconds can result in a loss of consciousness and after 

15-25 seconds a cessation of the EEG (Rossen et al., 1943).

After a cardiac arrest lasting 5-10 minutes irreversible neurological damage is 

observed (Abramson et al., 1985). However there are mechanism, which remain unclear, 

that allow neurones to be more resistant to ischemic insult than the approximate 5-10 

minutes implied by cardiac arrest studies; the reversibility still apparent after 1 hour of 

ischemic insult (Hossman & Kleihues, 1973; Hossman & Zimmerman, 1974. This 

reversibility is seen even after all ATP stores have been depleted (Siesjo, 1981), which 

indicates that the damage to the CNS is more complex than just a lack of chemical 

energy. It was the aim of this chapter to investigate the sensitivity of isolated drg cells 

to acute (=5 minutes), reversible metabolic insults; studied in terms of mitochondrial 

function.

Calcium is an important variable in the control of cell function and has been 

implicated as crucial for the initiation of the final common path; a cascade of events 

which, once initiated, result in cell death (Schanne et al., 1979; also see section 1.6). 

Therefore, it was of interest to see how [Ca2+]j was affected by hypoxic and anoxic insults, 

how these responses were related to the effects of metabolic poisons and if the changes 

in [Ca2+]j could be correlated to the effects on mitochondrial function.

It was hoped that a knowledge of the mechanisms involved in responses to acute 

periods of anoxia would help in the understanding of the more complex long term changes 

and in determining the trigger for the switch from reversible to irreversible damage.
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9.2 METHODS

Single, acutely isolated mouse drg cells were prepared as for the 

electrophysiological experiments described earlier (see section 2.1). Single cell 

microfluorimetric techniques were used to monitor: (i) intracellular calcium ([Ca2+]j) using 

indo-1: see section 6.3 (ii) mitochondrial membrane potential (\|/m) using Rhodamine 123: 

see section 6.4 and (iii) the autofluorescence of mitochondrial NADH: see section 6.5 

from.

Under control conditions cells were bathed in solution B (section 2.2), but using 

solenoid operated valves the perfusing medium could be switched between each of four 

reservoirs. Solutions were made hypoxic by bubbling with nitrogen gas. The p02 was 

reduced down to zero by the addition of Na2S20 4 (500-750pM); this is a powerful 

reducing agent which reduces many physiological and artificial electron carriers, including 

NAD, NADP, flavins and cytochromes (DeVries &  Kellogg, 1980; Louis Andre &  

Gelbard, 1986). To limit re-oxygenation of solutions as they flowed from the reservoirs 

to the experimental chamber, medical grade stainless steel tubing was used to link the 

two. The p02 in the bath was measured using a miniature platinum oxygen electrode 

(made in the laboratory by Lilian Patterson).

NaCN (2mM) was either delivered in the superfusate or occasionally applied by 

local pressure ejection from a patch pipette (tip diameter about 5pm). Other drugs more 

routinely applied by pressure ejection included; FCCP (5pM); oligomycin (2.5pg/ml); 

50mM KC1 (obtained by isotonic replacement of NaCl in solution B). The characteristics 

of pressure ejection were described previously in section 6.4.3.

Experiments were performed over a range of temperatures (19-38°C). The 

temperature of the experimental chamber was altered by changing the current flow across 

a series of resistors located around the stainless steel tubing linking the reservoirs to the 

bath. The bath temperature was measured using a thermocouple.

Data storage and analysis were as described in CHAPTER 6.
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9.3 RESULTS

To help understand the mechanisms by which hypoxic and anoxic insults could 

exert their effects their actions were compared with those of agents known to interfere 

with mitochondrial function: cyanide (NaCN) inhibits the electron transport chain at 

complex IV; rotenone inhibits the electron transport chain at complex I; FCCP collapses 

and so uncouples oxidative phosphorylation while oligomycin inhibits the F ^ -  

ATPase preventing the phosphorylation of ADP to ATP. The effects of all these agents 

as well as changes in p02 were examined on [Ca2+]j to determine if links existed between 

these variables.

The oxygen tension of the bathing medium was reduced by bubbling the solution 

with nitrogen gas. Over a range of temperatures (19-37°C), superfusion of the cells with 

hypoxic solutions for upto 5 minutes had no effect on intracellular calcium levels (n=9), 

\jfm (n=7) nor mitochondrial NADH (n=10). In contrast, the reduction of the oxygen 

tension to nearly zero (ie: anoxia) resulted in an increase in all three signals,

9.3.1 EFFECT OF CHANGING p 02

9.3.1.1 changes in [Ca2+]j

Anoxic solutions resulted in a rise in the indo-1 ratio signal from which a 

calibrated estimate of the average change in [Ca2+]j across the whole of a single drg cell 

was derived (n=53). As shown in figure 9.1a this response to anoxic conditions was not 

as rapid in onset or as large in magnitude as the calcium transient in response to the 

50mM KMnduced membrane depolarisation (see section 8.3.1). A dose response curve 

from different cells, each exposed to a different reduced p02 level emphasised that it was 

not until p02 levels were almost zero that any obvious effect on [Ca2+]j occurred (figure 

9.1b).

The exposure to anoxia was acute, lasting between 3-5 minutes. The size and rate 

of the response varied between cells and was dependent on a number of factors, some of 

which will be mentioned later. Also, note the difference between the onset and recovery 

of [Ca2+]j to the anoxic insult. The onset is a gradual affair, whereas on reintroduction of 

oxygen to the perfusate the recovery is rapid.
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FIGURE 9.1

A. A comparison of changes in [Ca2+]j to 50mM K+ (applied at arrow) and anoxia 
(hatched bar). Prior to the anoxic insult, the cell had been bathed in solution bubbled in 
nitrogen (hypoxia) for the duration of the hollow bar but this had no effect on the [Ca2+]j 
level.

B. A plot of changes in [Ca2+]j from basal as a function of p02. This shows that in 7 
different cells where the p02 was reduced to give varying degrees of hypoxia but not 
anoxic conditions there was no change in resting cytosolic calcium. But a reduction in 
the p02 level to zero did result in an increase in [Ca2+]j, which was variable between cells, 
(temperature 34-36.5°C).
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9.3.1.2 changes in Rhl23 signals

Anoxic conditions resulted in an increase in Rhl23 fluorescence in all drg cells 

tested (139±6%; n=13) (figure 9.2a), which was comparable to the depolarisation 

produced by NaCN (143±8%; n = ll). As with the effects on [Ca2+]i} a dose response 

curve of Rhl23 fluorescence as a function of p02 from different cells indicated that the 

p02 had to be nearly zero before any change in Rhl23 fluorescence was observed (figure 

9.2b).

The responses to anoxia and NaCN, though marked, were not as great in 

magnitude as the response to FCCP (171±12%, n = ll; see figure 9.2a) and so did not 

signify a complete collapse of the mitochondrial membrane potential. The overall kinetics 

of responses to anoxia or NaCN were also slower than those for FCCP.

However, both the responses to anoxia and NaCN, but not those to FCCP, 

appeared to be biphasic, consisting of an initial rapid increase in the Rhl23 fluorescence 

signal followed later by a slower more gradual increase in the signal. This phenomenon 

is considered in more detail in section 9.3.5.1

9.3.1.3 changes in cell autofluorescence

The change in cell autofluorescence in response to anoxic conditions was 

comparable to that to a supra-maximal dose of NaCN (2mM). This indicated that, like 

cyanide, anoxia was able to block the electron transport chain and so cause a build-up of 

NADH to maximal levels (n=l l)(figure 9.3).

On the removal of NaCN the NADH level gradually returned to its basal value. 

However, on returning to normoxia following an anoxic insult the mitochondrial NADH 

transiently drops to very low levels, well below basal. The duration of the overshoot 

appeared to depend on the duration of the anoxic insult; the longer the insult the longer 

the transient overshoot.
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FIGURE 9.2

A. Effects of metabolic blockade on Rhl23 signals.
The Rhl23 fluorescence from a single drg cell after background subtraction is expressed 
as a percentage of the basal dye fluorescence (see section 6.4.1). Application of NaCN 
(2mM) for the period indicated by the solid bar caused an increase in the fluorescence 
signal, indicative of a depolarisation of the mitochondrial membrane potential (\jfm). A 
comparable effect on \|fm was seen when the cell was exposed to anoxic conditions 
(hatched bar). These responses did not signify a total collapse of the mitochondrial 
membrane potential as indicated by the even greater depolarisation on application of the 
proton ionophore FCCP (5pM) at the arrow. (Experiments were carried out at 34°C)

B. A plot of changes in Rhl23 signal as a percentage of the basal level as a function of 
p02. This highlights the lack of effect of hypoxic conditions on \\fm (data shown for n=3 
at 24°C and n=l at 35°C); an increase in the Rhl23 signal was only seen when the p02 
was reduced to zero.

235



% 
ba

sa
l 

Rh
12

3 
flu

or
es

ce
nc

e 
% 

ba
sa

l 
Rh

12
3 

flu
or

es
ce

nc
e

300-1

250-

200 -

150-

100 -

kW V yV V I t

0 200 400 600 800
time (seconds)

170-i

160- g

150- 

140- •

130- #

1 2 0 -  

1 10 -  ^  

1 00 -  -

i i i i i  ̂ i i I i i i i i i i
0 20 40 60 80 100 120 140

p 0 2 (m m H g )

236



9.3.2 EFFECT ON [Ca2+]j OF M ETA B O LIC  POISONS

Sodium cyanide (NaCN, 2mM) inhibits the electron transport chain by its binding 

to cytochrome c oxidase and as already shown in sections 6.4 and 6.5 results in a 

depolarisation of \|fm and an increase in mitochondrial NADH. Exposure of indo-1 loaded 

drg cells to NaCN resulted in a an increase in intracellular calcium comparable to the 

effects of anoxia (n=27) (figure 9.4a). Furthermore responses to anoxia and NaCN were 

mutually exclusive (n=5).

Though acting at a different point along the electron transport chain (see section 

6.4.2), rotenone like NaCN and anoxia had effects on [Ca2+]j. External application of 

rotenone (lOpM) produced a rise in [Ca2+]4, but the time course of the response was 

considerably slower than those for anoxia or NaCN and the response to rotenone was 

effectively irreversible over a 5-10 minute time period. This final point lead to only a 

limited use of rotenone in the study of metabolic poisons on [Ca2+]j.

The mitochondrial uncoupler FCCP was another reagent whose external application 

resulted in an increase in [Ca2+]; (n=15)(figure 9.4b). FCCP is a proton ionophore which 

collapses the mitochondrial membrane potential (see section 6.4.2.1). The rise in 

intracellular calcium was most probably a result of the release of the mitochondrial 

calcium pool down its electrochemical gradient as the mitochondrial membrane potential 

was dissipated. This response was less variable than those of anoxia and NaCN, partly 

due to a lower temperature sensitivity (see below).

From the data so far it was apparent that anoxia had similar effects on the 

variables of mitochondrial function monitored and on [Ca2+]j as the inhibitors of the 

electron transport chain cyanide and rotenone. Results using FCCP which increased both 

Rhl23 and indo-1 signals while showing a fall in NADH levels indicated that the changes 

in calcium were more closely linked to the depolarisation of the mitochondrial membrane 

potential than the activity of the electron transport chain, which rather than being inhibited 

is allowed to "free-run" during exposure to FCCP. However, the results were still unclear 

as to the exact relationship between the changes seen in [Ca2+]j and in \|/m and so these 

variables were examined in more detail by considering their dependence on both 

temperature and extracellular calcium.
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Changes in mitochondrial NADH levels.

Acute anoxia for the period indicated by the hatched bar initially resulted in a slight 
decrease in NADH levels followed by a more substantial increase later. On returning to 
normoxia a rapid overshoot of the autofluorescence indicating a transient period of very 
low NADH levels.
The response to NaCN (2mM: filled bar) was not so complex resulting solely in an 
increase in NADH levels. This response was comparable to the maximum of the response 
to anoxia.
Application of FCCP (5pM), at the arrow, would have collapsed \|fm and so uncoupled the 
mitochondria. The autofluorescence decreased indicating the reduced state of the electron 
transport chain.
(temperature 31°C)
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FIGURE 9.4

Estimated [Ca2+]j from an isolated drg cell loaded with indo-1 and the dye excited at 
360nm. A reduction in the p02 of the solution bathing the cell (hypoxia), for the duration 
indicated by the hollow bar, had no effect on the resting [Ca2+]j. For the period shown 
by the hatched bar the conditions were made anoxic and a sharp increase was seen in the 
level of cytosolic calcium. For the cell shown the response to NaCN (2mM: solid bar) 
was smaller than for anoxia, though responses to these two conditions were generally 
comparable. The application of FCCP (5pM) at the arrow gave the greatest increase in 
[Ca2+],
(Experiment carried out at 35°C)
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9.3.3 TEMPERATURE SEN SITIV ITY

9.3.3.1 [Ca2+]j responses

The rise in [Ca2+]j to either anoxia or NaCN were generally of similar amplitude. 

At room temperature (20-23°C) the response was negligible, but as the temperature was 

increased the magnitude of the response over a 3 minute time period also increased (figure 

9.5a); though still quite variable from cell to cell. More dramatic and more consistent 

between cells was the increase in the initial rate of rise of the response (figure 9.5b). An 

increase in the rate of onset of the response of about 4-5 fold per 10°C (over 25°-35°C 

range) was observed (n=9). The responses appeared to increase dramatically above 36- 

37°C, but with this there was also seen a deterioration in the health of the cell.

In contrast, neither the changes in [Ca2+]; induced by FCCP nor 50mM K+ showed 

such a dramatic temperature sensitivity.

9.3.3.2 Rhl23 responses

The responses to anoxic insults or NaCN did not show the same marked 

temperature sensitivity as those described above when monitoring [Ca2+]j with indo-1. 

The initial rate of rise in Rhl23 fluorescence in response to anoxia, NaCN and FCCP 

were compared (figure 9.6). Rhl23 responses to anoxia showed very little temperature 

sensitivity, while those to FCCP and NaCN showed a similar pattern of temperature 

sensitivity (figure 9.6). Despite the consistent result that responses obtained from the 

same cell were faster at higher temperatures (NaCN, n=4; FCCP, n=2), the apparent 

reversal of the trend around 34°C and higher meant it was also possible that at these 

temperatures the physical properties of the dye were affected.

The marked increase in the Rhl23 signal to either anoxia or NaCN at room 

temperatures (19-22°C) contrasts to the negligible effects on intracellular calcium levels 

seen under the same conditions. Therefore, the changes [Ca2+]j were not a direct result 

of changes in \|/m, but this did not rule out the possibility that changes in mitochondrial 

membrane potential played a part in initiating the events leading to an increase in [Ca2+]i 

(see section 1.4.5), with a temperature dependent step linking the two.
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FIGURE 9.5

Temperature sensitivity of [Ca2+]i responses.

A. The rise in [Ca2+]j in response to anoxia varied with temperature. All traces are from 
the same cell. Anoxic conditions persisted for the period following the arrow. The indo 
fluorescence was excited at 340nm.

B. A linear regression was fitted to the steepest part of each response. The rate of rise 
in [Ca2+]i was then plotted as a function of the temperature. This was carried out for 
traces obtained with an excitation wavelength of 340nm (dashed line and filled circles) 
and of 360nm (solid line and filled box). ( for each data set n=3 ±SEM)
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9.3.4 DEPENDENCE ON EXTERNAL CALCIUM

9.3.4.1 [Ca2+]j

External calcium was replaced by magnesium ions to see if the influx of calcium 

across the plasma membrane played any part in the changes in [Ca2+]j in response to 

anoxia or metabolic poisons. In contrast to the sharp dependence to external calcium of 

the increase in cytosolic calcium following plasma membrane depolarisation by 50mM K+ 

solution (see section 8.3.1 and Duchen et al., 1990), this manoeuvre did not result in a 

clear, immediate loss of any of the responses to anoxia or metabolic insults.

When there was an absence of external calcium the increase in [Ca2+]i in response 

to anoxia was still present (figure 9.7). Often the response was reduced, but never by 

more than 50% (uncalibrated signal; n=10) of control.

FCCP by collapsing the mitochondrial membrane potential will release Ca2+ from 

the mitochondria down its electrochemical gradient. Therefore, as expected the response 

to FCCP was still present on removal of external calcium (n=6), and , as for anoxia and 

NaCN, never reduced by more than 50% of control (uncalibrated signal; n=4) (fig. 9.7b) .

The maintained, though reduced, response to anoxia in nominally calcium-free 

conditions indicated the response to be due to calcium release from an intracellular pool. 

The rundown of the responses during repeated insults in nominally calcium-free conditions 

explainable as a depletion of the store.

9.3.4.2

Changes in \|fm in response to anoxia were independent of external calcium (n=3) 

(figure 9.8). Similar results were previously documented for FCCP (n=4) and NaCN 

(n=3) (see section 6.4.2 and figures 6.5a & 6.6b).

The continued similarities between the response to anoxia and the metabolic poison 

NaCN indicated that the effect of anoxia was related to changes in mitochondrial function 

with a suggested link between these changes and the increases in [Ca2+]j. It was possible 

that the intracellular store from which the calcium was released during these responses 

was the mitochondrion. However, it was also possible that these manoeuvres were acting 

on an ATP-dependent store and in an attempt to examine this possibility the effects of 

oligomycin, an inhibitor of the FjFg-ATPase, were studied.

243



FIGURE 9.6

Temperature sensitivity of Rhl23 responses.

The plot A shows the rate of rise of the initial phase of responses to anoxia in 8 different 
cells as a function of the temperature of the solution the cells were bathed in. The 
hatched line links responses from the same cell observed at different temperatures.

Similar plots were compiled for responses to 2mM NaCN (B; n=9) and 5pM FCCP (C; 
n=10).
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FIGURE 9.7

A. A drg cell loaded with indo-AM and the dye excited at 360nm. A brief application 
of 50mM K+ (at the arrow) depolarised the cell membrane potential and a large influx of 
calcium was seen. Exposure of the cell to anoxia conditions, for the period indicated by 
the hatched bar, also resulted in a rise in [Ca2+]; though smaller and more gradual. 
Replacement of external CaCl2 with MgCl2 resulted in a decrease in resting [Ca2+]j. The 
response to anoxia appeared unaffected by the loss of calcium from the bathing medium, 
(temperature 30°C)

B. Records from a different cell, but again loaded with indo-AM to monitor [Ca2+]j 
(excitation wavelength of 340nm).
Initially the cell was bathed in control solution containing 2mM CaCl2 and later as 
indicated on the figure the medium was switched to one which was nominally Ca2+-free. 
Application of 50mM K+ at the arrow caused a rapid and transient rise in intracellular 
calcium in calcium-containing conditions. Application of FCCP (5pM), as shown by the 
filled bar, caused a rise in [Ca2+]j of similar magnitudes in both calcium-free and calcium- 
containing conditions, (temperature 19°C)
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FIGURE 9.8

Dependence on external calcium.

The records show that the depolarisation of \j/m in response to anoxic conditions (hatched 
bar) are comparable when the cells are bathed in nominally calcium-free or calcium 
containing media. The amount of calcium in the external solution as indicated at the top 
of the trace. (Experiment carried out at 39°C)
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9.3.5 THE ROLE OF THE Fi/F0-ATPase

As shown earlier oligomycin, by inhibiting the FjF0-ATPase and preventing proton 

influx through the F0-pore, hyperpolarises the mitochondrial membrane potential (see 

section 6A.2.2). If  the sole connection between changes in cytosolic calcium and 

mitochondrial function was a change in \|/m then oligomycin should not increase [Ca2+]j. 

However, application of oligomycin to indo-1 loaded cells did result in an increase in 

[Ca2+]| (n=10; figure 9.9). The dependence of this response on external calcium was not 

examined and therefore this effect could either signify a non-specific action on membrane 

ATPases or it could result from the release of calcium from an ATP-dependant 

intracellular store and not necessarily the mitochondria.

The effect of inhibiting the electron transport chain while the F,F0-ATPase was 

inhibited was observed by pre-treating Rhl23-loaded drg cells with oligomycin (2.5pg/ml) before 

exposure to anoxic conditions, NaCN or rotenone. The rise in Rhl23 signals in response 

to anoxia (n=4) (figure 9.10) or metabolic poisons (refer to figure 6.6) were markedly 

increased not only in magnitude but also in the rates of onset and decay of the responses, 

so as to become comparable with those changes observed to FCCP. The lack of effect 

of hypoxia on Rhl23 signals remained (n=2) (figure 9.10).

9.3.5.1 Biphasic changes in RHI23 fluorescence to anoxia

As mentioned in section 9.3.1.2, the responses to anoxic insults and to NaCN 

consisted of an initial rapid rate of rise followed by a second more gradual component. 

Therefore, although the rising and falling phases of these Rhl23 responses were all 

generally well fitted by a single exponential, the majority could also be fit equally well, 

or better, by a two exponential fit (figure 9.11).

The distinct change in the nature of these responses following pre-treatment with 

oligomycin could be explained by a loss of the second slower component; a possibility 

discussed further in section 9.4.
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FIGURE 9.9

B. Effect of oligomycin on [Ca2+]j.
A brief application of 50mM K+ was used to test the viability of the cell (see section
8.3.1). The Fo/F^ATPase inhibitor oligomycin (2.5pg/ml) was then applied for the 
duration of the filled bar and a gradual rise in [Ca2+]j was observed, (temperature 27°C).
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FIGURE 9.10

Effect of oligomycin on Rhl23 responses to changes in p02.
Rhl23 fluorescence was unaffected by hypoxic conditions (hollow bar), it was only when 
the oxygen tension was close to zero (hatched bar) that an increase in fluorescence was 
observed.
The second part of the trace show the response to hypoxia and anoxia after the cell had 
been exposed to oligomycin (2.5pg/ml). There is still no response to hypoxia on \j/m, but 
the response to anoxia is now markedly increased. This increased magnitude of the 
response following oligomycin was not always observed. However, the increased 
prominence of the initial, rapid rate of depolarisation and the loss of the later, more 
gradual phase of depolarisation was more common after exposure to this inhibitor (see 
figure 9.11 and section 9.3.5). (temperature 36°C)
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FIGURE 9.11

The increase in Rhl23 fluorescence monitored in a single cell in response to anoxic 
conditions was well fitted with a single exponential (x=38.05 sec; R=0.9946). For the 
same response a better fit could be achieved using two exponentials (x,=4.03 sec, t2=55.28 
sec; R=0.9962) emphasising the biphasic nature of the effect of anoxia on Rhl23 
fluorescence.
(Experiment carried out at 23.5°C)
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9.4 DISCUSSION

In order to maintain their cellular integrity, which includes membrane stabilisation, 

ion pumping to maintain gradients, synthesis and handling of neurotransmitters, lipids and 

nucleic amino acids (Lajtha et a l, 1981) the energy demands of neuronal cells are high. 

The main pathway used to meet these energy demands is oxidative phosphorylation, for 

which oxygen and glucose are necessary (see section 1.5).

As a consequence, brain function and ion movements are closely linked through 

ATP, though the links between brain function and energy metabolism are not so clearly 

understood (Hansen, 1985). When conditions are compromised so the cells energy 

demands are no longer met eg., during ischaemic or hypoxic a well defined pattern of 

changes is seen in ion distribution. This disruption of ionic gradients across the cell 

membrane (Hansen, 1985) has severe implications for the maintenance of the membrane 

potential. Initially (within seconds) small changes are seen as the "rundown" of the cell 

membrane Na+-K+-ATPase occurs, which derives more than 90% of its energy 

requirements from oxidative phosphorylation (Erecinska &  Dagani, 1990). The result is 

a net Na+ influx and K+ efflux from the cell and the resultant, increase in [K+]0 will 

depolarise surrounding cells. This initiates a cascade of events including increased 

neurotransmitter release (Alnaes & Rahamimoff, 1975; Benveniste et a l ,  1984), which 

will interfere with normal neural processing. Particularly relevant is the release of 

excitatory amino acids (Rothman, 1985; Rothman &  Olney, 1987), which may partly 

explain the spreading depression-like depolarisation sometimes observed during ischaemic 

insults and can have long lasting detrimental effects (Van Harrevald, 1959; Balestrino et 

a l,  1988). Later, after several minutes, once residual ATP supplies have been exhausted 

(Hansen, 1985), the ion gradients collapse and the cell undergoes osmotic shock due to 

a breakdown of membrane permeability. While Na+ and Ca2+ ions continue to accumulate 

within the cell, K+ ion concentrations in the interstitial space can rise as high as 80mM 

(Hansen, 1978); once [K+]0 is in excess of 16mM impulse propogation ceases (Hossmann 

et a l ,  1977).

During the course of these changes there is a dissociation between function and 

ionic movements as a functional prerequisite for electrical activity (Hansen, 1985). In 

addition, the effects of metabolic insults extend much further than alterations in membrane 

excitability. Disruptions of cellular function by metabolic insults are well documented.
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However, still under much debate is the mechanism(s) which initiate these processes and 

more crucially the primary factors responsible for initiating irreversible cell injury and 

death (Siesjo, 1981; Siesjo &  Bengtsson, 1989; also see section 1.6).

the preparation used

In the present study isolated drg cells were used from animals of about 2 weeks 

post-natal age and were considered a preparation of mature cells. The age of the cells 

was relevant as there is documented evidence for an increased sensitivity to 

anoxia/ischaemia in cells from older animals (Fazekas et al., 1941; Dawes, 1968). For 

example; the glycolytic capability of the immature brain is sufficient to regenerate ATP 

at around 50% of the normal rate compared to 25% in the adult (Nordstrom &  Siesjo, 

1978; Hansen &  Nordstrom, 1979). In addition, as noted earlier this difference between 

young and adult animals may also be reflected in the properties of membrane 

conductances; HVA calcium currents in immature cells appear less sensitive to the 

phosphorylation state of the channel than their adult counterparts (see Kostyuk et al., 

1981b). The young age of the animals used may result in quantitative differences between 

this study and those with cells from older animals, but as a mature preparation 

qualitatively they should provide similar results (also see Urban &  Somjen, 1990).

It is always important to remember that an in vitro preparation may not truly 

reflect the integrated in vivo state, however the reductionist approach of looking at single 

cells does offer several advantages. The system as a whole becomes more simplified, 

hopefully making it easier to unravel the mechanisms underlying the phenomena to be 

studied. The number of factors involved in a response are reduced allowing greater ability 

to control and manipulate the environmental conditions. The lack of any synaptic 

connections between the DRG cells in the experimental chamber means there is no 

interplay between separate cells in the dish. Also variability in the responses to hypoxic 

I or ischaemic conditions have been documented even amongst homogeneous cell 

populations (Silver & Erecinska, 1990), so by looking at single cells a more accurate idea 

of cell to cell variation and individual responses should be possible. This may be 

especially relevant considering the heterogeneity which exists for drg cells (see section 

1.3 &  5.5).
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previous studies with DRG cells

Previous studies carried out in this laboratory (Duchen &  Somjen, 1988; Duchen, 

1990; Duchen et al., 1990) using a preparation of acutely isolated drg cells have examined 

the effects cyanide.

Electrophysiological studies have shown how exposure to cyanide hyperpolarised 

the cell membrane by the activation of a calcium dependent potassium current (gK(o) 

(Duchen, 1990); hyperpolarisation due to K+ efflux has also been documented in the CNS 

(Kmjevid, 1975; Kmjevic & Leblond, 1987; Erecinska &  Dagani, 1990; Silver &  

Erecinska, 1990). A calcium-dependent chloride current (Ici(ca>) was also increased, while 

an attenuation of the anomalous rectifier (IH) and LVA and HVA calcium currents were 

observed. These data indicated an increase in [Ca2+]j which was confirmed by further 

studies using the fluorescent calcium indicator fura-2 (Duchen et al., 1990).

In contrast, a recent study by Urban &  Somjen (1990) has shown how hypoxic 

insults to mouse drg cells of a similar age (about 2 weeks post-natal) resulted in 

membrane depolarisation. The disparity between these two sets of results may lie either 

in the differences between using acutely isolated cells (Duchen, 1990) or intact ganglia, 

or alternatively may emphasise that cyanide is not an exact model of the hypoxic 

condition.

changes in [Ca2+]; with changes in p 02 and metabolic poisons

There is a large body of work which implicates a pivotal role for calcium in 

responses to metabolic insult and as a final common path leading to cell death (Schanne 

et al., 1979; Nayler, 1983; Bellomo &  Orrenius, 1985; also see section 1.6).

Resting [Ca2+]j in isolated drg cells appeared insensitive to reductions in oxygen 

tension unless it was to levels close to zero (anoxia). In most animal models of hypoxic 

injury the use of severe hypoxia is necessary to produce neurologic injury (Kaplan et al., 

1987). However, results from slice or in vivo preparations have shown changes in 

cytosolic calcium levels during hypoxia as measured by calcium microelectrode (Silver 

&  Erecinska, 1990). There are a number of possible explanations for this apparent 

disparity. The perfusion of hypoxic solutions over the surface of a slice will result in 

anoxic regions deeper down into the slice due to the oxygen gradients set up. Also, the 

protocols used in studies of slice preparations generally involve much longer periods of
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metabolic insult and within the slice a greater number of variables will be involved and 

the integrated effect may result in an enhanced response.

In the present study, the changes in free cytosolic calcium induced by anoxia were 

not a result of calcium influx from the external medium, which was in accordance with 

suggestions that the initial calcium rise in neuronal cells was due to a failure of calcium 

buffering (McBumey &  Neering, 1987). The mechanism by which this occurs is a matter 

of debate and may vary between different cell types. Suggested mechanisms include a 

decline in ATP altering Ca2+-ATPase activity at the plasma membrane, leading to a 

decrease in Ca2+ efflux (Carafoli, 1987). The decline in ATP levels may possibly result 

in calcium release from an ATP-dependent store. Alternatively release from other 

intracellular stores such as the endoplasmic reticulum (Tanford, 1981) or the mitochondria 

(Fiskum & Lehninger, 1982) may be involved.

Despite the presence of a well developed endoplasmic reticulum in drg cells 

(Ransom et al., 1977), caffeine had a limited ability to raise intracellular calcium in this 

preparation of cells (Duchen, unpublished) which was evidence against its involvement 

as an anoxia-sensitive calcium pool. The comparable release of calcium into the cytosol 

by NaCN with that to anoxia and the mutually exclusive nature of such responses was 

indicative of a role for the mitochondria. Furthermore, Chance (1976) documented that 

a 70-90% reduction in cytochrome c was sufficient for the mitochondria to release a third of 

its calcium store.

[Ca2*]j and the mitochondria

During oxidative phosphorylation, oxygen is reduced at the terminal complex of 

the electron transport chain to give water (see section 1.5.3 & figure 1.4) and it is this 

step which is believed to be rate limiting for the respiratory chain. It is not until the Kn, 

for the cytochrome c oxidase is reached that the activity of the electron transport chain 

is altered. Since the is reported to have a very low value of around 0.01 to 0.3pM 

oxygen (Jones, 1986; Oshino et al., 1974) and there is only a small diffusion gradient 

believed to exist between the bathing medium and the mitochondria (Robiolio et al., 1989) 

one would not expect any effect on mitochondrial function until near anoxic conditions. 

This final point would explain the lack of effect of hypoxic conditions on any of the three 

variables monitored in the present study. In addition a lower affinity at this site has been
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suggested as a possible mechanism by which the carotid chemoreceptor can sense graded 

changes in the level of p02 (see Biscoe &  Duchen, 1990a &  b).

More recently there has been a shift away from the view that mitochondria can act 

as a low affinity buffer for cytosolic calcium (Carafoli, 1987; Crompton, 1990) towards 

one with a greater emphasis on the regulatory role of intramitochondrial calcium levels. 

In particular, the activities of three NAD-linked hydrogenases (pyruvate-dehydrogenase, 

iso-citrate dehydrogenase and a-oxoglutarate dehydrogenase) are increased by raised 

mitochondrial [Ca2+]. This is especially relevant as these are key regulatory enzymes of 

mitochondrial oxidative metabolism (Hansford, 1985; Crompton, 1990; Denton &  

McCormack, 1990).

Due to calcium-cycling there is a continuous flux of calcium across the inner 

mitochondrial membrane, which may regulate the distribution of calcium between the 

cytosol and the matrix (see section 1.5 and also Nicholls &  Crompton, 1980; Nicholls &  

Akerman, 1982; Carafoli, 1987; Crompton, 1990). Increased cell activity and 

consequently an increase in the cells energy demands can therefore be relayed to the 

mitochondria via increased cytosolic and subsequently intramitochondrial calcium 

concentrations. In turn, this will increase the activity of the enzyme systems noted above 

and accordingly, ATP production will increase to meet the demands of the cell without 

any substantial change in ATP/ADP or the NADH/NAD* ratios (Hansford, 1988; Denton 

& McCormack, 1990).

Calcium release from the mitochondria during an anoxic insult would interfere 

with this regulatory system; the fall in mitochondrial calcium levels down-regulating the 

system. Initially, this may seem detrimental to the cell, but it may in fact serve

as a protective mechanism to reduce energy expenditure in times of difficulty.

The mitochondria take up approximately 15% of the cytosolic volume in heart 

cells (Crompton, 1990). In order to raise [Ca2+]4 by the amounts seen in these experiments 

(100-200nM) a concentration of free calcium in the matrix of around lpM  is required 

which is within the range for both liver and heart mitochondria (0.5-3pM; Hansford &  

Castro, 1982; Coll et al., 1982). If  in neuronal cells an equivalent volume was taken up 

by mitochondria and the free calcium in the matrix was also comparable with that for the 

cell types mentioned above, then a release of calcium from the mitochondria could 

account for all the changes seen in [Ca2+]j. I f  not all, but only a part could be explained
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by release calcium from the mitochondria then alternative mechanism would be required. 

But, for either case, the calcium release from mitochondria could stimulate the further 

release of calcium from another intracellular pool, similar to the calcium-induced calcium 

release proposed for muscle cells (Miledi et al., 1977).

[Ca2+]; and ATP

When electrophysiological experiments were performed to study the effects of 

cyanide, activation of IK(Ct) was still observed despite the inclusion of ATP in the patch 

pipette solution (Duchen, 1990). This indicated the rise in [Ca2+]j to be independent of 

[ATP]t, unless the ATP included in the patch pipette did not manage to adequately dialyse 

the cell interior, a possibility which cannot be fully discounted.

In contrast, when oligomycin was used as a selective inhibitor of the Fj-Fq- 

ATPase it was able to raise [Ca2+]4 levels and may indicate the presence of an ATP- 

dependent release site. But, it has also been reported to alter other cell functions 

including the Na+-K+-ATPase (Fahn et al., 1966), which by increasing [Na+]j may result 

in a reversal of plasma membrane Na+/Ca2+ exchange. Provided its action at these other 

non-specific sites were negligible, the question would then be whether such an ATP- 

dependent store would be of relevance during these periods of acute anoxia. The rundown 

of ATP during anoxia is dependent on a number of factors including the extent of 

buffering provided by the increased rate of glycolysis (discussed below) and the [Creatine 

phosphate]/[Creatine] ratio (Meyer et al., 1984). This is made more complex by the abilty 

of divalent cations to regulate not only the activity of the F^-ATPase but also the 

activity of an inhibitor protein for this enzyme complex (Schwerzmann & Pedersen, 1986; 

Senior, 1988).

Due to such buffering, in cerebral cortex it takes 5-7 minutes for the ATP 

concentration to decline to levels from which no useful energy can be made available to 

ATP-requiring reactions (Siesjo, 1981). If  a similar time course were to exist for drg cells 

then a decline in ATP levels alone cannot account for all the changes observed.

the Pasteur effect

During an anoxic insult the decrease in ATP and creatine phosphate levels in the 

cytoplasm while ADP, AMP and Pj in the cytosol increase result both in a loss of
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inhibition and a stimulation of phosphofructokinase activity (Kauppinen and Nicholls,

1986). This enzyme is a rate limiting step in glycolysis (see section 1.5.1 &  figure 1.3a) 

and so its enhanced activity will increase the rate of glycolysis. This is referred to as the 

Pasteur effect and is also observed in response to NaCN and rotenone (Kauppinen and 

Nicholls, 1986).

The presence of sufficient substrate (glucose, lOmM) and the lack of any of any 

inhibitor of glycolysis (eg., iodoacetic acid) means effects on this pathway during the 

course of the experiments remained unchecked. In all probability the Pasteur effect would 

result during these short periods of metabolic insult, probably buffering declining ATP 

levels and reducing the role of ATP in the responses seen, however, glycolysis would 

have to increase by around 15-fold to maintain normal ATP regeneration.

From the literature it appears that the increase in glycolysis will cause an increase 

in lactate production. L-lactate is believed to exert the stereospecific effect of decreasing 

calcium uptake into cells and limiting rises in intracellular calcium (White &  Clark, 1990). 

In addition it may be responsible for acidification which occurs during anoxia (Silver &  

Erecinska, 1990), which, by whatever mechanism it occurs, appears to serve as a 

protective mechanism (Lemasters et al., 1990). A fall in pHj may be limiting the rise in 

calcium observed in this system, but in these experiments pHj was not monitored and so 

its contribution is not known.

drg cell redox state

It is widely believed that the control mechanisms within the cell for respiration 

consist of shared regulation between calcium, adenosine nucleotides (ATP, ADP) and 

pyridine nucleotides (NAD, NADH, NAD(P)H) (Kacser & Bums, 1973; Chance et al., 

1986; Groen et al., 1986; Heineman &  Balaban, 1990). Mitochondrial NADH levels are 

also indicative of the oxidation-reduction state of the electron transport chain, even down 

to very low levels of oxygen; a fact which was made use of in this study.

The reduction of NAD to NADH occurs during oxidation steps in the TCA cycle 

(see section 1.5.2 & figure 1.3b) making NADH available as an oxidisable substrate for 

the electron transport chain. Inhibition of the respiratory chain at cytochrome c oxidase 

either by NaCN or by a lack of oxygen during anoxia, therefore leads to a build up in 

mitochondrial NADH levels observed as an increase in cell autofluorescence. This

259



increased level of NADH will itself have negative feed back effects on the activity of the 

TCA cycle. Changes in ADP levels (Chance &  Williams, 1955, 1956), [Ca2+]4 and in 

membrane potential will also alter TCA cycle activity and the production of NADH  

(Lothman et al., 1975; Erecinska & Dagani, 1990). However, as observed here, the net 

effect is one of an increase in NADH levels reflecting the oxidised state of the electron 

transport chain.

In conditions of ischaemia it is well documented that reperfusion can itself be 

detrimental to the cell, especially when prior to the ischaemic insult an abundance of 

substrate (glucose) was available. A main feature of the damage which occurs is lipid 

peroxidation due to a build up of hydroxyl free radicals (OH) in particular (Kaplan et al.,

1987). Anoxia, in addition to its effects on the electron transport chain, can result in free 

radical production following the breakdown of ATP to hypoxanthine by the action of 

xanthine oxidase. Recently several groups have documented the damaging effect of these 

free radicals with respect to NADH. It appears they can activate an NAD-dehydrogenase 

and subsequently the hydrolysis of NADH yields an NAD dependent cyclic ADP-ribose 

(Richter et al., 1987; Richter &  Kass, 1991). This ADP-ribose in turn has the ability to 

release calcium from an intracellular pool (Lotscher et al., 1980; Rusinko & Lee, 1989).

It would therefore seem possible that part of the change in [Ca2+]; seen in response 

to metabolic insult could be mediated in this way. However their are several caveats to 

this hypotheses. Firstly, NaCN would not be able to mimic this free radical production 

and so one would expect the responses to anoxia to be larger than those to CN, but they 

were not. Secondly, this mechanism requires external calcium (Richter & Kass, 199l ) t 

but in the present study repsonses are still seen under nominally Ca2+-free conditions.

During anoxic insults the lack of oxygen causes a shift in the respiratory state of 

the mitochondria from the normal aerobic "resting" state (state 4) to state 5. Initially this 

is an energy rich state, but over the ensuing minutes an energy poor state 5 is reached as 

ATP levels fall, NADH levels increase and energy-dependent pathways weaken. On 

return to normoxia the mitochondria enters a pathological "active" state (state 3) of rapid 

respiration which is maintained until the energy deficit is overcome and resting conditions 

restored (Chance & Williams, 1956; Chance, 1976; Robiolio et al., 1989). The shift into 

state 3 respiration could provide an explanation for the observed overshoot in 

mitochondrial NADH to very low levels.
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Though a similar build up of NADH was seen with NaCN this chemical insult did 

not result in such an overshoot. It was possible that this resulted from the slower 

diffusion of cyanide out across the cell membrane on returning to control solutions 

masking such a transient effect.

effect on mitochondrial membrane potential (\|/m)

The proton-chemical gradient across the inner mitochondrial membrane is 

estimated to be approximately 180mV, with the matrix negative to the cytosol. About 

130-150mV of the 180mV is due to \|/m which is maintained by the proton pumps of the 

electron transport chain and supports ion fluxes across its inner membrane and the 

remainder is due to the pH gradient. The proton chemical gradient governs the rate of 

ATP production by the F^Fo-ATPase (see section 1.5).

Both anoxia and NaCN by inhibition of the electron transport chain cause a 

cessation of proton translocation, seen as a decrease in y m. These depolarisations were 

not equivalent to a total collapse of \|fm, evident by the greater increase in Rhl23 

fluorescence to the proton ionophore FCCP. However, the second more gradual phase to 

the increase in Rhl23 signals to NaCN and anoxia, over extended periods, may have 

eventually resulted in a total collapse of the mitochondrial membrane potential.

The changes in Rhl23 fluorescence were more dramatic than the changes in [Ca2+]j 

and also appeared to lack their marked temperature sensitivity. This would indicate that 

the changes in [Ca2+]j were not responsible for the depolarisation of y m, which if anything 

would probably be more likely to cause a hyperpolarisation of \|/m. But it is possible that 

the reverse may occur with a depolarisation of \jfm increasing [Ca2+]4.

The mechanism of calcium flux across the inner mitochondrial membrane is a 

cycling process (see section 1.5.4). The uptake system, which is a Ca2+-uniport, is voltage 

sensitive and appears to be regulated by \|/m (Kapus et al., 1991). The efflux is driven by 

the pH gradient, making the whole cycle dependent on the proton chemical gradient, A^. 

Normally <0.2% of the energy of A^ is used in regulating the calcium distribution across 

the inner mitochondrial membrane (for cardiac cells;Crompton, 1985). The depolarisation 

of the mitochondrial membrane potential during the metabolic insults described, by 

interfering with this cycling process, could account for the increase observed in [Ca2+]j. 

If  the differences in the temperature sensitivity between changes in [Ca2+]j as compared
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to those in \\/m reside at this level this is most likely to indicate an effect on the efflux 

mechanisms for Ca2+ out of the mitochondria rather than an effect on the Ca2+-uniporter, 

which does not appear to be temperature sensitive (Nicholls &  Akerman, 1982).

Alternatively, changes in y m may not directly cause the release of calcium in the 

cytosol, but other intermediary steps may be involved. ATP synthesis is closely 

associated with the mitochondrial membrane potential, hence a depolarisation of \j/m will 

slow ATP production and may eventually even lead to its breakdown by reversal of the 

F^g-ATPase. As mentioned above, this decline in ATP levels could result in the release 

of calcium from the mitochondria or an ATP-dependent store.

Since oligomycin hyperpolarised, rather than depolarised \|/m, its ability to raise 

[Ca2+]j appeared to be by a mechanism independent of an effect of \jfm on the 

mitochondrial calcium pool. If  anything, the effect of oligomycin on the mitochondrial 

membrane potential would be expected to stimulate uptake of calcium into the 

mitochondria. Since the duration of anoxia required for ATP levels to fall to levels low 

enough to initiate such events is in excess of the periods used for this study, it is

unlikely that ATP plays central role in the responses seen, but its involvement should not 

be totally discounted.

The proton gradient generated by the redox enzymes of the respiratory chain 

provide the energy for the activation of the F^-ATPase. Incorporated in the F0-subunit 

is a proton conductance. During the production of ATP, when the Fj and F0 subunits are 

associated, proton(s) pass from the cytosol into the mitochondrial matrix (see section

1.5.4). Inhibition of the FjF0-ATPase by oligomycin will inhibit the proton flux, 

accounting for the slight hyperpolarisation of \|/m (see section 6.4.2.2). During the 

metabolic insults the influx of protons through the F0-pore will initially contribute to the 

depolarisation observed. However, as the proton chemical gradient diminishes so too will 

the drive for the activity of the FjFo-ATPase and ATP synthesis will slow, eventually its 

equilibrium point will be reached and any subsequent depolarisation of \\fm will reverse 

the proton flux through the pore. The enzyme complex will now breakdown ATP to ADP 

and Pj, and the efflux of protons will offset some of the depolarisation. This may explain 

the second slower phase of depolarisation and also why it is lost following oligomycin.
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summary

A preliminary study of the sequence of events which follow an acute anoxic insult 

has been made. The lack of oxygen reduces p02 levels at the mitochondria close to that 

of the K,,, for the terminal complex, causing inhibition of the electron transport chain. A 

run down of the \|fm occurs while a concomitant increase in the oxidisable substrate 

NADH is seen (levels of FADH2 would also rise). Together, these indicate both the 

oxidised state of the electron transport chain and the inhibition of proton translocation; the 

latter normally associated with the redox enzymes of the electron transport chain and the 

maintainance of \|/m.

The effect on the mitochondrial membrane potential will alter mitochondrial 

calcium cycling and may explain the changes in [Ca2+]j. The mitochondria may not be 

the only pool releasing calcium during such metabolic insults as it is difficult to totally 

exclude a role for ATP depletion (Harman et al., 1990; Lemasters et al., 1990).

The insults applied to the cell in these experiments were reversible. However, 

over longer time periods, the effects on calcium homeostasis combined with ATP 

depletion may initiate a cascade of events, resulting in injury and possibly even cell death.

Further studies need to be carried out to confirm some of the mechanisms 

proposed. It is necessary to confirm whether oligomycin increases [Ca2+]j by evoking its 

release from an ATP-dependent store, if this store is mutually exclusive with that involved 

in anoxic responses. There are also additional variables which have not been considered 

and yet may play a role in the events occurring. The relevance of the possible changes 

in the rate glycolysis were not fully investigated. Blockade of glycolysis with iodoacetic 

acid and the inclusion of a suitable substrate for the TCA cycle (see section 1.5.2), would 

afford the opportunity to study such questions.

Fluorescent dyes are now available to monitor changes in both pHj and [Na+]j 

(Duchen, 1991), which is of relevance as both are probably integral to the changes in 

calcium homeostasis. The eventual aim of this study would be to carry out 

electrophysiological recordings simultaneously with fluorescence measurements. This 

would enable a unification of the events occurring at the cell membrane with those 

systems within the cell. Also possible heterogeneity between drg cells may be revealed 

as was seen for the expression of voltage-operated currents.
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