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ABSTRACT 

The sustained calcium current was recorded 1n the 

soma of cat DRG neurones using two suction-electrode 

vol tage clamp techniques . A detailed kinetic analysis of 

the calcium current revealed that the minimal sequentia l 

model that will describe the channel kinetics has three 

closed states preceding an open state . The proposed 4-

state model was able to describe the voltage-sensitivity 

of the data quantitatively but did not adequately account 

for the temperature sensitivity of the calcium current. 

The number of gating charges per calcium channel depended 

on the model used to fit the data, and was 4.4e+ for the 

3- state model and S . 6e+ for the 4- state model. 

( ±)Bay K8644 had only moderate effects on the calcium 

current at a concentration of lOµM. The drug decreased 

the slope of the steady - state activation curve, and 

reduced the threshold for activation of the calcium 

current . There were also complex changes 1n the 

activation and deactivation time constants. 

The effects of replacing the external calcium ions 

with barium were largely due tc changes 1n the surface 

charge . There was some evicence for a direct action on 

the calcium channel. 

Calcium currents recorded from ~abbit and monkey DRG 

appeared to be ve ry similar to those recorded from the 

cat. 

Preliminary data was obtained on the asymmetric 

capacitive currents 1n cat DRG neurones. The currents 
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satisfied a number of the criteria for gating currents 

associated with the activation of voltage dependent 

channels, and were tentatively identified as calcium 

gating currents. 

The blocking effects of cadmium ions were 

investigated . The 10n appeared to block the calcium 

channel at two distinct sites, one within the membrane 

electric field (Kd( OmV) = 16µM) and the other outside 

the electric field = 106µM). Cadmium block was 

relieved at hyperpolarized potentials as if the 10n were 

able to pass through the channel. The voltage dependence 

of the relief of cadmium block was equivalent to a cadmium 

ion crossing 75% of the membrane electric field as it 

left the channel. 

Revers al of the current flow through calcium channels 

was recorded with barium ions on both sides of the 

membrane . The instantaneous I-V rectified more sharply 

than expected from the difference 1n the 10n 

concentrations across the membrane . 

rectification was not clear. 

The reason for this 

Two sodium currents were recorded in cat DRG 

neurones, one blocked by TTX and the other resistant t o 

TTX . There were marked differences 1n the kinetics and 

permeation properties of these channels. 
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Chapter 1 

INTRODOCTION 

Preparation 

The aim of this thesis was to investigate the proper

t i es of ca 1 c i um ch an n e 1 s 1 n f re sh 1 y i so 1 ate d ma mm a 1 i an 

neurones. Two aspects of channe 1 function were 1 nves -

tigated, the voltage dependent gating process, and the 

permeation process. Some preliminary data were obtained 

on the charge movement associated with the activation of 

the calcium channels. 

The cell bodies of cat dorsal root ganglion neurones 

were used. These neurones are specialized, 1n that the 

peripheral termination is an energy transducer, cor-

responding to one of the sensory modalities . The sensory 

i n format ion 1 s re 1 aye d to the s p i n a 1 cord , pass 1 n g the 

cell bodies 1n the ganglia in transit. The cell 
. soma 1s 

not part of the transmission pathway, and does not recei ve 

any synaptic input (Willi s & Coggeshall 1978). Excit-

ability of the soma 1s not required to transmit the 

information to the spinal cord, and the reason for action 

potentials in the cell body are unknown . A single axonal 

process leaves the soma and bifurcates, one branch 

projecting to the spinal cord and the other to the 

periphery . This morphology makes the soma ideal for 

voltage clamp studies, since the cell body can be 

electrically isolated, and excellent space clamp of the 

surface membrane achieved. 
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Interpretation of the data 

The central theme of this thesis 1s the use of 

electrical recording techniques to assay the transitions 

between the various conformations of a membrane bound 

protein . The interpretation of the data relies on a 

number of basic assumptions. 

1) The observed membrane current 1s proportional to 

the number of open channels. This requires that the 

single channel current be constant during the recording 

period . Previous single channel studies have indicated 

that the unit current amplitude is constant, independent 

of pulse duration (Lux & Brown, 1984). This result all ows 

the current relaxations to be attributed to changes in the 

probability that the channel is open. 

2) The observed current is produced by current flow 

t h rough a homogeneous population of channels. This sup-

position is often easy to disprove, but very difficult to 

establish with certainty. The best that can be said 1s 

that the results are consistent with a single population 

of channels having particular properties. One can then 

say that the current is produced by a functionally homo-

geneous population . The underlying implication 1s that 

the channels are structurally homogeneous as well, which 

is not necessarily the case. This unce rtainty underlies 

the basic problem in channel research; relating the arch

itecture of the 10n channe;ls to the functional 

mech anisms. 

3 ) The principle of microscopic reversibility 

( detailed balance) is assumed to hold . Each activation 
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reaction 1s reversible; the channels are not '' u sed up" 

during the activation process. 

4) Channel gating is assumed to involve a large con

format ion a 1 change 1 n the protein mole cu le . The most 

direct evidence 1n support of this are volume changes 

which accompany channel 

Z imme rbe rg & Parseg i an 

activated channels , it 

activation (Conti et 

1986) . In the case 

1s generally assumed 

al. 1982, 

of voltage 

that the 

channel senses the changes in the membrane electric field 

through the dipole moment of the protein. 

5) The channels act independently of each other. 

This assumes that the various reaction rate constants 

are not affected by the presence of another channel close 

by in the membrane. The density of many voltage activated 

channels 1s relatively low when compared to the density of 

channels at the neuromuscular junction where there are 9-

15 x 10 3 acetylcholine activated channels per square 

micrometer (Fertuck & Salpeter 1974, Dreyer et al. 1978). 

Even at this high density the end-plate channels appear to 

act independently since end-plate currents follow approx

imately first order kinetics (Gage & Armstrong 1968, 

Magleby & Stevens 1973) . A consequence of independence 1s 

that the rates of relaxation of the system after a 

perturbation will not depend on the initial conditions. 

The system response will depend only on its present 

condition and not on its past history. Independence 

allows the reaction kinetics to be formulated, in terms of 

probability theory, as a time - homogeneous Markov chain 1n 

which the conformational states are the random v ariables 

and the rate constants are the probabilities of exchange~ 
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The application of stoch astic theories to membrane channel 

reaction kinetics has been developed by a number of 

authors ( Conti & Wanke 1975 , Colquhoun & Hawkes 1977, 

Baumann & Easton 1981, Horn & Lange 1983) . 

Given the above conditions, if N exponentials are 

required to fit the macroscopic current relaxations 

(current due to the activation of a large number of 

channels) , then the re are at least N+ l conf or~a t ions 1 n 

the reaction scheme. Much of the data on the kinetic 

characteristics of membrane channels available at present 

gives an indication of the m1n1mum number of channel 

states, and the possible pathways that link the states. 

Perhaps it would be useful to clarify what is meant 

by channel "states" or "conformations". A particular 

state of a channel could be completely described if one 

knew the exact orientation and energy level of each atomic 

constituent of the protein at a particular instant. 

Viewed in this way the possible number of states for an 

average sized protein molecule would be extremely large. 

A slightly coarser approximation might be to look at the 

orientation of each constituent amino acid residue 1n the 

protein (Stein 1985) . Even this will result 1n a very 

large number of channel states. The sodium channel from 

electroplax for example, has recently been sequenced and 

found to contain 1,820 amino acids ( Nod a et al. 1984). If 

it 1s assumed that each residue could adopt two orien

tations in the tertiary structure of the protein then the 

poss i b 1 e number of states is 2 1 8 2 O • Much of the k in et i c 

behaviour of the most widely studied channels can be 
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explained by invoking the existence of less than 7 channel 

conformations (eg . acetylcholine receptor; 4, Sine et al. 

1 986, Ja channel; 4- 6 , Armstrong 19 81, French & Horn 

1983 , Ca channel; 3-4, Hagiwara & Byerly 1983 , K channel; 

6 , Gilly & Armstrong 1982) and 1n one case only two (K 

channel, La r baca et al. 1980) . This would lead one to 

believe that the vast majority of the conformational 

states of channels are functionally degenerate, 1n the 

sense that the energy fluctuations of single residues do 

not in general have immediate functional consequences. 

Conformational states might be viewed as subsets of 

the total number of molecular orientations . These subsets 

would be linked by common members , the "transition 

complexes" of rate theory (Glasstone et al . 1941). The 

intersection of the conformational subsets would also be 

expected to contain a large number of elements as the 

constraints on the transition configuration must be 

reasonable if a significant proportion of the molecules 

are to adopt that configuration and pass through the 

reaction step. Thus a protein conformation might be 

viewed as a dynamic entity, consisting of a large number 

of different molecular configurations 1n rapid 

equilibrium . 

In this thesis, "conformations" and "states" will be 

used interchangeably to refer to those subsets of 

orientations of the protein that can be resolved by 

electrophysiological techniques. 
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Channel structure a nd fu nct ion 

The probability of a large and complex molecule, wit h 

many degrees of freedom, adopting a transition con

figuration is greatly increased if an external energy 

source is present to drive the transition . In the case of 

voltage activated channels , the electric field across the 

membrane provides a force to physically move the com

ponents of the protein , producing the desired orientation 

of the various structures, and allowing the confor~ational 

change to take place . Although a great deal is known 

about the mode of activation of voltage activated 

channels , almost nothing is known about these underlying 

molecular changes . 

Isolation of the genetic material coding for sodium 

and acetylcholine - receptor channels from eel electroplax 

has great potential for elucidating the molecular 

mechanisms of channel gating . The primary structure of 

these two channels has been established (Noda et al . 1983, 

Noda et al . 1984) . The next problem is the elucidation of 

the secondary and tertiary structures . Detailed in

formation at atomic resolution, on the structure of many 

proteins has been obtained using X- ray crystallography 

(Matthews & Bernhardt 1973) . This technique 1s not 

readily applicable to membrane bound proteins, due to the 

difficulties 1n obtaining pure crystalline material 

(Eisenberg 1984) . An alternative approach may prove to be 

very useful . The 3 - dimensional structure of the protein 

1s predetermined by the primary structure, and so it 

should be possible to accurately predict the secondary and 
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tertiary structures from the amino acid sequence (see Chou 

& Fasman 1978, Chothia 1984, Eisenberg 1984). On the 

basis of such calculations, Noda et al. (1983) proposed a 

secondary structure for the electroplax sodium channel 

having four a- helical membrane -spa nning regions. 

Even this preliminary structural data 1s highly 

suggestive, and seems compatable with the proposed number 

of channel states from electrophysiological data. For 

example , one might 
. 

envisage that each trans-membrane 

region changed orientation sequentially to produce an open 

channel . Catterall ( 1986) has developed similar ideas, 

and more detailed predictions of the secondary structure 

have produced more detailed structural models (Greenblatt 

et al 1986, Guy & Seetharamulu 1986). Since there are 

four regions, this implies at least 4 closed states and 

one open state consistent with the electrophysiology 

(Armstrong 1981), assuming that the conformational changes 

during activation involve gross movements of the secondary 

structures (Zimmerberg & Parsegian 1986). It 1s also 

possible that some of the observed conformations could be 

due to movements of much smaller groups of residues or 

even single residues. 

Covalent modification of membrane channels has been 

used previously in an effort to relate the structure of 

the channel to the functional characteristics (reviewed by 

Brodwick and Eaton 1982) . One of the main problems with 

such experiments was that the position of the modified 

groups on the channe 1 protein was unknown. The more 

detailed information now available on the structure of the 
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sodium channel should allow more accurate interpretation 

of such data, and may provide a means of testing the 

validity of proposed structural and functional models. 

If , as Hille (1984) has suggested, the calcium 

channel 1s the evolutionary precursor to other voltage 

activated channels, then one might expect a certain amount 

of structural homology between it and the sodium channel. 

Certainly, the electrophysiological data suggest that the 

two channels probably have a similar number of closed 

conforma tions. It may turn out that electrophysiological 

data can accurately predict the number of structural 

components of membrane channels . 

Permeation 

The permeation properties of pores 1s another area 

where clear structural information will allow specific 

models to be advanced . Rate theory models have been used 

to describe the permeation characteristics of some 

biological channels . These models were developed as it 

became obvious that the widely used Goldman-Hodgkin-Katz 

(GHK) formalism (Goldman 1943, Hodgkin & Katz 1949), with 

its assumption of independence, was unable to account for 

the saturation and interaction of ions during permeation 

( Hodgkin & Keynes 1955 , French & Adelman 1976, Hille & 

Schwarz 1978, Coronado, Rosenberg & Miller 1978, 

Begenisich & Cahalan 1980a,b) . Application of rate theory 

to permeation can successfully account for saturation and 

10n interaction, without being specific about the 
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molecular mechanisms of the reactions. The main 

advantage / disadvantage of rate theory models 1s that t he re 

are generally a large numb8r of free parameters. In some 

cases the number of free parameters can be reduced by 

making certain assumptions about the channel. For example 

the number of free parameters for the two site model for 

the calcium channel was halved by assuming the channel was 

symmetric . 

Rate theory models are useful 1n that they are 

physically suggestive . Thus , it has been suggested that 

the energy wells or binding sites correspond to charged 

residues protruding from the walls of the channel (Kostyuk 

et al . 1982) . For all the success of rate theory 

permeation models , they share the same status as the 

kinetic models; 

are essentially 

they are empirical approximations which 

independent of the actual molecular 

mechanism . Without precise structural information, it 

remains difficult to sort through the vast number of 

possibilities and produce a model that will successfull y 

account for all the observations. 

Even with an accurate picture of the structure of the 

pore, it may turn out that permeation cannot be approx

imated by rate theory with a static energy profile. 

Lauger and Apell ( 1982) have compared molecular dynamics 

simulations with rate theory and found that the two 

produce quantitatively different predictions. Molecular 

dynamics simulation models require very precise 1n-

formation about the physical structures of the reacting 

groups and the structure of the surrounding water. At 
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present the most detailed simulations have been applied to 

the gramicidin A channel, where the structure 1s well 

defined and the permeation properties have been studied 

extensively (Polymeropolous & Brickmann 1985). Additional 

information must be obtained before such models can be 

realistically applied to other more relevant biological 

channels . 

This thesis examines the kinetic and permeation 

properties of the slowly inactivating calcium channels in 

cat dorsal root ganglion neurones, and relates the results 

to the rate theory models previously proposed for these 

processes . 
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Chapter 2 

METHODS 

2.1 Preparation 

Dorsal root ganglia (L 5 ,L 6 & S 7 ) were removed from 

adult cats (1 . 2 - 2 . 5 kg) during the course other neuro

physiological investigations carried out on the whole 

animal . The cats were anaesthetized with sodium pento-

barbi tone and a dorsal laminectomy performed. Ganglia 

were removed with 3 mm of the medial nerve trunk and 10mm 

of the peripheral nerve trunk attached, and transferred to 

cooled standard solution . The excess deura and connective 

tissue was dissected away using iridectomy scissors. The 

ganglia 

chamber . 

were pinned to the sylgard base of the recording 

More of the surface connective tissue covering 

the ganglia was stripped away using a fine pin, to expose 

the cell bodies . Trypsin (0.5% type IX, Sigma) and 

collagenase (0 . 5%, type IA, Sigma) were dissolved 1n 

standard solution and applied to the ganglia at 30° C 

for one hour . 

The enzyme treatment was essential for a number of 

reasons . The surface membrane of the cells was cleaned, 

allowing good sealing resistance between the suction 

electrodes and membrane to be formed. The removal of the 

connective tissue betwsen the neurones dispersed the 

cells . It aided the breakdown of the aspirated piece of 

membrane when the suction electrode was applied, and so 
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facilitated internal perfusion. The enzyme treat~e nt 

weakened the axons allowing the soma to be isolated. 

It is difficult to assess the effects of the enz yme 

treatment on the properties of the neuronal membrane, 

since the suction electrode techniques could not be 

applied successfully to untreated cells. One might expect 

that integral membrane proteins, such as channels, would 

b e relatively inaccessible to the active sites of 

proteases . The presence of numerous sugar residues on the 

external face of most membrane bound proteins might also 

hinder protyolytic attack . Certainly, the kinetic 

properties of the Ca and Na channels observed here are 

qualitatively similar to those observed previously 1n 

preparations which have not been exposed to proteases. 

Harper and Lawson (1985) found that collagenase treatment 

did not affect the properties of action potentials in rat 

sensory nerones . It should be borne in mind, however, 

that there may be some subtle differences between the 

results presented here and those that would be obtained 

from untreated membranes. 

The best recordings were generally obtained within 

the first 2 hours after completion of the enzyme treatment 

(3 hours after removal from the animal), although 1n some 

exceptional cases good recordings were be obtained up to 4 

hours later. Large calc i urn currents were only seen 
. 
1n 

healthy cells with resting potentials of more negative 

than - 40 rnV. The loss of calcium currents seemed to 

parallel the deterioration of the preparation. 

The techniques de scri b ed 1n t hi s chapter were also 

1 2 



s ccesfully applied to ganglia obtained from rabbits and 

. . 
guinea pigs . The cell bodies of the neurones from these 

preparations were smaller than those obtained from the cat 

which made application of the two electrode voltage clamp 
• 

less attractive . The results presented here were all 

obtained from cat ganglia . 

The larger cells with diameters of 50 to 100 µm, were 

used as these cells were easier to work with . No attempt 

was made to correlate the s _ze of the cells with the 

membrane properties. There were no obvious differences in 

the characteristics of the calcium currents from cell to 

cell . 

2.2 Electrodes 

The suction electrodes were fabricated from 1.5mm 

borosilicate haematocrit tubing . Two intracellular type 

electrodes were pulled on a vertical puller (Kopf, SOOC). 

The heat setting was adjusted until the tips showed a 

pleasing taper . A short taper was advantageous for low 

resistance electrodes . The tip of the electrode was then 

scoured at an external diameter of 80 to 100 µm, and 

broken off . Scouring was done under a dissecting micro-

scope at 80x magnification . The tip of the electrode was 

moved back and forth along the edge of a suitabl y 

positioned glass coverslip with the aid of a micro-

manipulator . After breaking, the end was generally flat 

normal to the shan k of the electrode and the rim was 

perfectly smooth . The tip was then fire polished under a 

13 



microscope, on a microforge, to an internal diameter of 

10 - 15wm . Whe n f i 11 e d w i th the i n t e r n a 1 so 1 u t ions ( s e e 

below), the resistance of the electrodes was 0.5-0.8 -"!Q. 

The same electrodes could be used many times during the 

course of an experiment provided that the tips remained 

clean . Often debris could be cleaned from the tip by 

impaling the sylgard base of the bath . 

The bath ground and bath voltage electrodes were 

simply lengths of 1mm electrode glass ( Clark Electro

medical) , filled with 3M KCl/agar . 

2.3 Solutions 

All concentrations are given 1n millimolar . 

of all solution s was 7 . 4 . 

The pH 

External solutions. 

Standard external 

Calcium currents 

Sodium currents 

140 NaCl, 2 KCl, 5 CaC1 2 , 10 N-2-

hydroxyethylpiperazine-N-2-ethane

sulphonic acid (HEPES), 10 D-glucose. 

: 115 choline - Cl, 25 tetraethylammoni um 

bromide (TEA), 2 CsCl, 1 MgC1 2 , 10 

CaC1 2 , 10 HEPES, and 10 D-glucose 

: 115 NaCl, 25 TEA, 2 CsCl, 1 1gC1 2 , 10 

CaC1 2 & 1 CdC1 2 or 10 CoC1 2 , 10 HEPES 

and 10 D- glucose. 

Internal solutions. 

Standard internal : 140 KCl, 20 NaCl , 10 ethyleneglycol

b is-( S-aminoethylether) - ~ , N-tetra

acetic acid (EGTA), S HEPES . 

14 



Calciu currents 

Sodium currents 

140 CsCl, 10 TEA, 10 EGTA, 5 HEPES . 

120 CsCl, 20 NaCl, 

H2PES . 

10 TEA, 10 EGTA, 5 

For many of the cadmium block experiments on the 

calcium current, 2 OmM of the internal Cs Cl was replaced 

with 20mM CsF. The internal flouride did not affect the 

calcium current , but did improve the stability of the 

recordings . This lS an interesting observation , since 

interna l flouride has been shown to block calcium currents 

in molluscan neurones (Kostyuk et al. 1975) , but not 1n 

heart cells (Lee & Tsien 1984) . It suggests a basic 

difference between mammalian and invertebrate calcium 

channels . 

Bay K 8644 (a gift from Bayer) and nifedipine (Sigma) 

were dissolved in ethanol to a concentration of 10 mM and 

quantities of this stock added directly to the external 

solution . An equal amount of ethanol was added to the 

control solution. Solutions were made up freshly every 

two days and were kept refrigerated. 

The bath temperature was maintained at 20°c by a 

peltier element. Solutions were perfused continuously at 

rates of 2-3 ml per minute , except when recording . The 

inflow tube ran through the peltier block befo re entering 

the bath . The pre -cooling was particularly important for 

the high perfusion rates used when exchanging the external 

solution . Solution flow was stopped while recording since 

the suction outflow produced a great deal of noise on the 

current trace. This was the major disadvantage of u si ng a 

virtual - earth current monitor . 

15 



When the external solution was changed, 5-10 mls were 

perfused rapidly and records taken 1- 2 minutes after 

commencement of perfusion . Care was taken to ensure that 

the temperature was steady before records were taken. The 

bath volume and dead space was about O. 25 ml and so the 

bathing solution was exchanged 10 to 20 time s during the 

solution change over . The cell was moved well away from 

the ganglia so the solution around the cell was exchanged 

rapidly . 

2.4 Voltage clamp 

The voltage clamp used was of conventional design. 

The circuit diag r am 1s shown in figure 2 . 1 . The clamp 

consisted of 4 parts , the voltage recording headstage, the 

bath voltage head s tage , the virtual earth current monitor 

and the rack - mounted clamp . 

turn . 

These will be described 1n 

The voltage r ecording headstage consisted of a non-

inverting voltage follower with lOx gain . The output 

could be fed back to the input through a capacitance via a 

second op amp with variable gain . 

pensation was used only minimally. 

This capacitance com

Input capacity was 

minimised by having the high impedance input of the 

voltage follower as close as possible to the recording 

electrode . The headstage amplifier was placed 1n a 

plastic 35mm film container (Kodak), and the assembly 

mounted onto the micromanipulator. The electrode socket 

was soldered directly to the non - inverting input of the 

16 



Figure 2.1 : Two Electrode Voltage Clamp. 

All amplifiers LF 356's 

47 n 
- - - - - I ! V vb I I'-... I +1X 10 k "' 

+ 0 

1180pF -Sox V 
C 

9k 

~ 
I 10k 
I 

~ I 
10k 

Ba th Electrode 
lleadstage 

I 10k I + IA 

47 pF 
. _-::_ ____ ___ .J 

'°'t 
V 

10k ! ~pFI v. ;~---~ 100k < I 50k 100k H/C:l 

0-- + r, I I _____.. 
"--. ~8 + 10k 

100k j_ 1 vv~ 
47 Cl 

9k I I f_ V -µ X 
oul 

• 
Voltage 

/\ 

I -
Electrode 3k9 
fi e adstage . I -

I 

- I 3k9 -------



,1 
I 

op - amp leaving about 7 cm of unshielded conductor between 

the electrode tip and the high impedance input of the op

amp . 

The main advantages of this system were the high 

frequency response of the voltage recording electrode, 

coupled with low noise levels . Previously , the electrode 

was connected to the headstage via a short length (10 cm) 

of shielded cable . This arrangement required significant 

capacitance neutralization to maintain the high frequency 

response , which in turn increased the noise levels of the 

voltage recording path . The noise is clamped, and 

manifests as higher noise levels on the current signal. 

The voltage clamp could be further improved by 

implementing a design published by Kootsey and Johnson 

( 1973) . The central idea is a method by which the input 

capacitance of the input op - amp (about 4 pF for a typical 

LF 356) is neutralized . Very briefly, the power rails of 

the op - amp are tied to the output signal . If this 

capacitance were neutralized, the improvement in per

formance of the present clamp would be marginal, since the 

RC time constant of the voltage electrode, op-amp input 

capacitance, was only about 2- 3 ws . However, it would be 

beneficial to bootstrap the input op-amp, if one were to 

build a fast voltage clamp with higher resistance 

electrodes (>lOM~) . 

The bath electrode was connected to the clamp via a 

non-inverting voltage follower with 10 fold gain. The 

signal was filtered at 16 kHz, to reduce the high 

frequency noise input to the summing junction which would 
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otherwise increase the noise levels or even destabi 1 i ze 

the clamp causing oscillation . The bath electrode si g nal 

was subtracted from the voltage electrode signal by the 

differential amplifier on the input to the voltage clamp. 

Recording the membrane potential differentially obviated 

variations 1n the bath potential and any series resistance 

errors introduced by the finite resistance of the current 

monitor electrode . 

The membrane current was measured by a virtual - earth 

current monitor . The bath was clamped at ground potential 

through a 1 M~ feedback resistor . The current monitor was 

connected to the bath via a Ag/AgCl electrode and a 

KCl/agar bridge . The virtual earth method had the 

advantage that only currents flowing into the bath were 

measured . The other commonly used current monitoring 

technique is to measure the current flowing through a 

resistance in series with the current passing electrode. 

This method has two main disadvantages . 1) The resistance 

around the feedback path of the voltage clamp is in

creased , which compromises the performance of the voltage 

clamp . In the case of the voltage clamp system used here 

(using O. 5- 0 . 7 M~ current passing electrodes), a 1 M~ 

resistor in series with the feedback path would increase 

the resistance of the current passing by almost three 

fold . 2) The current required to charge the electrode and 

cable capacitances is also recorded . Although this should 

be linear it adds to the noise of the system . 

The rack mounted clamp contained three main elements. 
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The first stage was a nity gain differential amplifier 

which subtracted the bath potential from t e voltage 

electrode signal . This signal fed into a phase c o m

pensation circuit and then to a summing juntion . 

Phase compensation was implemented as described by 

Finkel ( 1985) . Phase lead or lag could be added to the 

voltage signal at variable frequencies. Generally phase 

lead was used . The frequency was set to 150 kHz and the 

ten turn potentiometer set to 6- 8 . Phase compensation was 

incorporated to enable higher open loop gains to be used 

while maintaining the stability of the clamp during the 

voltage steps . Too little or too much phase lead would 

result in underd amped oscillation of the clamp after a 

voltage step . 

unity gain . 

The phase compensation circuit was set to 

The compensated voltage signal was added to the 

command voltage at the summing junction of the output 

op - amp . The error signal from tnis variable gain 

inverting amplifier was applied to the current electrode. 

The clamp was usually run with the gain of this stage set 

at 40 - 60x, giving a total gain around the feedback path of 

400 - 600 fold, more than adequate to obtain high DC 

fidelity and a very rapid step response (see Finkel & Gage 

_985 , equation 4) . The low resistance of the current 

passing electrode ensured that the attenuation of the 

error signal by the current-electrode / membrane voltage 

divider was m1 1 al. This attenuation factor tends t o 

reduce the gain of the voltage clamp. 

The inter - electrode coupling caoacitance was 

19 



minimized by placing a grounded a_um1n1um foil shield on 

the current electrode . The shield extended to within 1mm 

of the electrode tip . The clamp would invariably 

oscillate at low gains if the shield was not in place. 

2.5 Series Resistance 

Series resistance can be a maJor problem for voltage 

clamp systems as it causes distortions in the time course 

and the peak level of the currents recorded . It arises 

when there is a significant resistance to ground 1n series 

with the membrane resistance , and can occur for example, 

when the electrical a ccess to the membrane 1s restricted 

due to very small interstitial space or membrane 

infolding . Series resistance due to membrane infolding 

1s probably not significant in this preparation for the 

following reasons . 

Many reports have indicated that there are numerous 

perikaryal projections from cells 1n sensory ganglia. 

Perikaryal projections are finger - like projections of the 

surface membrane ranging 1n length from 0 . 3 to 3.25 µm, 

and having a diameter of O. 2µm. The presence of these 

structures 

the 

increases the surface area of the cell body by 

cat thoracic DRG neurones (Pannese et al. 4 3% 1 n 

1983) . The size and morphology of the perikaryal pro-

jections precludes them from contributing significantly to 

series res is ta.nee errors . Brown and co-workers ( 1983) 

estimated that the series resistance in helix neurones was 

less than 5k r2 , even with the extensive invaginations of 
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the e brane of the preparation. There does not appear t o 

be the extensive invagination of the membrane in cat ORG 

neurones that is found in ;nolluscan preparations and so 

one wold expect the membrane series resistance in cat ORG 

neurones would be less than that measured in molluscan 

neurones . 

A virtual earth circuit can also contribute to series 

resistance, if the membrane potential is not recorded 

differentially . The voltage clamp used measured membrane 

voltage differentially to eliminate series resistance 

errors added by the current monitor. Since many of the 

results reported here depend on accurate records of the 

large transient calcium tail currents the errors intro

duced by series resistance had to be assessed carefully. 

Series resistance errors become significant when the 

series resistance is comparable to that of the clamped 

piece of membrane . The worst case for the present 

recording situation occured when recording a calcium tail 

current at - 70 mV . The peak currents were as large as 400 

nA . These values give a membrane resistivity of 200 k Q. 

Therefore, series resistance would have to be 10 kQ or 

_ess to give errors of less than 5% in the voltage signal. 

Attempts were made 

directly by applying 

to the embrane and 

series resistance of 

to measure the series resistance 

50 nA hyperpolarizing current pulses 

measuring the voltage reponses. c"\ 

10 kQ would result 1n an initial 

instantaneous jui p of 0 . 5 mV followed by the slow charging 

of the membrane capacitance. The voltage response 
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appeared to rise directly from the base - line . At high 

gains it was difficult to decide whether an instantaneous 

jump in voltage had occured due to the very large voltage 

signal . Convincing evidence that series resista nce did 

not introduce significant errors 1s shown in figure 5.1. 

Here the shape of the instantaneous I - Vis independent of 

the amplitude of the tail currents . 

2.6 Space clamp 

For most of the experiments the soma was voltage 

clamped wit h up to SOOµm of the axon attached. However in 

many cases the cells had less than lOOµm of axon attached. 

There were no obviou s differences in the calcium currents 

recorded 1 n either case . This is probably because the 

calcium channels are restricted to the soma of the cells 

and are not found in the axons. Thus, when the sodium and 

potassium channels are blocked , the clamp current flowing 

into the poorly clamped distal regions of the axon should 

be linear over a large potential range and will be removed 

by the subtraction procedu re. 

The sit u ation was less favourable when sodium 

currents were being recorded . Figure 2 . 2 shows a typical 

example of the problems encountered . The traces were 

obtained by stepping from - 50mV to the potentials 

indicated . The broken lines show the currents recorded 

when there was about 5mm of the axon attached. The step 

to - 20mV reveals a prominent " break through spike", 

presumably due to a regenerative response travelling away 
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Figure 2 . 2 Comparison of t h e sodium c u rrents 

recorded 1n a cell before and after the soma 1s isolated 

from the axon . The broken lines show the current 

responses during lOms voltage pu_ses to the potentails 

indicated next to each trace . The solid lines were 

obtained using identical voltage pulses, after the axon 

had been cut off close to the cell body . The poorly 

clamped regions in the axon tend to result in over 

estimation of the peak current, at potentials close to 

threshold . The magnitude of this error appears to become 

smaller at more positive potentials . 
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from the so a, and initiated 1n the poorly clamped distal 

regions of the axon . The solid lines were obtained 1n the 

same cell after the axon had been cut off close to the 

soma , using a pair of iridectomy scissors . The difference 

between each pair of traces shows the error introduced by 

the poorly clamped axonal regions. This error appears to 

become smaller as the voltage step 1s made to more 

positive potentials . 

Simil a r problems were never encountered when 

recording calcium cur r ents with t he axon attached . The 

absence of a significant calcium current 1n the axon, 

allowed excellen t space clamp of the calcium channel to be 

achieved . Low den s ity of calcium channels in axonal 

membranes appears to be a common observation ( Meves & 

Vogel 1973 , Junge & Miller 1977 , Dichter & Fischbach 

1977) . 

2.7 Set up procedure 

This section describes the procedure used to clamp 

the cells . A current pump was connected to the current 

passing electrode, and rectangular pulses (20ms duration, 

lOnA amplitude) were injected continuously at a frequency 

of 2 Hz . A bridge circuit was used to balance out the 

electrode resistance . The voltage response of the current 

electrode was monitored on an oscilloscope . 

A cell WdS sucked onto the end of the current passing 

electrode and a large rectangular deflection due to the 

sealing resistance between the electrode and the surface 
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embrane was observed . Generally the aspirated 01ece of 

membrane would break down within seconds, and the voltage 

trace would r ound off, showing the charging curve charac-

teristic of the cell membrane . If calcium currents were 

being recorded the cell was hyperpolarized by constant 

current injection before the voltage electrode was 

applied . Hyperpolarization was necessary to prevent 

calcium action potentials which would otherwise occur . The 

calcium action potentials (without potasssium currents) 

lasted for O. 5 to 5 seconds and presumeably produced a 

large transient ' increase 1n the internal calcium con-

centration close to the membrane . This would often lead 

to irreversible los s of the calcium current ; the internal 

EGTA seemed unable to prevent this 

Cells with an input resistance greater than 5 MQ, and 

a resting potential more negative than - 40 mV were 

examined further . The voltage electrode was brought up to 

the cell membrane until it was just touching the surface 

and suction was then applied . When the membrane within 

the electrode broke down the voltage trace was seen to 

drop and overlie the voltage trace of the current 

electrode . If there was no obvious deterioration of the 

input resistance or resting potential of the cell, after 

the voltage electrode was applied, the experiment was 

continued . An equilibration time of around two minutes 

was allowed before commencement of recording . 

The voltage clamp was turned on and the membrane 

clamped at - 50 mV . The clamp was tuned by applying 20 mV 

hyperpolarizing pulses to the membrane at 2 Hz . The step 
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response was ob ser ved at a high sweep speed (0 . 2 

ms/division) , and t he clamp g a in an d phase compensation 

adjusted until an optimal response was ob tained. Figure 

2.3 shows typical voltage and current traces recorded for 

a 50 mV hyperpolarizing voltage step. The voltage trace 

i s u nfiltered. The current trace is filtered at 32 kHz . 

Both signals were recorded at 2 µs/point . The recorded 

volt age rose in 6µs, but oscillated for about 25µs. 

Although the current signal should show a similar settli ng 

time after a step change 1n potential, it 1s seen to 

oscillate for 60µs 1n this case. This apparent dis-

crepency 1s due to the lower filter cut-off for t he 

current signal. 

The rapid settling time indicates that the potentia l 

across the membrane is established very quickly. In the 

data that will be presented, the first reliable point on 

subtracted current traces was 120µs after t h e potential 

step (marked by the vertical lines in figure 2.3). The 

response 1n figure 2.3 would suggest t h at t h e clampe d 

membrane is isopotential at this time. The failure to 

realise the full dynamic response of t h e system was due 1n 

large part to timing errors during output of the command 

pulses, as described subsequently. 

The peak of the capacitive transie n t 1n fig u re 2.3 1s 

2µA . The largest calcium tail currents were a fraction of 

this v alue which indicates that the clamp was capable of 

pa ssing t he current re quired to cl.J.m;_: these large 

transient currents . 

A shaped wa ve form, generated by a "t ransient 
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Figure 2 . 3 The traces illustrate the dynamic 

response of the voltage clamp during a SOmV hyper

polarizing pulse from a holding potential of -S OmV . The 

upper trace shows the recorded membrane potential, and the 

lower trace shows the membrane current recorded by the 

virtual earth current monitor . The vertical lines were 

drawn 120µs after the voltage step. 



> 
E 

0 
N 

<l: 
C 

0 
0 
U"') 

100 .us 

100 JJ s 



subtractor" , was added to the current si gn al via a summing 

junction . The wave form mimmi eked the capacitive t ran-

sient , and had variable rise time and an exponential 

decay . After the clamp was tuned, the transient sub-

tractor was turned on, and the wave form adjusted until 

the capacitive transient was as small as possible . The 

transient subtractor removed the peaks of the capacitive 

transients and allowed higher gains to be employed before 

the signal was digitized , thus improving the resolution of 

the digitized signal . The subtraction was seldom perfect 

due to the slight oscillation that was usually present . 

2.8 Data acquisitition 

The current and voltage signals were filtered through 

a 4 pole Bessel filter . The filter corner frequency was 

chosen to be lower than half the digitizing frequency. 

The signals were digitized by a tektronix cro, which 

captured 1016 points on each of two channels, at 10 bit 

resolution . A micro 11/23 was used to send the command 

pulses to the voltage clamp . A trigger pulse was also 

sent to the cro at a variable time during the command 

pulse profile, thus allowing the desired section of the 

profile to be captured by the cro. 

The command and trigger pulses were output by a macro 

routine (written by Dr . A . J . Gibb) which was designed to 

minimize the instruction time during polling the clock and 

setting the digital to analogue converters ( DACs). 

Without this precaution the variations between the actual 
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trigger times and step ti es could beco e significant 

compared to sampling rates of 10 to 20 µs . This jitter in 

the actual step tie 1s effectively doubled when two 

traces are added. Unfortunately the problem could not be 

entirely alleviated and this mismatch contributed to the 

imperfect subtraction of the capacitive transients seen 1n 

most of the records illustrated . The mismatch 1s most 

evident 1n records of the fast sodium current recorded at 

10 µs per point ( see figure 6. 3) . Ideally a hardware 

device would be used to output the trigger and command 

pulses when sampling at rates less than 100 µs per point. 

The digitized data was transferred from the cro to 

computor via a general purpose interface bus (GPIB) and 

subsequently stored on a hard disk . On completion of the 

experiment the data files were transferred to an 11/44 for 

analysis and archiving . 

The leakage and capacitive currents were subtracted 

1n all cases . Equal and opposite voltage pulses were 

applied to the membrane and the resulting currents added 

digitally prior to further analysis . This technique was 

refined in later experiments , and a series of small hyper

polarizing pulses (~30mV) were added together on line, 

until the sum of the pulses was eaual to the depolarizing 

test pulse . The second method was preferable as there was 

some indication that the leakage current was nonlinear for 

large steps away from the holding potential . This non

linearity of the leak current 1s evident as a plateau 

current during the gating current experiments (see Chapter 

4). It appeared to be time independent, and so did not 
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significantly distor t the time course of the calcium 

currents . The reason for t his nonlinearity is unknown , 

but it could have been due to asymmetry in the current 

flow across the sealing resistance . 

2.9 Analysis 

(i) Digital Filter 

In many cases a digital filter was used to further 

reduce the 
. 

noise level on the current traces before 

fitting the relaxation s with exponential functions. 

A first order Butterwor th filter was used (Beauchamp & 

Yuen 1979 , pp 261) with a cut - off frequency set to the 

aquisition filter frequency . Generally the filter was 

passed forwards and backward s over the data which resulted 

in zero added phase shift for the filtered trace. 

(ii) Curve Fitting 

Theoretical curves could be fitted to the data using 

a modified Levenberg - Morrison - Marquardt (LMM) algorit hm 

(Osborne, 1976) , which minimizes the sum of the squared 

deviations between the observed and predicted values. The 

algorithm , with some modifications, was implemented in 

Fortran by A . J . Miller (1981). The LMM routine was used 

to fit single and double exponential functions to the 

current relaxations . Provided that good initial values of 

the parameters were selected, this algorithm converged 
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rapidly. Starting values for the various parameters were 

obtained by doing trial fits to the data by eye, with the 

a i d of a graph i cs t e rm i n a 1 . After some practice the 

starting values could be estimated by inspection. The 

final parameter estimates produced by LMM were also 

checked on the graphics terminal . 

Much of the data presented depends on accurate 

measuremen t of the amplitude of the tail current relax

ations . This represented a p r oblem since the peak current 

at negative potentials was not resolved due to the very 

rapid decay rates. If the tail current measurements are 

to be compared , the measured amplitude must b e independent 

of the time course of the tail current. Clearly , the peak 

tail current observed at -70 mV will be attenuated more 

than that observed at - 40 mV , as the current decays more 

rapidly at -7 0 mV (see figure 5.1). Comparison of the 

obse rved peak currents in this case woul d be meaningless. 

The attenuation can be corrected for if the peak tail 

current is measured by extrapolation . To do this, the 

tail relaxation 1s fitted by an exponential, or s um of 

exponential s ( two 1n the case of calcium currents), and 

the fitted curve extrapolated back to the step time. In 

t he example above 
' 

the extrapolation will be larger at 

-7 0 mV than at -4 0 mV, thereby correcting for the higher 

attenuation at - 70 mV . 

The major problem with the extrapolation technique 1s 

that srr.all errors in fitting the fast decay can result 1n 

large errors in the amplit ude. This is reflected in the 
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high correlation coefficients between the estimates of 

Af and r f produced by the LMM r outine . The larger t he 

extrapolation, the larger the potential for error. The 

magnitude of this error had to be estimated . 

An initial estimate of the extrapolation error was 

obtained from measurements of the rundown of the calcium 

current. Figure 2. 4 shows a comparison of the observed 

peak tail current , and the extrapolated tail current . The 

extrapolated tail current measurements were scaled down to 

overlie the observed peak current level . The scale factor 

was 0 .53. The general shape of the two sets of data . 1s 

very similar. 

to be random. 

Most errors are less than 10%, and appear 

This data indicates that the extrapolati on 

technique produces cons is tent results al though, as would 

be expected , the scatter is greater . 

A more extensive assessment of the problem 1s shown 

in figure 2 . 5 . The open squares show the observed peak 

current level . The crosses are the extrapolated peak tail 

currents measured 1n the same cells . Each point is an 

average of 11 cells . The extrapolated data has been 

scaled down to overlie the observed data . The scal ing 

factor was 0 . 73 . The excellent agreement between the two 

sets of data demonstrates that the error introduced by t h e 

extrapolation 1s not systematic, and should be smoothed 

out if the results from several cells are averaged. These 

comparisons demonstrate that the extrapolation procedure 

produces consistent results . This is an important result, 

since measurement of the instantaneous current-voltage 

relations presented in Chapter 5 rely on the accuracy of 
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Figure 2. 4 The open squares show the measured peak 

tail currents and the crosses show the extrapolated tail 

currents scaled down to overlie the open symbols. Tail 

currents were recorded at -50mV after a lOms acti v ating 

pulse to +20mV. The good agreement between the two sets 

o f data indicates that measurement of the peak tail 

currents by extrapolation does not introduce large errors. 
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Figure 2.5 Comparison of the measured tail currents 

(squares) and the extrapolated tail currents (crosses) in 

11 cells . The amplitude of the tail currents are plotted 

against the activation potential. The tail currents were 

measured at the holding potential of -SOrnV. 
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this technique . 

Averaging and scaling of the data were performed 

using Lotus 123 software (Microsoft) running on a Fox 2000 

microcomputer . This computer was also used to do the 

calculations of the four rate constants in the model 

described in Chapter 3 . 
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Chapter 3 

Calc i um c h a nne l kinetics 

Introduct i o n 

There have been a number of studies of the calcium 

current using conventional two intracellular micro

electrode voltage clamp (Geduldig 1970, Standen 1974, 

Kostyuk et al . 1974, Adams & Gage 1979a, Connor 1979). 

These 
. . 

p1oneer1ng studies relied on external pharm-

acological agents to suppress the other ionic membrane 

currents . Consequently, they were limited by con-

tamination of the current records, mainly by incompletel y 

suppressed potassium currents . The development of 

internal perfusion techniques (Krishtal & Pidoplichko 

1976, Lee et al . 1978, Hamill et al. 1981) largely solved 

this problem with the added advantage that the time 

resolution of the voltage clamp systems was greatly 

increased. There followed comprehensive studies of the 

kinetics of the sustained (slowly inactivating) calcium 

current in newborn rat DRG (Kostyuk et al. 1981c), clonal 

pituitary tumour cells (Hagiwara & Ohmori 1982), bovine 

chroma ff in cells ( Fenwick et al. 1982), and molluscan 

neurones ( Brown et al. 198 3, Byerly et al. 1984) . In one 

case single channel recording and two electrode voltage 

c 1 a TrL p t e c h n i q u e s we re c om b i n e d , t o e x am i n e c a 1 c i um 

currents in snail neurones (Lux & Brown 1984, Brown et al. 

1984b) . 

There now appear to be at least three different types 
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of calcium channels, the well known sustained calcium 

channel and two more recently discovered transient calcium 

channels (Halliwell 1983, Ca r bone & Lux 1984, Nowycky et 

al. 1985a). A transient calcium current has now been 

observed in a number of tissues (pituitary cells; 

Armstrong & Matteson 1985, heart; Bean 1985, Niliu s et al. 

1985, sensory neurones; Bossu et al. 1985, Fedulova et al. 

1985 , skeletal muscle; Cognard et al. 1986). In the work 

that follows, "calcium channel II will refer to the sus

tained calcium channel. The work of Llinas and colleagues 

( 1981), has indicated that the calcium channel involved 

with the release of transmitter at the squid synapse 1s 

probably the sustained calcium current. The release of 

transmitter in cultured neurones seems to be mediated by 

diffe rent calcium channel types, depending on the cell 

type (Perney et al. 1986). It seems important to gain an 

understanding of the functional properties of calcium 

channels, as this information will provide insights into 

the link between calcium channel function and the changes 

1n the intracellular calcium concentration which are 

essen tial for the activation of many cellular processes. 

Apart from the study by Kostyuk and co-workers 

( 1981c) , there is ve ry little detailed data available on 

the kinetic characteristics of calcium channels 1n 

mammalian neurones. This study addresses the basic 

question; what is the minimal kinetic scheme that will 

account for calcium channel activity in sensory neurones? 

The question has not been resolved for the calcium channel 

in any preparation. Previous workers have concentrated on 

sequential models and this approach will be used in this 
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study . It has been suggested that the kinetics of t h e 

calcium channel are not consistent with 3- state sequential 

activation schemes and a number of authors have proposed 

4 - state schemes (Hagiwara & Ohmori 1982, Brown et al. 

1983, Byerly et al . 1984, Brown et al . 1984b) . It has not 

been demonstrated that such schemes are able to account 

for the data quantitatively . 

The dihydropyridine derivatives (DHPs) are potent 

modulators of calcium channels in cardiac and smooth 

muscle preparations ( for reviews see Miller & Freedman, 

1984 , Reuter et al . 1985) . Experiments using these 

compounds have suggested that there are marked differences 

between the calcium channels found in different tissues. 

For example the concentration for the half maximal effect 

of Bay Kin ventricular cells is 30nM (Brown et al . 1984a, 

Hess et al . 1984b) , whereas much higher concentrations (5 -

lOwM) are required to produce an effect in neuronal 

preparations (Nowycky et al . 1985b). There does not 

appear to be any convincing evidence at present that the 

dihydropyridine calcium channel blockers are effective 

against nerve cell calcium channels (Miller & Freedman, 

1984) , whereas they block calcium currents in cardiac 

preparations at nanomolar concentrations (Bean 1984, 

Reuter et a 1 . 19 8 5) . Some preliminary data were obtained 

on the effects of nifedipine in this preparation. 

Single channel recording has shown that at low con

centrations (-10 - 7 M), the main effect of Bay K is to 

increase the number of openings of cardiac calcium 

channels during a depolarization (Brown et al. 1984a, 
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Brown et al . 1986 ) . L;t higher c o ncentrations, ( -l OµM ) , 

Bay K g r eatly p r olongs the open time of calcium channels 

1n heart (He ss et al . 1984b , Kokubun & Reuter 1984 , Brown 

et al . 1984a , 1986) and neuronal cells ( No wycky et al. 

1985b) . Both these effects will cause an increase in the 

peak whole cell calci um current . The effect of Bay K may 

be quite diff erent in smooth mu sc le , where it h as been 

reported that Bay K increases the amplitude of the calcium 

cur rent with no effects on the kinetic s (Droogmans & 

Callewaert 1986). 

The effects of Bay K 8644 on the calcium channel 1n 

cat DRG neurones are d escri bed in this t hesis. Inter-

pretation of the results is complicated by the recent 

finding that the two enantiomers of Bay K seem t o have 

opposite effects on calcium channels in cardiac 

p reparations (Franckowiak et al. 19 85) . 

RESULTS 

3.1 Evidence for a homogeneous calcium current 

The calcium current was isolated by application of 

sodium and potass ium channel blockers and by ion sub-

stitution . Sodium currents were elimina t ed by replacing 

the external sodium with choline. In some cases 0 .3 µM 

TTX was applied externally, and this is indicated where 

app2-icable . Potassium currents were suppressed by 

perfusing internally with CsCl solution containing 10 mM 

TEA and by external application of 25 mM TEA . 

In many cells , a slowly decaying inward tail c u rrent 
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was observed which persisted long after the calcium tail 

current had decayed completely . It was not a component o f 

the calcium tail current as it was not present 1n every 

cell where calcium currents were recorded. This current 

was most probably a calcium activated chloride current 

(Miledi & Parker, 1984, Mayer, 1985), since it was not 

sensitive to potassium channel blockers and it could be 

recorded in solutions where the external sodium was 

replaced by choline. Figure 3.1 shows the calcium 

dependence of the current measured 5 ms after 

repolarization, when the calcium tail current had decayed 

to baseline . It can be seen that the amplitude of the 

slow inward tail current followed the integral of the 

calcium current very closely. The slow tail was blocked 

by calcium channel blockers (Co 2 + and Cd 2 +), consistent 

with it being a calcium activated current. The calcium 

activated current was not completely suppressed by the 5 

mM internal EGTA , and cells displaying a slow inward tail 

current were rejected. 

Three observations indicated that the contamination 

from other currents was minimal. Firstly, replacement of 

the external ca2+ with co2+ completely suppressed the Ca 

current (figure 3 . 2) . A similar effect was observed when 

1 mM CdC1 2 was added to the external solution. However, 

1n this case, a residual tail current was invariablv 

observed ( Figure 3. 2). The presence of tail currents in 

Cd solutions is consistent with the idea that the blockage 

of the calcium channel by Cd ions is relieved at hyper

polarized potentials ( see Byerly et al. 1984). This 
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Figur e 3 . 1 Comp a rison of the peak calcium current 

and the slow inward tail current . The solid symbols show 

the peak inwa rd calcium current , and the open symbols show 

the tail amplitude recorded Sms after repolarization . 
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Figure 3 . 2 The blocking effects of CoC1 2 and CdC1 2 • 

The holding potential was - SOmV . Inward current was 

measured at +lOmV . The top figure shows the currents 

recorded before and after replacing the external calcium 

with cobalt . The bottom figure shows the blocking effect 

of lmM CdC1 2 added to the control solution. The holding 

potential was -S OmV . 
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Top trace, blocking effect of 10 mM Co . 

Lower trace, blocking effect of 1 mM Cd . 
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observation is explored more fully in a later section. 

Secondly, pulses of varying duration were applied, 

and the inward current at the end of the pulse was 

compared with the peak tai 1 current . Figure 3 . 3A shows 

the results of two such experiments . The open symbols 

show the tail current amplitude scaled down to overlie the 

pulse current . The calcium current was small in these 

cells so that any contaminating current should have become 

obvious immediately . The close correspondence between the 

data points indicates that in these cells there were no 

significant contaminating currents at +15 mV for pulse 

durations up to 500 ms . Supporting this conclusion, 

analysis of the tail currents showed that the two decay 

rate constants were independent of the pulse duration 

(figure 3 . 3B) . It is also clear from this data that the 

calcium current inactivated very slowly under these 

conditions and this allowed the activation kinetics to be 

examined without 

inactivation . 

complications from significant 

The third indication that the inward current during 

the depolarizing step, and the tail current at the return 

to the holding potential, both reflect a pure calcium 

current, was the observation that both ran-down 1n 

parallel during the course of the experiment (see figure 

3 . 4) . The run - down of the calcium current in two cells is 

illustrated in figures 3 . 5A and 3.SB. The open symbols 

show the peak inward calcium current recorded at +15 mV 

and the crosses show the measured peak tail currents 

scaled to overlie the open symbols. The close agreement 
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Figure 3 . 3 Currents were activated by stepping t o 

+lSmV . (A) The open symbols show the inward current 

recorded just prior to repolarization. The crosses show 

the amplitude of the tail c u rrent on repolarizati on, 

scaled down for comparison . (B) Rate constants recorded 

from the decay of the tail currents in two cells plotted 

against the depolarizing pulse duration . Vh = -S OmV. 
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Figure 3.4 Currents elicited by stepping to +lSmV 

from a holding potential of -S OmV. The time of the pulse 

is indicated for each current. No te the decline in both 

the peak inward current, and the tail current with time. 



Figure 3 . 5 Comparison of the oeak inward current at 

+lSmV (open squares ) and the tail currents at -5 0mV 

(c rosses) . Both ran - down at the same rate during the 

recording period . 
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between the two sets of data indicates that the con

tamination from other non - labile currents must be small. 

The calcium current ran - down within 20 to 30 minutes, 

and although the rate of run-down was variable from cell 

to cell, it was always seen. In contrast, the TTX-

sensitive sodium, the TTX-insensitive sodium and the 

transient calcium currents were all stable for comparable 

periods . There have been reports that the inclusion 

of cyclic adenosine-monophosphate (cAMP) and adenosine 

triphosphate (ATP) in the intracellular solutions will 

restore lost calcium currents (Kostyuk 1981) or at least 

stabilize the current and slow the run-down. In many of 

the experiments, cAMP was included in the intracellular 

solution and the overall impression was that it appeared 

to slow the run-down process. However , this point was not 

studied in any detail . The cAMP did not have any obvious 

effects on the kinetics of the calcium channels. A 

detailed analysis of the run-down process has been 

presented by Byerly & Yazejian (1986) . 

Elimination of the transient calcium current 

A significant transient calcium current has been 

observed previously ' 1n sensory neurones ( Carbone & Lux 

1984, Bossu et al . 1985, Nowycky et al. 1985a). Since 

this study was primarily interested in examining the 

kine tics of the much larger sustained calcium current, it 

was important to ascertain whether contamination from this 

current was significant. 

Figure 3.6A shows an example of the transient calcium 
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Figure 3.6 The ef feet of holding potential on the 

transient calcium current recorded in cat DRG neurones. 

(A) Top traces recorded du ring steps to - 40 & - 30mV from a 

holding potential of -S OmV . Bottom traces were recorded 

during steps to -5 0, - 40 & -30mV from - 80mV . (B) Similar 

protocol to A, except a prepulse to -9 0rnV for 1 second was 

used to remove i nact i vat ion. Note the prolonged inward 

tail current, which was not present in the cell shown in 

A . (C) Steady state inactivation of the transient calcium 

current in two other cells . The solid line was d rawn 

using equation 3.5, with Va = -7lmV and Ka = 6.3mV. 
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current in cat DRG neurones . The current is identified as 

the transient calcium current since it was recorded in the 

absence of internal or external sodium or potassium ions. 

Further, the time course , activation range (threshold 

around - SOmV) and steady - state inactivation range appear 

to be similar to that recorded previously for this current 

(Carbone & Lux 1984) . The transient current could be 

selectively removed by using a holding potential of -SOmV. 

The top traces in figure 3 . 6A show the current elicited 

upon stepping to - 40 & - 30mV from a holding potential of -

SOmV . When the ho 1 d i n g potent i a 1 was s e t at - 8 0 m V the 

second set of traces was recorded when stepping to -50, 

-40 & - 30mV for 3 Oms . Similar results are shown 
. 
1n a 

second cell (figure 3 . 6B) . The holding potential was 

SOmV . The top set of traces in figure 3.6B was obtained 

by stepping to - 40, - 35 & - 30mV, the bottom set of traces 

were obtained after a 1 second prepulse to - 90mV. This 

cell 1s illustrated because it displayed a prolonged 

inward tail current at the holding potential which may 

have been the calcium activated chloride current. The 

arguments for this supposition are analagous to those 

already given for the slow tail seen after activation of 

the sustained current in some cells . The main point to be 

made here is that the transient calcium current was 

largely inactivated at - somv . The steady-state 

inactivation in two cells is plotted in figure 3.6C. In 

one case inactivation was produced by a SOOms prepulse, 1n 

the other cell the holding potential was adjusted 

manually . The results were essentially the same. The 

curve through the points was drawn using equtaion 3.5 with 
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v 0 = - 7lillV and K 0 = 6 . 3mV . The K0 value is in reasonab le 

agreement with previous estimates (Heart; Bean 19 8 5, 

DRG; Fedulova et al . 1985, skeletal muscle; Cognard et al. 

1986). 

Cells with a significant inward current at potentials 

more negative than - 20mV were not used for the analysis of 

the sustained calcium current . It is interesting to note 

that many cells did not have a significant transient 

calcium current, even when stepping from holding 

potentials of - 80mV . 

3.2 General properties of the sustai ned ca l cium c urrent 

The data pres e n t e d i n d i ca t e d that i t was poss i b 1 e to 

record a pure calcium current , and in the analysis that 

follows it was assumed that the current resulted from 

activation of a homogeneous population of calcium 

channels . The kinetic and steady-state properties of 

these channels were examined in some detail. The first 

point to emerge was that the time course of activation and 

deactivation could be fitted by the sum of a minimum of 

two exponential functions . This finding is illustrated ' 1n 

figure 3 . 7 which shows double exponential fits ( broken 

lines) to calcium current relaxations . 

During activation of the calcium current there 1s a 

clear delay before the current turns on (see figure 3.7). 

The delay is more obvious in currents recorded at l o w 

temperatures (see figure 3 . 19A), and becomes less pro 

nounced as the potential is stepped to progressivel y more 
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Figure 3 . 7 Activation and deactivati on of calcium 

currents . Vh - SOmV . (A) Currents were activated by 

stepping the potentials indicated . A doubl e exponential 

fit (equation 3 . 1) is superimposed on the data points. 

(B) The current was activated by stepping to +SOmV for 

Sms, and then returning to the holding potentials 

indicated . The broken lines are the double exponential 

fit t o the data (equation 3 . 2) extrapolated back to the 

step time . 
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positive potentials . The activation of the currents was 

fitted by two exponential components of opposite 

polarity , 

Irn(t) = B(V) + A1 . exp( - r 1 (V)t) - A 2 . exp( -r 2 (V)t) 
. . . ( 3 . 1 ) , 

where B (V) is a function of the holding potential, and 

gives the final steady-state current level . Similarly, 

the deactivation (tail) currents also required two 

exponentials to fit them (figure 3.7B), although the 

polarity of the two components was the same, 

I (t) = B(V) + A .e xp( -r (V)t) + Af . exp( -rf (V)t) rn s s . . . ( 3 . 2 ) , 

where As is the amplitude of the slower decaying 

component and Af is the amplitude of the faster corn-

ponent . 

order 

These equations are presented at this point 

to d ef ine the 
. 

various parameters which will 

. 
in 

be 

referred to later in the text . The rate constants will 

generally be quoted as time constants where Tf = 1/rf, 

Ts = 1/rs , 1 1 = l/r 1 and 1 2 = l / r 2 • 

The fact that at least two exponentials are required 

to describe the time course of the whole cell calcium 

current 
. 
is in agreement with the findings of other 

workers (Fenwick et al . 1982, Byerly et al. 1984 , Dubinsky 

& Oxford 1984) . The conclusion to be drawn from such 

observations is that a minimal sequential scheme to 

describe the calcium current must have two closed states 

preceding an open state . This type of scheme provides a 

useful starting point for the analysis and may be 
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represented by, 

c1 
k L k 3 

C2 0 . . . . . ( 3 . 3 ) . 
k2 k4 

3.3 Steady-state activation 

Membrane current due to a specific channel may be 

described by , 

I (V,t) = N.i(V) .P (V,t) 
m o 

. . . . . (3.4), 

where N is the total number of channels available, i(V) is 

the single channel current as a function of membrane 

potential and P
0

(V,t) is the probability that the 

channel is open as a function of membrane potential and 

time. 

Figu re 3. 8 s how s a plot of the steady-state inward 

current versus membrane potential . There is a sharp 

increase in the inward current at around - 10 mV, with a 

peak at +10 to +20 mV , after which the peak inward current 

asymmtotes to the voltage axis at the most positive 

potentials . The line through the points was obtained by 

using equation 3.4, and values for P0 (V) from the smooth 

curve in figure 3.llB, and i(V) from the fitted curve in 

figure 5.19. 

In the steady-state t+ 00 and P
0

(V,t)+P 0 (V), and 

this function was evaluated by measuring the amplitude of 

the tail currents at a holding potential of - 50mV, after 

lOms activating pulses . The use of 10 ms activating 
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membrane potential . 

mV 
20 40 60 80 

Peak inward current plotted against 

vh = - SOmV . The solid line through 

t h e points was drawn using equation 3. 4 as described 1n 

the text . 
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pulses placed some restriction on the resolution of this 

technique . For example, a maximum error of 5% results if 

the exponential activation components have time constants 

< 3 . 3ms . If the s teady-s ta te leve 1 is not reached, the 

tail current measurements will be an underestimate of the 

true value . 

The errors introduced by the limited pulse duration 

are systematic, but not significant. Two lines of 

evidence support this statement. Firstly, the largest 

activation time constants were recorded at O and +10 mV 

and averaged 2.72 ± 0 .22 and 2.55 ± 0 . 20 ms respectively 

( n=l l) , producing errors of less than 3% in the final 

steady-state level. Secondly, long activation pulses (see 

figures 3.3A and 3.9) indicate that the inward current 

10,20 and 30 ms after the step was constant. 

It was convenient to use the amplitude of the tail 

currents as a measure of P0 (V) as the function i (V) did 

not have to be evaluated. It does assume that i(-50) does 

not change due to ion accumulation or depletion during the 

activation pulse . This is not a problem since there 1s no 

indication that the inward current declines during a 10 or 

30mS pulse . The term N.i( V) in equation 3.4 is a constant 

equal to the amplitude o~ the current at -50 mV when all 

activatable channels are open . The amplitudes of the tail 

currents were measured as described in the methods chapter 

(2 .9 ) . Some examples of the fits to the tail currents are 

shown in figure 3 . 10 . The results from 11 cells are 

plotted in figures 3 . 11 . The data for each cell were 
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Figure 3 . 9 Peak inward calcium current . The step 

potential for each trace is indicated . The pulse duration 

was 30ms and the holding potential - SOmV . Note that there 

1s no significant inward or outward current during the 

pulse to +70mV . 
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Figure 3 . 10 Peak tail currents recorded at -50mV. 

The broken lines are the double exponential fits 

extrapolated back to the step time. The calcium current 

was activated by stepping to the potential indicated . 
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normalized t o the average value rec o rde d at +50 mV an d the 

normalized values were then averaged to obtain t he data 

points shown . The data is characterized by an initial 

steep rise, followed by a slow roll off . 

Two poss i b i 1 i t i es we re cons id e red to des c r i be th i s 

data . Firstly , activation of the calcium channel may be 

controlled by a single voltage sensitive reaction followed 

by a voltage insensitive reaction, as suggested by 

Hagiwara and Ohmori (1982) for calcium channels 1n 

pituitary tumour cells . In this case, 

1 p ( V) = 
0 1 + exp((V0 - V) /K 0 ) 

. . . . . (3 . 5), 

where Vo lS related to voltage insensitive conformational 

energies and Ko = RT/zF . Ko gives an estimate of the 

valence ( z ) of the critical dipole moment which must move 

across the entire electric field of the membrane . The 

exponential function is equal to the ratio [C 2 ] /[C 1 ] 

(where [Ci] is the proportionate occupancy of the i 'th 

state shown in equation 3 . 3) . The best fit of this 

function to the data was obtained using the LMM algorithm 

and is shown in figure 3 . llA . It was obtained with v 0 = 

11 . 5 mV and K0 = 8 . 1 mV, equivalent to a valence of 3.1 

electronic charges (e+). 

A second way to model the data assumes that both 

reactions in equation 3 . 3 are voltage sensitive, and that 

the voltage sensitivities of the reactions are different . 

This is a more general model and, 

p ( V) = 
0 

1 

1 + E 2 + E 1 • E 2 

44 
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Figure 3 . 11 The amplitude of the tail currents 

recorded at -5 0mV plotted against activation potential. 

Each point is the normalized average from 11 cells. The 

error bars are the standard errors . (A) The soli d line 

shows the fit to equation 3.5. (B) Same data as A, the 

solid line shows the fit to equation 3.5. The probability 

that the channel is open is also plotted on the ordinate. 
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where 

and 

E 1 = exp((V 1 - V)/K 1 ) = [C 1 ]/[C
2

] , 

E2 = exp((V2 - V) / K2 ) = [C 2 ] / [0] 

He re again, [Ci J refer to t h e states in equation 3. 3, v
1 

and V2 are related to the voltage independent energy f o r 

the react ions , and K 1 and K2 give an estimate of the 

valence of the reactions (see Appendices 1 & 2). The best 

fit of this equation to the data lS shown 1n figure 3.llB. 

The best fitting parameters were V l = 13.7 ±1.8 mV, "2 = -

9. 4 ±7.1 mV and the K values gave an apparent valence of 

3. 4 ±0.1 e+ for the first reaction (Kl ) and 1. 0 ±0.2 e+ 

for the second ( K 2 ) • The improvement in the fit was 

expected due to the two extra free parameters. However, 

the second equation provided a more accurate description 

of the data, since the gradual increase in P
0

(V) at 

positive potentials was seen in every cell where accurate 

records of the tail currents were obtained. 

The fact that equation 3. 6 fits the data more 

accurately suggests the following. There are at least two 

voltage sensitive reactions in the activation scheme. The 

first reaction has a highe r voltage sensitivity than the 

second react ion ( K 1 < K2 ) • This second result can be 

dedu ced simply from the shape of the steady-stat e 

activation plot. If K 2 <K 1 , the P0 (V) plot would b e more 

sigmoidal, and equation 3.5 would produce an adequate fi t . 

The large voltage dependence of the first reacti on, 

suggests that b etween -20 and +lOmV the ratio [C
1

] / [C
2 

J 

changes steeply, 

The relati ve 

after which 

amplitude of 

45 

it 

As 

lS relativel y constant. 
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Figure 3 . 12 Relative amplitude of the slow phase 

plotted against activation potential. The slow 

exponential component represented a consistently larger 

proportion of the tail current amplitude at OmV than at 

more positive potentials . The solid line was drawn 

through the points by eye . 



function of memb rane potential, 1s 1n qualitative 

agreement with t hi s findin g (see figure 3 . 1 2 ) . Since 

As/(As+.:\f) lS measured at a constant membrane 

potential, it depends only on the distribution of the 

channels amongst the various states prior t o t he re-

polarization . The relative amplitude of As was con-

sistently larger at OmV than at more positive potentials. 

As mentioned above , [C 1 ] / [C 2 ] will be fairly constant 

above OmV , and [C 2 ]/[0] will vary only slightly due to the 

relatively low voltage sensitivity of this reaction. 

Therefore , the relative amplitude of the slow phase would 

be expected to change very little at potentials above OmV, 

1n agreement with the data in figure 3 . 12 . 

3.4 Steady-state inactivation 

Steady - state inactivation of the calcium channel was 

measured using a two voltage pulse profile . A con-

ditioning pulse lasting either 500 ms or 1 second was 

applied before a test pulse to +20mV . No differences were 

apparent between the two pul s e durations . The trigger 

del ay was set so that the final 20 ms of the voltage 

profile was captured . 

The magnitude of the peak inward current during the 

test pulse is plotted against the conditioning potential 

1n figure 3 . 13 . The data indicates that there 1s neg -

ligible inactivation of the calcium channels between 

- 90 and - 3 0mV . There was a reduction in the peak current 

at - 20 and - 10 mV . Similar results were obt ained by Bean 
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Figure 3 . 13 St eady state inactivation of the calcium 

channel . The points show the magnitude of the inward 

current at +20mV plotted against the initial holding 

pot e n t i a 1 . Each po i n t i s the no rm a 1 i z e d ave rage f r om S 

cells . 
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( 1985), in canine atrial cells . 

threshold 

3 . 8) . It 

of 

it 

the calcium current 

suggested that the 

In 10 mM calcium t he 

lS - 20 mV 

reduction 

( see figure 

1 n the peak 

current observed at potentials positive to -2 0 mV is due 

to calcium dependent inactivation of the calcium channel 

( Eckert & Chad 1984). The observation that long 

conditioning pulses to O or +lOmV irreversibly inactivated 

the calcium current supports the assertion. Some voltage 

dependent inactivation cannot be ruled out and could be 

tested for by stepping to a very postive conditioning 

potentials where the calcium influx is small (+lOOmV say). 

Unfo rtunately this data was not obtained. 

3.5 Tail currents 

Two voltage pulse protocols were used to examine the 

relaxation kinetics of the calcium channels over an 

extended potential range, from - 70 to +50 mV . The 

protocol shown in figure 5.12 was used to look at the rate 

of deactivation of the channels after a step to +SO mV (at 

+SOmV, P
0
-0.9 , see fig. 3.llB) and was useful for 

potentials up to +10 mV after which the tail current 

relaxations became too small to measure confidently. The 

test pulse duration was 10 ms which, again, places a limit 

on time resolution of the data as discussed earlier. Some 

examples of the currents measured are shown in figures 

3.7B & 5 . 1 . The solid squares in figures 3.14A and 3.l4B 

show the voltage dependence of the two time constants 

obtained from the tail currents . Each point is the 

47 



1i 

Figure 3 . 14 Time constants measured from turn-on and 

tail current relaxations, plotted against the holding 

potential . (A) Average fast time constants. Tf 
(squares, n=9) and T2 (circles, n=ll) plotted against 

holding potential . 

(squares, n=9) and 

holding potential . 

(8) Average slow time constants. Ts 

T 1 (circles, n=ll) plotted against 

The error bars are standard errors. 
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Figure 3 . 15 Relative amplitude of As (equation 

3 . 2) from tail currents plotted against the repolarizati on 

potential . The data from 9 cells was averaged. The error 

bars are standard errors . The calcium current was 

activated by stepping to +SOmV for 3ms. 



average from 9 cells . The fast time constant ( s o l id 

squares , figure 3 . 14A) increases steadily from 95 ±l Oµs at 

- 70rnV to 227 =70µs at - 20mV, and remains fairly constant 

from - 20 to +lOmV . In contrast, the slow time constant 

(solid squares , figure 3 . 14B), changes very little between 

- 70rnV (Ts = 0 . 62 ±0 . lms) and - 30mV (1s = 0 . 76 ±0 . 2ms) 

and increases sharply between - 20 and +lOmV . 

The voltage dependence of the underlying rate 

constants is also reflected in the measurements of the 

relative amplitude of As shown figure 3 . 15 . 

As represents 9 . 5% of the total amplitude . 

At -7 OmV, 

The kinetic 

response of the system is dominated by a single expo-

nential component with a time con s tant of 95 µs . As the 

test potential is ma de more po s itive , the slow exponential 

contributes a larger fraction to the total relaxation, 

until a maximum 
. 
lS reached at - 10 rnV , where the the 

amplitude of As represents 59% of the total . 

3.6 Activation time course 

Two time constants ( T1 , T2 ) were also measured from 

the turn - on of the calcium current . Some examples are 

shown in figure 3 . 16, and the average values from 11 cells 

are shown by the solid circles in figures 3 . 14A and 3.14B. 

Nine of these cells were the same as those used for the 

tail current measurements . Two extra cells were included 

1n which tail current runs were not recorded . 

At - 10 and in some cases OmV, and at +50 and +6 0mV, 

the currents were too small to adequately resolve more 
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Figure 3 . 16 Activation of the calcium current on 

stepping to the potentials indicated. The broken lines 

through the data show the fits t o equation 3.1. At 

positive potentials the current is initially outward. 

This is probably due to a time independent non-linear ity 

in the leakage current which is evident when the calci um 

current is blocked using cobalt (section 4) . Asymmetric 

capacitive currents may have made some contribution to the 

initial delay , however these currents are not large enoug h 

t o fully account for the delay seen at +10 and +20mV . 



C
)
 

vu 
O

l 

V
) 

E
 

N
 



l· 

111 

JI 

than one exponential component during the activation. In 

these cases the currents were fitted by a single expo-

nential function . The activation of the calcium current 

at potentials of +10 to.+40 mV appeared to be dominated by 

a single exponential process (A 1 ) which was 8 .4 times 

larger than the second exponential ( A2 ) at +lOmV. The 

smaller component which accounts for the delay before 

activation is probably not accurately resolved and there 

may be contributions from asymmetry currents (see chapter 

4). -r 2 and A2 are not considered in any detail in the 

analysis that follows. The average values for -r 2 1n 

figure 3 .14 A show that the fast time constants from the 

two sets of da ta are of the same order of magnitude . 

The data presented in figure 3.14 indicate that the 

relaxation time constants reach a maximum value at around 

0 to +lOmV where roughly half the available channels are 

activated. This type of behaviour is typical of voltage 

activated channels and is consistent with sequential 

activation schemes where the forward rate constants 

dominate the kinetics at potentials positive to the half 

activation point and the backward rate constants dominate 

at potentials negative to this point. 

3.7 Is the 3-state model consistent with the data? 

The suitability of a 3-state scheme for describing 

the kinetics of this system can be assessed quantitatively 

using the data already presented. The steady-state 

measurements provide an estimate of the ratios of the four 
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rate constants shown in equation 3 . 3. The equations are; 

r, = exp( (V 1 - V)/K 1 ) 
k2 

c., 1 - -----
k l 

(3 .7 ), 

E2 = exp( (V2 - V)/K 2 ) 
k4 

- -----
k 3 

. . . . (3 .8 ), 

where E 
1 

and E
2 

were evaluated from the fit of equation 

3 . 6 to the steady-state activation data (figure 3.11B). 

Solution of the system of differential equations for the 

3-stat e scheme gives two well known equations which relate 

the measured rate constants to the microscopic rate 

constants . The equations are, 

+ _ , +k +' +1 rl r2 - ~l 2 K3 K4 . . . . ( 3 • 9 ) 

(3 . 10). r1r2 = k1k3 + k2k4 + k1k4 • • • • 

Solving equations 3.7-3.10 for k 1 and k 3 gives these two 

rate constants as solutions to second order quadratics and 

therefore there are two sets of k values which satisfy the 

four equations 3 . 7-3. 10 . The two solutions differ in the 

assignment of the rapid transition. One solution has the 

C 
2 

+ -+O t rans i t i on be i n g rap id , 1 i n k e d to a s 1 owe r C 1 +-+ C 2 

transition . The other solution is the inverse, with C2 +-+0 

being the slower transition. Both solutions give 

identical predictions for the macroscopic rate constants. 

The rate constants measured from the tail current 

relaxations were used for the calculations, since both 

rate constants were accurately resol ved , whereas only a 

single rate constant was measured accurately from the 

turn - on of the currents . The major reservation about this 

type of analysis is that errors in E1 and E2 will be 
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magnified as these ratios are extrapolated to cover t he 

potential range - 70 to - 20 mV. The estimates of v 1 and K 1 

( see equation 3 . 6) are particularly worrying due to t he 

large standard errors of the estimates. 

produced should be viewed with some caution . 

The results 

If equation 3.3 provides an adequate description of 

the data then the four microscopic rate constants should 

depend exponentially on the membrane potential (equations 

similar to equation Al . l) . 

are shown in figure 3 . 17 . 

The calculated rate constants 

In each case the natural 

logarithm of the 
. . 

m1croscop1c rate constant 
. 
lS plotted 

against membrane potential . The four rate constants seem 

to depend approximately exponentially on membrane 

potential as predicted . 

To test the the data more quantitatively, a straight 

line was fitted to the points in figures 3.17 . The slope 

(voltage sensitivity) and the intercept (barrier energy at 

0 mV) of these four straight lines were used to recal

culate the two macroscopic rate constants using equation 

A2 . 4 . The result is plotted in figure 3.18 and illus-

trates clearly that the 
. . 

m1croscop1c rate constants from 

the fits in figure 3 . 1 7 do not accurately predict the 

observed time constants at potentials greater than -20mV. 

This analysis would tend to suggest that the P
0

( V) 

measurements are not consistent with the measured voltage 

dependence of the time constants when interpreted in terms 

of a 3-state sequential scheme . Assuming this result is 

correct, there must be other exponential components 

present in the relaxations which are not clearly resol ved . 
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Figure 3 . l 7 Natural logarithm of the microscopic 

rate constants in equation 3 . 3 calculated using equations 

3 . 7 - 3 . 10 and the data 1n figure 3 . 118 and the Tf and 

TS values 1n figure 3 . 14 . The straight lines were 

obtained using least squares linear regression between -70 

and - 20mV in A , and - 70 a nd +lOmV in B . Note that the two 

lines in each figu r e intercept at v1 (A) and v2 (B) 

(equation 3 . 6) . 
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Figure 3 . 18 The points are the tai l current time 

constants replotted from figure 3 . 11 . The solid lines are 

the predicted values of the time constants calcul ate d from 

t he straight lines in figure 3 . 17 , using equation A2.4. 
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If this were the case then the macroscopic rate constants 

measured at a given potential may well depend on the 

distribution of the channels amongst the various states 

just prior to the voltage step. That is, the rates of 

relaxation of the system after a step perturbation would 

appear to depend on the initial conditions. 

Examination of the slow time constants (Ts, 1
1

) 

recorded at O and +10 mV does not bear out this 

expectation . When the step occurs from -50 mV to -10, 0 

and +10 mV, the average values for T
1 

are 1 . 74±0.21, 

2.72±0.22 and 2.55±0.20 ms respectively (n=ll), whereas 

stepping from +50 mV to -10, 0 and +10 mV, gives values 

for TS of 1.68±0.12, 2.46±0.12 and 2.70±0.24 ms 

respectively (n =9). These values are in reasonable 

agreement and would seem to suggest that the rate 

constants are independent of the initial conditions. 

3.8 The effects of temperature 

Experiments were conducted to examine the temperature 

sensitivity of the time constants. Similar experiments in 

snail neurones (Brown et al. 1983) showed a lar9e dis 

crepency bet~een the temperature sensitivity of the slow 

time constant recorded from tail currents, and that 

recorded from turn-on. It seemed worthwhile to repeat the 

experiments, to see if a similar phenomena was present in 

these cells . 

The bath temperature was steadily reduced ( 1 °c/min) 

and a test pulse (to +lOmV for lOms) taken each time the 
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Figure 3 . 19 The broken lines through the traces are 

the double exponentials fits obtained using the L~M 

routine . (A) Activation of the calcium current at +lOmV 

at the temperatures indicated . There is a marked increase 

1n the initial delay before activation as the temperature 

1 s reduced . (8) Tail currents from the same pulses shown 

1n A . The time constant of the fast phase became 

significantly longer . 
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Figure 3 . 20 The figure shows the effects of 

temperature on the peak current, and the relaxation time 

constants . Activation was recorded at +lOmV, and the tail 

currents were recorded at the holding potential (-50mV). 

The peak inward current was measured from the exponential 

fit to the current trace (eg fig . 3 . 19A) since at low 

temperatures the current did not reach a steady level 

during the pulse . There is an approximately linear 

relationship between the natural logarithm of the 

parameters and the temperature . 
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temperature dropped by one deg ree . T'."le temoerature was 

~onito red by a fi ne thermistor probe placed close to the 

preparation . Wh e n the temp e rat u re had reac hed l O ° C , the 

process was re verse d un til the temperat u re had returned to 

20°c . 

The results from one cell are presented . 1n fig u res 

3 . 1 9 . The slowing of the kinetics was obvious both for 

the acti v ation and t h e d eacti vati on of t h e ca lcium 

channel . It was also obviou s from this data that reducing 

the temperature caused a reduction in the peak current . 

This effect was not simply due to run - down of the current, 

as there was good recovery of the peak c u rrent in one cell 

where the run - down was only 15% after 20 minutes . In the 

other two cells , the dat a was obtained within the first 

10 minutes , when the amplitude of the calcium current was 

constant (see figure s 2 . 4 , 3 . SA , B) . 

The natural logarithm of the time con s tants and the 

peak current are plotted against temperature for one cell 

1n figure 3 . 20 . The lines through t h e points indicate 

that there was an approximately exponential relati onship 

between temperature and these parameters . The apparent 

activation ener gy (E a ) was calculated accordin g to 

equations 3 . 11 & 3 . 1 2 using the data from this and two 

o ther cells and t he results are shown in table 3 . 1. 
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Table 3 . 1 Temperature sensitivity of various parameters 
measured from calcium currents in 3 cells. 

Parameter ( mV) E (kJ/mol) + s . e. ( Q 1 0 ) a 

Peak current (+10) 67 ± 9 ( 2 . 6) 

T 1 (slow) ( + 10) 85 ± 4 ( 3 . 4 ) 

T2 (.fast) (+10) 139 + 15 ( 7 . 5) 
T ( -5 0) 29 + 5 ( 1 . 5 ) s 
Tf (-50) I 79 + 6 ( 3 . 1 ) 

The temperature sensitivity of the T's appears to be lower 

at negative potentials . The interpretation of these 

results is left to the discussion . 

3.9 Effects of (+)Bay K 8644 

The experiments described 1n this section . 
1nves-

tigated the effects of (+)Bay K 8644 on the kinetics and 

P0 (V) curve of the calcium channels . Initially, 5µM Bay 

K was applied , but the effect was marginal (figure 3.21). 

At lOµM, the effect was larger and more consistent (figure 

3.21), and this concentration was used in the subsequent 

experiments . The effect of lOµM nifedipine was also 

tested on the calcium current in these cells. The result 

is shown in figure 3. 22, and indicates that the calcium 

current lS relatively insensitive to this compound. 

Nifedipine is light - sensitive, and the lighting levels 

were reduced during the experiment. The solution used was 

biologically active . since solutions made from the same 

stock blocked part of the asymmetric charge mov2ment 1n 

skeletal muscle fibers (Lamb 1985). 

Bay K increased the steady-state inward current, 1n 
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Figure 3. 21 The top two traces show the effects of 

SµM Bay Kon the calcium current . The step potential was 

+lOmV . The more rapidly rising, slightl y smaller current 

was recorded in the presence of Bay K. There was also a 

slight p r olongation of the slow phase of the tail current. 

The dec reas e in the amplitude, is probably due to some 

run-down of the calcium current. The bottom traces show 

the effect of lOµM Bay K in another cell . In this case 

there was a marked inc rease in the amplitude of the 

current , and a prolongation of the tail current . The step 

potential was +20mV, and the holding potential -S OmV . 



Bay K 5JJM 

40nAL 
2ms 

l! 

I\ 10 ~M 

20nAL 
2ms 

h 



1: 

,., 

Nifedipine 1 OuM 

40n A 

2 ms 

Nit ed 
~Wash 

~Nifed 
Control 

Figure 3 . 22 This figure illustrates the blocking 

effect of lOµM nifedipine on the calcium current at +lOmV. 

The calcium current is reduced only slightly after 4 

minutes exposure to the drug . Vh = -50mV. 
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cells in which the r u ndown was not t o o se vere . Th is 1 s 

shown in figure 3.21 which shows the effect of lOµM Bay K 

at +lOmV. There is an increase in the peak inward current 

which is reached more rapidly, and prolongation of the 

tail current . Bay K shifted the activation of ehe calcium 

current to more negative potentials. This is shown 1n 

figure 3. 23 A which shows the normalized average results 

from S cells . It is also apparent from this figure that 

the steady-state activation of the peak current is not as 

steep in lOµM Bay K . The change in the voltage sen-

sitivity of t he calcium current is obvious from the 

P 0 (V) plot shown in figure 3.238. In the lower graph 

the Bay K data is compared with the control data from the 

same cells. Error bars are omitted for clarity. 

The curve through the control data is the line of 

best fit (scaled appropriately) taken from the control 

data in figure 3.llB. The line through the Bay K data is 

the best fit to equation 3.6. The parameters obtained 

were : v1 = 15 ±8mV, z 1 = 2.82 ±0.69 e+, v
2 

= -69 ±104mV, 

z 2 = 0.37 ±0.97 e+. The lower voltage sensitivity of t h e 

steady-state activation of the calcium channel 1s 

reflected in the smaller values for the dipole moment that 

are predicted from the fits to the data. The parameters 

produced by the fit suggest that Bay K could produce its 

effects by reducing the effective dipole moments of the 

activation reactions. 

Given the change in the steady-state activation, one 

might expect significant changes in the relaxation time 

constants . A prolongation of t h e slow time constant o f 
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Figure 3 . 23 Each point shows the normalized average 

(n=S) tail current recorded at -SOmV plotted against the 

activation potential . The error bars are the standard 

errors . The line through the points is the fit to 

equation 3 . 6 . A comparison of this and the control data 

recorded in the same cells is shown in the bottom graph. 

The line throught the control data is the fit from figure 

3 . llB . 
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Figure 3 . 24 Bay K produced marked effects on the 

slow time constants . The top two graphs show the fast and 

the slow time constants recorded from tail currents. The 

activation potential was +SOmV . The open squares are the 

control data , and the crosses show the effect of lOµM Bay 

K. Each point shows the average value from 5 cells. The 

bottom figure show the effects of Bay K on the slow 

activation time constant . 5 cells were used for this 

average . 
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the tail c u rre nts at -S OmV was t he mo st o bvious eff e c t 

during the experiments. The Tf-V curve was unaf f ected 

by lOµM Bay K (see figure 3.24A). 

The effect of Bay K on the slow time constant re

corded from tail current experiments was variable, 

although there was a consistent trend. 

five cells are shown in figure 3.24B. 

The data from 

The open squares 

show the control data and the crosses show the Bay K data. 

Ts was increased above the control levels at potentials 

less than -20mV. The -rs-V curve displayed a definite 

break around -20mV, and at more positive potentials, Ts 

appeared to be unchanged by Bay K. 

The rate of activation of the calcium current was 

also affected. The acti vation time constant (T
1

) 
. 
lS 

plotted in figure 3.24C; the results from five cells were 

averaged. In three of these cells tail current records 

were als o obtained ( included a bove). 

sha p e of the T1 -v curve 1 n e very case. 

Bay K c h a ng ed t he 

The pea k seen in 

t he c o ntro l data di sapp e a re d , a nd T1 decreased s teadily 

be tween -2 0 t o SOmV . The r esults f or four cells showed a 

r edu ct ion in t he a vera g e ma gnitude o f T 1 at potentials 

above OmV . However in one cell t h e magni t ude of T 1 was .._ 

no t red u ce d bu t t he c hange in th e s h a p e of t h e 1
1
-v curve 

wa s simi l ar to th a t in t he other cells. 

3.10 Do Ba ions alter calcium channel kinetics? 

Prev iou sl y , t here have bee n suggestions t hat t ~e 

g ating of calc ium channels is affected by t he nature of 
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the permeant . 10n ( Sa imi & Kung, 1982). Fenwick, Marty 

and Neher (1982), found that the gating of calcium 

channels in cultured bovine chromaffin cells was slowed 

when the 5 mM external Ca 2+ was replaced by 5 mM Ba2+. 

Such experiments are complicated by the fact that changing 

the concentration or type of external divalent cation 

often causes changes in the surface charge potential of 

the membrane. 

The experiments described in this section compare the 

properties of the calcium channels when barium and calcium 

ions are the charge carriers. In the i nitial experiments 

the 10 mM external calcium was replaced by 20 mM barium. 

Under these conditions the peak current I-V was shifted to 

more negative potentials by lOmV. The shift is consistent 

with an increase in a negative (outside) surface charge 

potential . 

Part of the shift could have been due to changes 1n 

the reversal potential of the current . The P0 (V) curves 

shown in fig ure 3. 25A demonstrate that this is not the 

case . The points are the extrapolated peak tail currents 

measured at -5 0 mV . A 10 mV negative shift 1s seen 1n 

this curve after the chance to 20 mM barium. 

If the changes observed in the gating of calciu~ 

channels are simply the result of changes in the surface 

potential, then the tine con stants of the current 

relaxations should be identical after correcti ng for t he 

surface potential. The slow activation time constant :s 

plotted in figure 3.25B Surface charge effects we~e 

corrected for, b ~ ·.ct' y s . _::.. .L 1ng tl-ie values r ecorded in 2 0 T"" f,' 
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Figure 3 . 25 (A) The open symbols show the peak tail 

currents recorded in lOmM external calcium, plotted 

against activation potential . The solid symbols show the 

current recorded when the 

with 20mM barium . There 

external calcium was replaced 

1s a ~1omv shift in the steady 

state activa tion curve to more negative potentials . (B) 

The open symbols are the control values, and the solid 

symbols were recorded in 20mM barium . The barium data was 

shifted lOmV to more negative potentials, to correct for 

the change in the external surface charge potential . 
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barium 10 mV more positive . The excellent agreement 

between the two sets of data is consistent with a surface 

charge action. The results however, are not as clear cut 

as this would suggest. The two tail current time 

constants measured at -50 mV, were both increased even 

after correcting for the surface potential. The 

correction factor was calculated from the voltage sen

sitivity of the two time constants using the data shown in 

figures 3.14A,B. 

If the change in the tail current time constants was 

due to a direct effect of barium, one might expect that 

the prolongation would be increased as the concentration 

of barium was increased. If it were due to surface charge 

potential, then the effect should decrease at higher 

barium concentrations. 

was increased to 40 mM. 

The external barium concentration 

The peak current I-V curves in 

lOmM calcium and 40 mM Ba showed very similar potential 

dependence. The P0 (V) curves were also very similar, 

and the results from one cell are plotted in figure 3.26A. 

The curves in lOmM Ca and 40mM Ba are virtually identical. 

In light of these results, it is tempting to suggest that 

the surface potential in 40 mM barium is the same as that 

in 10 mM calcium. 

Assuming that the surface potential is unchanged, the 

time const ants should also be unaltered. T 1 is plotted in 

figure 3.26B. In one cell the values are much the same. 

In the second cell the values between -10 and 10 mV are 

greater than the control. However, the tail current time 

constan ts were increased in both cells . T f increased 
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Figure 3 . 26 (A) The protocol was the same as for the 

previous figure . The open symbols show the control data, 

and the solid symbols show the results obtained in 40mM 

external barium . The good agreement between the points 

suggests that the surface charge is approximately the same 

1n lOmM Ca and 40mM Ba . (B) A comparison of the 

activation time constants for the two cells recorded 1n 

lOmM calcium (open symbols) and 40mM barium . In one cell 

the activation time constant was increased above the 

control levels . 
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1 . 5 and 1 . 6 f o ld, while Ts increased 1 . 8 and 2 . 0 fold 1n 

t he two cells respecti vely . This p reliminary data would 

indicate that barium has a di rect effect on t h e kine ti c s 

of neuronal calcium channels . 

3.10 

ComEarison of calcium channels from two other . 
SEec1es 

This section compares the calcium channel properties 

from two other species , a p r imate (the macaque monkey) and 

the rabbit . The neurones we r e obtained from L
6

, L
7 

and S
1 

DRG , and the isolation and recording techniques were 

identical to tho s e already described for the cat 

experiments . 

A general comp a rison of the calcium current from the 

three species is shown in figure 3 . 27 . The currents were 

evoked by lOms depolarizing voltage steps to the 

potentials indicated next to each trace . The results 

obtained from the monkey were indistinguishable from t hose 

of the cat . The calcium current in the rabbit DRG appears 

to be slighlty different, in that it activates at more 

negative potentials . In general there seems to be a high 

level of conservation of the calcium channel properties in 

the three species . A more detailed examination of the 

rabbit data is presented below. 

Rabbit DRG calc i um channels 

Three rabbits were used for th is section of the 
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Figu r e 3 . 27 Calcium currents recorded from a cat, 

rabbit and macaque DRG neurones in response to the voltage 

steps indicated . The holding potential was - SOmV and the 

recording condition s essentially the same . 
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thesis . They were sacrificed by cervical di slocation and 

se ve ral ganglia remo ved fr o m eac h ani mal . The results 

presented here were ob tained from three cells, in two 

dif ferent ganglia . The steady - state activation of the 

calcium current is shown in figure 3 . 28A . Each point is 

the average peak tail current (measured at -SOmV) from 

three cells . The amplitudes were normalized to t he 

average value at +SOmV . The line through the points was 

the LMM fit to equation 3 . 5 . Half the channels were open 

at v 0 = 7 . 7±0 . 8 mV and the apparent valence was 3.2 ±0.3 

electronic charges . The increase in the steady-state 

number of channels open is very similar to that observed 

1 n the cat neurones . The deviation of the points from 

equation 3 . 5 is also similar to that seen for the cat data 

shown in figure 3 . llB . Equation 3.6 was fitted to the 

rabbit data (figure 3 . 28B) , and although the fit was only 

marginally better, the z values compare well with th o se 

obtained from the cat. A comparison of the values 

ob tained in the cat and the rabbit experiments are shown 

in table 3 . 2. 

Table 3.2 Parameters for steady state activation of the 
calcium channel in cat and rabbit DRG neurones, obtained 
from fits to equation 3 . 6 . 

Parameter Cat + s . e . (n =ll) Rabbit + s.e . (n=3) 

v1 - 9 . 4 + 7 . 1 - 1.8 + 16 
zl 1 . 0 + 0 . 2 1 . 7 + 1 . 0 
v2 13 . 7 + l . 8 5. 9 + 13 
z2 3 . 4 + 0. 1 3 . 3 + 1 . 0 

The relaxation rat e constants ' the rabbit 1n neurones 

showed a similar shape and vol tag e dependence as those in 
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Figure 3 . 28 (A) Peak tail currents recorded at -S OmV 

1n rabbit DRG. Each point is the normalized average from 

3 cells . The lines through the point shows the fit to 

equation 3 . 5 . (B) Same data as in A, the line shows the 

fit to equation 3 . 6 . 
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Figure 

neurones . 

3 . 29 

(A) 

Time constants reccorded in rabbit DRG 

Fast time constants recorded from tail 

CULrents (squares, one cell) and activation (crosses, 

n=3). Slow time constants recorded from tail currents 

(circles, one cell) , and activation (squares, n=3). 
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the cat . The two time constants from tail current 

me asurements (one cell) are shown in figure 3.29, and 

should be compared with those recorded in the cat neurones 

(figure 3 . 14) . The activation of the currents was also 

similar to that seen in the cat, both in the voltage sen

sitivity and magnitude of the relaxation time constants 

(figure 3 . 29, 3 cells) . 
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DISCUSS I ON 

_(_i_) __ S_t_e_a_d_y~-_s_t_a __ t_e __ P
0

(V) 

It was shown that the P
0

(V) function was more 

accurately described by assuming there was more than one 

voltage sens itive reaction du r ing activation . A similar 

shape for the P0 (V) curve is evident in the work of 

Fenwick , Marty & Neher ( 1982, Fig 68) , obtained using 

similar measurement techniques. Kinetic scheme s which 

involve the moveme n t of 2 o r more inde pe ndent identical 

subunits (Hodgkin & Huxley 1952) will produce a similar 

shaped P
0

(V) cu r ve . 

Although a 3- state mode l was adequate to de sc ribe the 

steady-state activa t ion (not unexpected s ince the r e were S 

free p a r a me t e rs ) , it ma y tu r n out that there a re more 

voltage dependent steps du r ing activation . The po ( V) 

measurements from whole cell records give th e fr a ction of 

the maximum number of activatable channel s which are 

active in the membrane . The actua 1 probab i 1 i ty that a 

single channel is open can only be obtained from single 

channel reco r ds , but one would predict that the two 

estimates would be identical , if there were no voltage 

independent reactions leading away from the open state. 

At present , the largest Po value reported from single 

channel analysis . around lS 0 . 7 ( Reuter et al . 1982 , Reuter 

et al . 1986), although convincing data on the voltage 

dependence of this parameter showing clear saturation at 

positive potentials has yet to be obtained . In the next 
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few paragraphs follows a brief discussion of t h e inter

pretation of the parameters used to fit the steady-stat e 

data . 

As a first approximation, the internal energy of the 

molecule is divided into two components, corresponding to 

two free parameters (Ehrenstien & Lecar 1977, Stevens 

1978) . The first component is the electrical energy 

(zi), which is proportional to a dipole moment normal t o 

the electric field across the membrane. This is quoted as 

an equivalent (and therefore not necessarily integral) 

number of positive charges moving across the entire 

membrane electric field . The estimate for the calcium 

channel of 3 . 4 e+ for the first, and 1 . 0 e+ for the second 

reaction are reasonable for a voltage activated channel. 

Previous estimates assumed a single voltage sensitive 

step . Brown and co - workers (1983) obtained a value of 1.7 

e+ in snail neurones and Rorsman & Trube (1986) obtained a 

value of 1 . 8 e+ in clonal pituitary tumour cells. 

Calculations using the data shown in figure 68 of Fenwick, 

Marty & Neher ( 1982) suggest that z = 3 e+ for bovine 

chromaffin cells, consistent with the present study. 

The second energy component is the voltage in

dependent energy of the channel, and includes all the 

other contributions to the internal energy. These can be 

termed comformational . energies, . 
since the maJor energy 

change during the activation of the channel is presumed to 

involve conformational changes of the protein molecule. 

The constants v 0 , v 1 & v 2 in equations 3.5 & 3.6 are 

simply the membrane potentials at which the conformati o nal 
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energy exactly balances the electrical energy, and the net 

free energy change across the reaction step . 
lS zero. 

Thus, the conformational energy determines the dis-

tribution of the channel between the two states of a given 

reaction step when the electric field across the critical 

dipole is zero (ie. the dipole energy= 0). This apparent 

conformational energy (bw) is given by, 

where V, 
1 

bw. = v./ K. kJ/mol, 
1 1 1 

and K· 1 are defined in equations 3. 5 & 3 • 6 • 

Thus v1 and v2 obtained from the fit of equation 3.6 to 

the steady-state data are equivalent to conformational 

energies of 4.5 and -0.9 kJ/mol respectively. These 

energy values can be calculated if the dipole energy 1s 

defined to be zero at the measured zero membrane 

potential (see Appendix 1). 

The magnitude of the conformational energies measured 

1n these experiments depends on the environment of the 

channel. In biological membranes there is good evidence 

for the presence of a negative surface potential on the 

outside of the membrane (Frankenheuser 1957, Hille 1968). 

In the present study, changing the external divalent 10n 

caused a shift of the P
0

(V) curve along the voltage 

axis. It was suggested that this was due to a change in 

the external surface charge. Such a shift will change the 

calculated bw values, althoug h one may argue that the 

effect does not represent a change in the channel, but a 

change in its immediate environment. These effects can be 

allowed for by shifting the reference zero potential by an 
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appropriate amount (see Appendix 1). 

One might expect the other major enviromental de

terminant of the conformational free energy to be lipid

protein interactions ( Sakman & Bohiem 1979). Thus, the 6w 

value for the potassium channel from the skeletal muscle 

sarcoplasmic reticulum appears to depend on the com

position of the artificial lipid bilayer in which it 1s 

inserted (Labarca et al. 1980). This group found that the 

dipole moment of the potassium channel was unchanged by 

the type of lipid in the membrane. Their system is ideal 

for such analysis, since the channel conductance is large 

(120pS, lOOmM K+), and the kinetics simple (one open, one 

closed state). The situation is much more complicated for 

the calcium channel, which has at least 2 closed states 

and possibly more, and it lS not possible to assign 

specific energy values to the reaction steps . 

The uncertainty about the number of closed states, 

leads to uncertainty about the total dipole moment of the 

calcium channel protein. If the steady - state data . 
lS 

fitted with a 2- state scheme, the apparent dipole moment 

is 3 . 1 e+ (figure 3 . llA). If a 3- state scheme is assumed, 

then the data suggests that a total of 4.4 e+ move across 

the membrane during activation (figure 3.118). Increasing 

the number of closed states, will fit the data with 

increasing amounts of charge . This may explain in part 

the discrepency between the charge movement attributed to 

calcium channels, and the measured voltage sensitivity of 

the steady - state activation (see Chapter 4). In any case, 

the predicted charge movement associated with channel 
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activation may in general be larger than predicted fr o m a 

the fit of equation 3 . 5 to the steady - state activation 

data . 

( ii) The relative amplitudes of tail current components 

It lS interesting to note that the relative 

amplitude of the two exponential components of the tail 

currents at - SOmV s eems to be qualitatively consistent 

with the steady-s tate data . At OmV the slow phase was a 

larger propo r tion of the tail current, than at more 

positive potentials . The c a lcium current in molluscan 

neurones shows a simila r property . The slow phase of the 

tail cu r ren t at the holding potential had a lower 

threshold than the fast phase (Fig. 5 Brown et al., 

1983) . 

The voltage sen s itivity of the relative amplitude of 

the slow ph a se was very consistent from cell to cell. 

This is potentially u s eful data, in that any kinetic 

scheme propos ed to de s cribe the calcium channel kinetics 

must also accurately p r edict this curve . The relative 

amplitudes of the exponential components can be calculated 

if the initial conditions of the system are known (see 

Appendix 2) , and this data was used in a later section to 

fit a 4- state model to the data . 

(iii) Kinetic measurements 

This study shows the first accurate records of 
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calcium tail currents from a mammalian neuro ne . Two expo-

nentials were resolved from tail current measurements, 1n 

agreement with previous studies (Fenwick et al . 1982, 

Brown et al . 1983 , Dubinsky & Oxford 1984) . The magnitude 

and voltage dependence of Tf lS very similar to that 

observed by Fenwick and co - workers ( 1982), who found that 

Tf varied from 0 . lms at - 7 OmV to 0 . 2ms at OrnV . In 

contrast , Tf 1n molluscan ( 0 . 2ms , Brown et al . 1983, 

0 . 3ms , Byerly et al . 1984) and clonal pituitary tumour 

cells (O . Srns, Dubinsky & Oxford 1984) was constant over a 

similar voltage range . 

Ts was 4 - 10 times slower than Ts ( Fenwick et al . 

1982, Brown et al . 1983, Byerly et al . 1984, Dubinsky & 

Oxford 1984) . In three of these studies , Ts increased 

markedly betw e en - 70 and OmV, in good qualitative 

agreement with the present study . 

An attemp t was made to relate the kinetic and steady-

state measurements to a 3- state model . This was done by 

calculating the fou r rate con s tants, k
1 

• • k
4

, from the four 

measured parameters , rf , rs , E
1 

& E
2

• Although this 

approach produced reasonable values for the rate constants 

at any given potential, the voltage sensitivity of these 

rate constants was not exponential over the full voltage 

range tested . The values obtained are compared with those 

obtained from single channel recording techniques in table 

3 . 3 . The two single channel studies suggested that the 

second reaction step (C 2 ++0) was the fastest, which 

provided a reasonable rationale for using the solution (to 

equations 3 . 7- 3 . 10) shown . The first two rate constants 
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a g ree reasonabl y well wit h t h e o t h er anal y ses . The s econd 

two rate c o nstants ar e fast e r t h an previousl y s uggest ed , 

which may reflect t h e hi gh ti me resoluti o n of t h e present 

study . 

Table 3 . 3 : Comparison of the calculated microscopic rate constants (s - 1) with values obtained in previous studies. 

V 
m 

-5mV 
- 30mV 

OmV 
OmV 

kl 

61 

130 
130 

k2 

606 
450 
350 
820 

k3 

345 
1130 

400 
2500 

k4 

1230 
530 
700 

1700 

Reference 

Fenwick,1982 
Cavalie,1983 
Brown, 19 8 4b 
This study 

The general conclusion to be drawn from the results 

1s that although a 3 - state scheme will describe the 

cu r re n t wave - form at any g i v e n potent i a 1 ( g i v en a r b i tar y 

amplitudes for the exponential components) , it cannot be 

extended over the full potential range . A number o f 

previous studies have also suggested that a 3- state scheme 

is not sufficient (Brown et al . 1983, Hagiwara & Ohmori, 

1983 , Hagiwara & Byerly 1983 , Brown et al . 1984b). 

{iv) Effects of temperat ure 

The temperature experiments indicated that there was 

a d i f ference in t h e temperature sens i ti v ity of t h e sl o w 

time constants measured f ram turn - on and tai 1 currents. 

The effect o f temperature on t h e rate of reactions ma y be 

approximated by the Arrenhius e quati on , where entro p y 

t e rms are incl u ded in k 0 , 

k A --- > B 
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k = k 0 exp( - E / RT), - a 

lnT = lnT 0 + Ea / RT , T = 1/k . (3.11). 

The equation suggests that the rate constants for 

reactions with a high activation enthalpy, will have a 

steep temperature dependence . Similarly, factors which 

change Ea , should also change the temperature dependence 

of the reaction. For example , measurement of the tern-

perature dependence of the time constants at two different 

voltages will generally p r oduce different results (Tsien & 

Noble , 1969). This is expected since the membrane 

potential represents an energy input to the system, which 

will lower the energy barriers and tend to "dilute" the 

temperature dependen ce of the ti me constants. 

For this reason , a difference in the Ea of time 

constants measu re d at diffe rent potentials does not 

necessarily imply a diffe rence in the underlying process. 

A simple example will illustrat e the point . Suppose the 

reaction illustrated above has an r, 

c., a at +20rnV of 85 

kJ/rnol (0 10 -3 .4 ), a nd a voltage sensitivity equal to a 

rn1n1rnurn valence of 4 e+ ( from the present results). At 

- SOrnv, voltage will have lowered Ea by 27 kJ/mol 

(z . ~V . F), reducing the 0 10 to -2.3. Thus it is important 

to take into account other energy contributions when 

making comparisons of mea s ured 0
1 0 

s or Eas . Such 

effects will not explain the very large difference in the 

0 10 of the slow time constant measured at positive and 

negative potentials in molluscan neurones (0
10

>6 .S at 

+25rnV and 0 10 ~1 . 9 at - 50rnV, Brown et al. 1983) . 
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As would be expected fr o m the above arguments, the 

apparent Ea is lower at -SOmV than at +20mV for both t he 

fast and the slow time constants ( see Table 3 .1 ) . The 

difference in the apparent Ea values for the slow time 

constants, T1 (+20mV)-Ts (-SOmV), was 56kJ/mol . The 

voltage dependence of the activation could have con

tributed a maximum of 27kJ/mol to this reduction. The 

"extra" 29kJ/mol reduct ion may be due to the predominance 

of another reaction during activation at +20mV. 

Essentially the same conclusion was reached by Brown and 

co -workers (1983) . Until more information is available on 

the activation reactions it is very difficult to provide a 

more detailed interpretation of the effects of temperature 

on the kinetics of channel activity. 

The high Ea observed for the peak current at +20mV 

deserves some consideration. Similar results have been 

obtained for voltage activated calcium channels (Brown et 

al. 1983, Byerly et al. 1984) and sodium channels (Chui et 

a l . 1979) . If the heat capacity of the system . 
lS 

constant, then the temperature dependence of the peak 

current will be given by, 

ln ( C./C. ) = constant - ~H/ RT 
l J • • ( 3 • 1 2 ) , 

where Ci, Cj are the steady-state concentrations of 

the conformations of the temperature dependent step and 

6H is the enthalpy change for the reaction step (Edsall & 

Gutfreund, 1983) . The decrease in the peak current is not 

wholly attributable to a decrease in the single channel 

current, assuming the 0 10 of -1.2 from snail neurones (Lux 
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& Brown, 1984) is applicable to the present data . If the 

peak current lS corrected for the reduction 1n the single 

channel current the peak current 010 lS reduced to 2 . 2 

(apparent Ea of 54kJ/mol) . The high apparent Ea of 

the peak current implies that at least one step 1n the 

activation of the channel involves a large net energy 

change. This reaction step need not be part of the rapid 

activation time course observed during the present 

experiments. It could, for example, mediate a reduction 

in the number of immediately activatable channels in the 

membrane. There is some basis for such a suggestion, 

since previous single channel studies have shown that 

during repetitive depolarizations, many null sweeps (with 

no observed channel opening) are recorded (Reuter et al. 

1982, Fenwick et al. 1982 , Hess et al. 1984b, Brown et al. 

1984, Reuter et al. 1985). The channe 1 appears to be 

unactivatable during these sweeps, presumably because it 

1s 1n some other state which is reached through a 

relatively slow transition. The effect of temperature on 

the peak calcium current might be explained by saying that 

the equilibrium between the dormant state and the 

activatable state has a high tH. If the transition were a 

spontaneous (reversible) reaction, the high enthalpy 

implies that the ratio of the dormant to activatable 

channels is very large (-1010), which would require a 

massive number of channels to be present in the membrane, 

to produce t he observed calcium current. This objection 

can be answered if it is assumed that the transition 

between the dormant and act i va table states is 1 inked to 
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another process with a high Ea . Possible candidates are 

protein phosphorylation, which seems to be required t o 

maintain active calcium channels in neurones (Chad & 

Eckert 1984b, Doroshenko et al . 1984) and interaction of 

the calcium channel with an intracellular component (Haga 

et al . 1984) . 

calcium channel 

There is no direct evidence that the 

itself is phosphorylated, and it 1s 

possible that phosphorylation of another protein helps 

maintain the low intracellular calcium levels, essential 

for calcium channel function (Byerly & Yazejian 1986). 

The Q10 of the peak current , and the loss of calcium 

current during internal perfusion could reflect aspects of 

a common process . The run - down of the calcium current 

could be explained if th e rate of formation of active 

channels is coupled to a reaction dependent on some intra

cellular constituents , and the reversion of the channels 

to the dormant state occured spontaneously and essentially 

irreversibly as these intracellular components were lost 

during perfusion . The s e ideas could be tested further by 

first looking at the temperature dependence of the 

occurrence of null sweeps during single channel recording. 

( v ) Effects of Bay K 8644 

Application of lOµM Bay K 8644 shifted the P
0

(V) 

curve slightly to the left and there appeared to be a 

significant change . 
1n the slope of the curve. 

Qualitatively , the Bay K favoured the open state. It was 

hoped that these experiments might give some clues as to 
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the mode of act ion of Bay K. Does the drug work b y 

effects on the dipole energy, or by changing 6w ? The 

fit of equation 3.6 to the P (V) curve suggests that the 
0 

drug produced a change in both the dipole and the lw 

energies of the reaction steps . However, the control data 

indicates that a 3- state model is inadequate, and so it is 

not possible to draw any firm conclusions about the mode 

of action of Bay K from the fit of equation 3.6 to the 

data . 

Bay K produced complex changes in the measured time 

constants. In particular, there was a break in the Ts-V 

curve in lOµM Bay K, at around the threshold potential for 

the calcium current . This observation could be explained 

if it is assumed that the rate constants are not accurate 

measurements of the eigenvalues (see Appendix 2) of the 

underlying kinetic scheme, but represent some complex 

mixture of the real eigenvalues . Thus, at threshold, Ts 

changes suddenly perhaps because the relaxation rate 1s 

dominated by a different eigenvalue which is not greatly 

affected by Bay K. 

Interpretation of the Bay K data is complicated by . 
the suggestion that the calcium channel has different 

modes of activity ( Hess et al . 1984b). On the bas is of 

sing le channe 1 records, these au tho rs suggest that the 

1, 4- dihydropyridines ( DHPs) act by stabilizing different 

modes of activity of the calcium channel. Nitrendipine 

was proposed to stabilize mode O activity, characterized 

by the absence of channel openings during a depolarizing 

step . Bay K was proposed to stabilize mode 2 activity, 
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characterized by an excess of long duration openings 

during the depolarizing step . 

of operation . 

Their data was obtained 

Mode 1 is the normal mode 

. using the racema te of bo t h 

ni trendipine and Bay K. It has been shown that the two 

enantiomers of Bay K have agonist and antagonist effects 

o n calcium dependent action potentials in guinea - pig heart 

cells . ( - )Bay K (the agonist) had a much higher affinity 

for the channel than (+)Bay K since the effect of the 

racemic compound was much the same as that with (-)Bay K 

(Franckowiak et al . 1985) . Sanguinetti & Kass (1984a,b) 

showed that Bay K ha d mixed effects on calcium channels 1n 

heart cells . At depolarized holding potentials Bay K 

blocked the calcium curren t, and at holding potentials 

more negative than - 50mV Bay K had facilitatory effects. 

Patch clamp experiments have shown that ( +) ni trendipine 

also has mixed agonist/antagonist effects in rat heart 

( Hess et al . 1984b , Reuter et al. 1985). The DHP, 202-

791, may also have steriospecific effects on calcium 

channels (Hof et al . 1985 , Perney et al . 1986). It has 

been shown that the affinities for the DHP binding site(s) 

of the enantiomers of 202 - 791 are different, the isomer 

that stimulated the calcium current having the higher 

affinity (Williams et al . 1985) . 

The modal model accounts for the observation t hat 

both mode 2 (Bay K induced) and mode 1 (control) acti vi ty 

could be observed in the same patch in the presence of Bay 

K, during different pulses . The mechanisms for these 

effects are unknown . One possi b ility is that binding of 
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Bay K is slow, and that the behaviour of the channel 1s 

determined by the enantiomer of Bay K which occupies the 

site on the calcium channel at the time of the depol-

arization. The contingency tables and cluster analysis 

produced by Nowycky and co-workers (1985b), for the 

neuronal calcium channel, may reflect slow binding and 

unbinding of the drug. Thus the mode 1 activity observed 

in the presence of Bay K, may be due either to binding of 

the (+)enantiomer or to the Bay K site being unoccupied. 

Even if the binding reaction were relatively fast, this 

idea could be supported if one assumed that depolarization 

locked the Bay K molecule into, or excluded it from the 

binding site. It has been suggested that there are two 

DHP binding sites on cardiac calcium channels (Brown et 

al. 1986), but it is possible that these results are due 

to differences in the binding reactions of the enantiomers 

to a single site. 

The change in the effect of nitrendipine with time 

(Reuter et al. 1985) could also be explained by slow 

binding reactions to a single site, given appropriate 

values for the Kds and binding rates of the enantiomers. 

Although mode O events are commonly observed during single 

channel recording of calcium currents, there 1s no 

evidence to suggest that the extra mode O events recorded 

1n the presence of nitrendipine reflect the same condition 

of the channel. It seems just as probable that the DHP 

antagonists induce a another mode of channel activity, 

mode 3 (nitrendipine induced) . 

be resolved. 
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How do these results relate to the p rese n t findings? 

Firstly , t h e observation t hat there is a finite prob

ability of the calcium channel entering the Bay K induced 

state in the absence of the drug will not complicate the 

interpretation of the control data unduly . The prob-

ability was low (<1%, Hes s et al. 1984b) , and so these 

events can safely be ignored. The Bay K data 1s more 

complex . Since the racemic compound was used , the c hannel 

could be in any one of three conditions at the time of the 

depolarization, corresponding to the Bay K site being 

unoccupied , or being occupied by the (+) or (-)enantiomer. 

Therefore, the Bay K will produce a mixed population of 

ch an n e 1 s , and i n t er pre ta t i on of the data i n t e rm s of a 

single kinetic scheme is no longer valid . At this stage, 

information is required on t h e electrophysiological 

effects, the binding rates and the Kds of the optically 

pure isomers of the various DHPs, before a detailed 

explanation of the mechanism of action of these compound s 

can be advanced. 

The results presented indicate t hat neuronal calcium 

channels may be relatively insensitive to nifedipine. It 

1s interesting to note that nitrendipine and nimodipine 

block calcium channels in cardiac muscle mo re effectively 

at depolarized potentials ( Sanguinetti & Kass 1984, Bean 

1 9 8 4 ) , and it was suggested that t he se compounds 

stabilised the inactivated state of the channel. In this 

study , t h e calcium channels did not inactivate un til the 

holding potential exceeded threshold . There seems to be 

ve r y little potential dependent inactivation of calcium 
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channels in most preparations ( Eckert & Chad 1984). The 

low sensitivity of the calcium current to DHP antagonists, 

and the lack of significant inactivation at the holding 

potential used, correlates well with the models of 

Sanguietti & Kass (1984) and Bean (1984) . 

(vi) Effects of external barium i ons 

External barium ions produced pronounced changes in 

the recorded time constants, and it was suggested that 

these effects could be explained in large part by changes 

in the external surface charge . There appeared to 

residual effec t s under conditions where the external 

surface ch a rge effects should have been approximately 

equal to the control value . These residual effects could 

have been due to direct interaction of the ions with the 

channel . 

The nature of the permeant ion has potent effects on 

channel kinetics in other systems (Hagiwara et al . 1977, 

van Helden et al . 1977 , Chesnoy - Marchais 1985) . The 

effect on calcium channels has been observed previously. 

Saimi & Kung ( 1982) found that the rise time of calcium 

currents in . paramecium was slowed when the external 

calcium was replaced by barium . The activation time 

constant of calcium currents in bovine chromaffin cells 

was prolonged when the SmM external calcium was replaced 

by isotonic barium (Fenwick et al. 1982) . On the other 

hand, Hagiwara & Ohmori (1982) found that most of the 

kinetic effects of barium could be explained by changes in 

77 



the external surface charge, although there did appear to 

be a slight excess inc rease in the activation time 

constant with increasing external barium concentrations. 

Byerly & Hagiwara ( 1982) found no evidence for a direct 

effect of barium on calcium channel kinetics in snail 

neurones . 

The present results indicate that the activation and 

deactiva tion kinetics may be altered by external barium . 

Two previous works have attempted to provide a theoretical 

basis for the interpretation of such effects observed in 

other systems (Ciani et al . 1978, Marchais & Marty 1979). 

One must assume that there is a fairly specific inter

action of the ion with the channel, however the exact 

location of the specfic site is not obvious . Both of the 

theoretical treatments allowed for the ion binding site 

within the permeation pathway of the channel . The general 

idea is that occupation of the channel by a permeant 10n 

prevents it from closing . If this were the case then one 

would expect that the time constants would become slower 

as the concentration of the specific permeant 10n . 
lS 

increased. One problem with this type of explanation 1s 

that the single channel current is hi~her in barium 

solutions than calcium solutions ( Hess et al. 1986). This 

suggests that each barium ion pauses in the channel ~or a 

shorter period of time during permeation, than calcium. 

One might then predict that t he time constants would be 

faster in the presence of barium ' ions than calcium ions, 

contrary to observation . The other alternative is that 

the ions bind to a site external to the permeation 
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pathway . The d ata available on t he calcium channel does 

not allow a firm conclusion on th i s point. 

( v i i) Considerat i on of a 4-state sche me 

One simple modification to the 3-state model 

presented is to include another closed state in the 

reaction scheme ( Hagiwara & Ohmori 1982, Fenwick et al. 

1982, Byerly et al. 1984 , Brown et al. 1983, Brown et al. 

1984) . The aim of this section is to explore the charac-

teristics of a 4- state model, to see whether it 1s 

possible to reproduce the steady - state and kinetic data 

quantitatively . An immediate objection to such an 

endeavour is that a 4 - state scheme will predict that the 

membrane current should relax with a three exponential 

time course . With the appropriate choice of rate 

constants, the 4- state scheme predicted an essentially two 

exponential time course for the current relaxations, the 

third component being very fast and of negligible 

amplitude . 

The model was required to account for a number of 

observations : 1) The magnitude and voltage sensitivity of 

the time constants measured between -70 and +SOmV (f igures 

3 . 14) . 2) It should accurately predict the P
O 

( V) curve 

( figure 3 . 11 B) . 3) It should also account for the 

As/(As+Af) curve between - 70 and +lOmV (figure 

3 . 15) . A single open state was assumed, since the single 

channel open time distributions appear to be described by 

a single exponential (Fenwick et al. 1982, Hagiwara & 

79 



Ohmori 1983, Lux & Brown 1984, Hess et al. 1984, Reuter et 

al . 1986) . Only two closed states were resol ved fr o m t h e 

single channel data, and the model should be consistent 

with this observation . 

It seems obvious that the time constants of any 

proposed 4-state scheme must be at least as fast as the 

slowest observed time constant, since slow time constants 

will be rate limiting, and therefore have significant 

amplitudes either during activation or deactivation. 

Therefore, in order for the 4-state scheme to fit the 

data, it is proposed that one of the time constants 1s 

much faster than the other two, and cannot be resolved. 

This being the case, the time constants recorded from the 

kinetic experiments can be taken as accurate measures of 

the two smaller eigenvalues of a 4-state sequential 

reaction scheme. This assumption is crucial for fitting 

the data . 

It was found, by trial and error, that a 4-state 

sequential model will follow double exponential kinetics 

if the second closed state is very short-lived compared 

with the other channel states. This requires that the 

rate constants leading away from this state are much 

greater than the other rate constants in the scheme. 

The direct search algorithm described by Hooke & 

Jeeves (1960) was used to fit the model to the data. The 

details of the calculations and fitting procedure used are 

set out in Appendix 2. A comparison of the fits of the 3-

state and 4-s tate models are shown in figures 3. 30, and 

the parameters used are shown below. The broken lines i n 

80 



Figure 3.30 A comparison of t he fits of the 3-state 

and t h e 4-state models t o t h e kinetic and st eady-stat e 

d ata. The data points s hown in t he figure are t hose that 

were used to fit the models . The data is replot ted from 

figures 3.14A, 3.l4B, 3.15 & 3.llB for A, 8, C & D 

respectively. The points at -10, 0 & lOmV in B were 

simply the average value s of the points shown in figure 

3 . 14B . The prediction of the 3-state model are shown by 

the broken lines. The model was not consistent with t he 

vol tage sensitivity of the slow time constant, or the 

relative amplitude of the slow phase. The 4-state model 

accounted for the data reasonably accurately over t h e 

potential range investigated. 
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figure 3. 30 show that the 3-state model was unable to 

account for the data accurately, particularly the voltage 

dependence of the slow time constant and the relative 

amplitude of As. This result confirms that already 

obtained in the results section. The solid lines . 
1n 

figure 3.30 show that the fit of the 4-state model to the 

data was reasonably close, and the result demonstrates 

that the activity of calcium channels can be predicted 

quite accurately from a 4-state model. The amplitude of 

the fastest exponential of the 4-state model remained 

negligible (<0.01%) at test potentials between -70 and 

+50mV from holding potentials of -50 or +50mV, and thus 

the model predicted that the time course of the calcium 

currents should be described by the sum of two expo

nentials, in agreement with observation. 

Four-state model 
Parameters obtained from the fit of the four state 
model to the data. The rate constants are in units 
of ms- 1 • 

kl = 0.27 k3 = 12.0 ks = 2.08 

Ci C2 C3 0 

k2 = 12.7 k4 - 1.25 k5 = 1.97 

Fraction of the total valence for the forward 
rate constants 

01 = 0.49 03 = 0.95 05 = 0.51 

Total valence for the reaction step (e+) 

212 = 1.91 z 2 3 = 2.59 z 34 = 1.15 

Without confidence limits being placed on the 

parame ters, it was not possible to say how well the values 
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were defined by the data. One point that was established, 

was that the data required the C
3

++0 transition to be 

voltage sensitive (cf Hagiwara & Ohmori 1983). If the 

valence of this reaction was constrained to be zero (z
34 

~ 

0), then the fast time constant at negative potentials 

became essentially voltage insensitive, and adequate fits 

to the data could not be obtained. A similar problem was 

encountered when the fractional dipole moment of k
6 

was 

constrained to be zero during the fit (8
5 

= 1) . Thus the 

fits to the data suggest the open time of the channel 

should be voltage sensitive, consistent with . previous 

single channel studies (Fenwick et al. 1982, Lux & Brown 

1984 , Reuter et al . 1986) . The predicted mean open time 

(to = l/k 6 ) at OmV of O. Sms was also in good agreement 

with these studies . 

The 4- state model was qualitatively consistent with 

the double exponential closed time distributions measured 

from single channel records . The second closed state (C
2

) 

will have a very short mean life-time of l/(k
2

+k
3

) = 42µs 

at OmV, and it is unlikely to be resolved due to the band-

width limitations of single channel recording. Thus only 

two closed states will be resolved and a double expo

nential closed time distribution predicted. 

The short lived conformation, C2 , will have sig

nificant effects on the kinetic response of t he system, 

and may provide a reasonable explanation for the latency

to-first-op~ning data of Brown & co-workers (1984b). They 

found that t heir waiting time di stributions were not 

consistent with the fits of the open and closed time 
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distributions to a 3-state model . The channels did not 

open soon enough after the depolarization . The present 

model would account for this observation as follows; upon 

depolarization from a negative holding potential most of 

the channels will be in C1 • The delay before the first 

observed opening is determined by how quickly the channel 

can move through the various closed conformations and 

reach the open state. This time will be increased by the 

presence of C2 , since upon reaching this state there 1s an 

equal probability (k 2 ~k 3 at OmV) that the channel will 

return to C1 

short-lived 

or move to c 3 • Thus the presence of a very 

intermediate closed state will cause an 

additional delay before activation. It is interesting to 

note that at more positive potentials the discrepency 

between the 3-state model and the waiting time became 

smaller (Brown et al. 1984b, fig. 6A). This is expected 

from the model since at positive potentials k
3

>k
2 

and the 

additional delay introduced by c 2 will become much less. 

When stepping from a holding potential of . -SOmV to 

+lOmV the model predicts that A1 /A2 = 10, while the 

measured value was 8. 4. This wi 11 mean that the model 

will predict a slightly smaller delay before activation 

than was observed, however the difference is not large. A 

simulated voltage step from -SOmV to +lOmV was performed 

to illustrate the point and is shown in figure 3.31. The 

delay before activation of the current is only slightly 

less than that observed in figures 3.4, 3.7A & 3.16. The 

discrepancy is consistent with the presence of outward 

asymmetric capacitive currents at the start of records, 
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Figu r e 3 . 31 Simulation of the calcium current 

produced using the 4 - state model fitted to the data 1n 

figure 3 . 30 . The activation and deactivation curves were 

produced usin9 equation 3 . 4, with N . i(V) ta k en from the 

fit in figure 5 . 19, and P
0

(V,t) set equal to equation 

A2 . 11 . Si were calculated at t h e appropriate starting 

potential according to equation A2 . 10 . The small downward 

deflection marks the start of the simulation . 



which would tend t o increase the observed del a y befo re the 

activation of the calcium current (see Chapter 4) . 

The model does not predict the temperat u re sen-

sitivity of the time constants very well. Simulations 

indicated that the 0 1 0 ( +lOmV) of the slow time constant 

between 283 and 293 K was 2.27, and was almost insensitive 

to the membrane potential. This value does not compare 

well with the measured 0 10 of 3.4 (Table 3.1). The 

membrane po tential will not have a large ef feet on the 

apparent activation energies for this model since the 

dipole energies of the reactions are small compared to the 

OmV comformational energies. 

In conclusion; a 4-state sequential model provides a 

quantita ti ve description of the voltage dependence of 

neuronal calcium channels be tween - 70 and +SOmV. The 

model is qualitatively consistent with previous single 

channel data . It will be interesting to see whether this 

model has any similarities to the molecular mechanisms of 

calcium channel gating . The effects of temperature 

indicate that the gating is more complex than this model 

suggests. 
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Chapter 4 

Asymmetric charge movement 

Introduction 

The asymmetric charge movement associated with sodium 

channel activation has been recorded in squid axonal 

membrane (Armstrong & Bezanilla 1974, Keyne s & Rojas 

1974), node of Ranvier from amphibia (Nonner et al. 1975, 

Neumke et al. 1976) and mammals (Chui 1980) and from 

skeletal muscle fibres (Collins et al . 1982) . Charge 

movemen t associated with potassium channel activation has 

recent 1 y been recorded i n sq u id axon ( Wh i t e & Bez an i 11 a 

1985) . Charge movement attributed to calcium channel 

activation has been recorded in two invertebrate prep

arations (Adams & Gage 1976 , Kostyuk et al . 1977, Kostyuk 

et al . 1981a) and in scorpion muscle ( Scheuer & Gilly 

1986) . This chapter describes preliminary experiments 

aimed at measuring the charge movement associated with the 

activation of calcium channels in cat DRG neurones . 

Initially experiments were performed to see whether 

a signal t~at resembled as ymmetric charge movement could 

be recorded in the cell bodies of cat DRG neurones. 

Asymmetric capacitive currents which are linked to the 

activation of vol tage dependent channels might be expected 

to have the following properties : 

~) The · current flo •,v s hould be outward on 

85 



t 

depolarization and inward upon repolarization. 

2) The nonlinearity of capacitive current should 

appear 1n the same potential range, or negative to the 

potential range over which the voltage activated channels 

turn on. 

3) The cumulative asymmetric charge should saturate. 

4) The integral of the capacitive surge on depol

arization must equal that on repolarization. This stems 

simply from the idea that the gating charges must be 

tethered to the channel protein, but ignores complications 

s u ch as ch a r g e i mm ob i 1 i z at ion ( as i s s e en i n the sod i um 

channel) . 

5) The time constants recorded 

movement transients should be the same 

from the charge 

as those recorded 

from the ionic current relaxations ( French & Horn 1983). 

It would be expected that the relative amplitudes of the 

various exponential components would be different. The 

results in chapter 3 indicate that for the calcium 

channel, the time course of the ON charge movement should 

become faster at potentials more positive than +lOmV. 

6) In a given ce 11, the magnitude of the charge 

movement should correlate very closely with the amplitude 

of the current it is associated with . Thus cells with 

small calcium currents should have small calcium channel 

charge movements . 

Each of these points will be addressed in the results 

section . 
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Methods 

All the non - linear ionic currents must be blocked 

before capacitive currents can be measured . This was a 

relatively straight forward matter . Using the calcium-

current - solutions ( section 2 . 3) all other currents except 

the calcium currents and calcium - activated chloride 

current were eliminated . Calcium currents were blocked 

and calcium- activated chloride currents eliminated by 

the external calcium chloride with cobalt replacing 

chloride . Thi s method was found to be ineffective at 

blocking outward currents in some cases, due to a TTX-

insensitive sodium current (see chapter 6). A residual 

nonspecific outward current was also present 1n some 

cells . Cells with a large nonspecific outward current 

were not used . 

Co 2 + was the preferred calcium channel blocker for a 

number of reasons . 1) Unlike cadmium ions, the block by 

cobalt was voltage insensitive (Byerly et al. 1984 and 

figure 3.2) . 2) The surface charge potential seemed to be 

approximately the same with lOmM calcium or lOmM cobalt. 

The ev ide·nce for th is comes from the sodium current 

experiments, where the peak I - V seemed to be unaffected by 

the method of blocking calcium currents (see chapter 6). 

3) Neurones appeared to survive longer in cobalt solutions 

than cadmium solutions . 

The major problem in measuring charge movement 1s 

that the signal is very small. A few calculations 

illustrate this point. If one takes the single channel 

current for mammalian calcium channels to be O. lpA at 
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+lOmV in lOmM calcium (Fenwick et al. 1982, Hess & Tsien 

1984) and the probability that the channel is o pen as 0 .5 

(figure 3 . llB), then a typical inward current recorded in 

cat DRG neurones at +lOmV, of -SOnA, must be due to the 

activation of 10 6 channels . The P
0

( V) data suggests 

that the minimum number of electronic charges moving 

during activation is 4.4 per channel (fit of equation 3.6 

to the steady-state data in figure 3.llB). Therefore, 

during the activation of the channels a maximum of about 

0 .70 pC of charge will be displaced. If the charge 

movement followed a single exponential time course with a 

time constant of O. 5 ms, then O. 70 pC of charge would 

cause a peak current 

suggest that the peak 

of l .40nA . These calculations 

charge movement associated with 

calcium channel activation should range between 0-1.4 nA. 

It was hoped that it would be possible to accurately 

measure such small currents by reducing the recording 

bandwidth and averaging a number of pulses . 

Results 

Results will be presented which relate to each of the 

points in the introduction . A total of 41 cells were u sed 

from 13 different ganglia during this section of t h e 

project . In the majority of the cells, a clear indication 

of asymmetric capacitive current could not be seen, mainly 

due to unfavourable noise levels. In a few cells it was 

possible to record currents which fulfilled, in part, a 

number of the criteria set out above. Figure 4.1 shows 
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Figure 4.1 (A) The traces illustrate the linearity 

of the membrane current between -40 & -20mV when stepping 

from a holding potential of -70mV . Nonlinear ionic 

currents have been blocked. The voltage pulse protocol 

used for the experiments is shown opposite . The initial 

control pulse was negative in some experiments. (B) 

Difference currents produced at the step potentials 

indicated next to each trace . At each potential the pulse 

train was averaged 9 times . The filter cut - off frequency 

set to 2 or 4 kHz. The external calcium was replaced by 

either Mn 2 + or co2+ . 
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two examples . The voltage pulse orofile is shown in the 

top right of figure . The initial control pulse was ±l OmV 

from the holding potential of - SOmV . The pulse profile 

was reoeated 9 times at each test potential, and the data ~ -

accumulated on - line . The records illustrated were 

obtained by subtracting the control pulse from the test 

pulse . The control pulse was scaled appropriately before 

subtraction . When the membrane potential was held at 

- 70mV and stepped to potentials between - 40 and - 20 mV, 

the membrane capacitance appeared to be linear (Fig . 

4 . lA) . At potentials above OmV the capacitance appeared 

to become non - linear , as is shown in figure 4 . 1B . The 

asymmetry currents appeared to be similar when the calcium 

was replaced with either mangane s e or cobalt . The 

transient ON currents decayed to a steady outwa rd current 

level which appeared to become larger at more positive 

potentials . The steady outward current may be due to an 

instantaneous non - linearity in the leakage current . The 

integral of the asymmetry capacitive currents (Q) was 

evaluated by setting the base - line level equal to the 

minimum outward current level during the pulse, thereby 

subtracting the non - linear leakage current. 

method was used by Chui (1980) . 

A similar 

The sign of the currents is consistent with a 

capacity current, outward on depolarization, inward on 

repolarization . The nonlinearity appears in the same 

potential range as the calcium currents recorded in these 

neurones, and appeared to saturate at positive potentials. 

Figure 4 . 2A shows the voltage dependence of the normalized 
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cumulative ON charge movement (Q ) , and figure 4.28 shows 
on 

the normalized cumulative OFF charge movement (Qoff) 1n 

the same four cells . The curves through the points 1n 

these figures were drawn using equation 3.5, with v
0 

= 

1 OmV , and an effective valence of 3 .1 e+. The charge 

movement seems to have a similar potential dependence as 

the steady - state activation curve for the calcium current. 

The fit of equation 3.5 to the P
0

(V) curve in figure 

3 . llA produced values of v 0 = 11 . SmV and an equivalent 

valence of 3 . 1 . 

The data in figures 4 . 2A and 4.2B were averaged to 

produc~ the points shown in figure 4 . 2c. The cumulative 

= charge movement was fitted with equation 3.5, with v
0 

lOmV and an equivalent valence of the gating dipole moment 

of 2 . 6 e+ . The broken line in figure 4 . 2C shows the 

P0 (V) curve for the calcium current taken from figure 

3 . 118 . The results indicate that the charge movement is 

not inconsistent with the activation of calcium channels. 

The proportion of the total charge moved at any potential 

was greater than the proportion of the calcium channels 

activated at that potential . This is an essential feature 

of charge movement associated with activation of voltage 

sensitive channels that have more than one closed state in 

the activation scheme (Armstrong 1981). 

Although the Q and Q ff appeared to show a similar on o 

voltage dependence to the calcium current, the integral of 

the charge moved was not equal . I~ 6 cells the maximum 

Q was 2 . 0±0 . 6 pC and the maximum Q ff was l.3±0.4pC. on o 

The reasons for this difference were unknown. The average 
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Figure 4. 2 Voltage sensitivity of the integral o f the 

asymmetric capacitive currents (Q) . Q was normalized by 

dividing each value by the maximum amount of charge moved 

(Q ) • Q was estimated by eye. This normalized max max 
integral of the ON (A) and the OFF (B) charge movement in 

4 cells, is plotted against test potential . (C) The 

points in A and B were averaged and fitted with equation 

3.5. The squares show the average ON charge movement, and 

the crosses show the average OFF charge movement . The 

broken line is the fitted line taken from figure 3.llB and 

shows the steady-state fraction of calcium channels 

activated as a function of potential. 
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cell capacitance was 0 . 33 ±0 . 02nF (n =6 ) . In 5 cells Q , 
on 

normalized for the cell capacitance ranged between 3. 2-

10 . 0pC / nF, with an average value of 6 . 3 pC / nF, and Qo ff 

ranged between 2 . 0 - 6 . 9pC / nF with an average of 3 . 8pC / nF. 

The time course of the ON capacity current 

illustrated in figure 4 . 1B appeared to become faster as 

the membrane potential was stepped to more positive 

potentials, as would be predicted if this current were the 

charge movement associated with activation of a voltage 

dependent channel . The decay of the transient ON charge 

movement for the Mn2+ data in figure 4 .1B followed an 

exponential time course, with time constants of O . 85 to 

0 . 40ms at +10 and +40mV respectively. The time course of 

the OFF asymmetry current was independent of the step 

potential , which is also consistent with charge movement 

associated with a voltage activated channel . The time 

constant of decay of the OFF charge movement was 0 . 17ms at 

the holding potential of - 50mV . A comparison between the 

s 1 ze of the asymmetry currents and the calcium 
. . 
1on1c 

current was obtained in 4 cells . The peak calcium current 

at +lSmV was - 88, - 73, - 56 & - 50 nA while the maximum Q on 
was 2 . 7, 1 . 7, 2 . 8 & 2 . 9 pC respectively. 

Discussion 

The data just presented satisfy a number of the 

criteria for gating charge movement set out above. The 

best evidence linking the as ymmetric charge movement with 

calcium channel activation is the volt age sensitivity of 
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the steady-state activation curve and the cumulative 

charge movement curve (figure 4.2C). Both curves 

predicted a similar valence for the protein dipole. The 

result indicates that the charge movement 1s not in

consistent with calcium channel activation, but does not 

unambiguously identify the source of the charge movement. 

Part of the charge movement observed could well be 

associated with the sodium or potassium currents present 

1n these cells . 

The time constant measured from the ON charge 

movement was faster than the slow time constant measured 

from the activation of the calcium current in the previous 

chapter . Since the activation charge movement must 

precede channel opening it is not unreasonable to assume 

that some of the charge movement may be associated with 

calcium channel activation. The time course of the OFF 

charge movement is also consistent with the calcium 

channel kinetics in that it decays at rougly the same rate 

as the fast phase of the calcium tail currents recorded in 

chapter 3. 

The asymmetry currents do not appear to be purely 

capacitive . The integral of the ON asymmetry current did 

not equal the OFF asymmetry current in any of the cells 

where the currents were observed . 0 was invariably - on 

larger than Qoff. A possible reason for this disparity is 

that there is some charge immobilization during the 

voltage pulse, which may occur for example if sod ium 

channel gating currents made a significant contri buti o n t o 

Qon (Armstrong 1981) . It lS also possi b le that the 
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asymmetry currents were capaciti v e b ut that part o f OFF 

asymmetry current was t o o rapid to be adequately resol v e d , 

particularly if it decayed with a time course similar t o 

the fast phase of the calcium tail currents. 

The correlation between the size of the charge 

movement and the size of the calcium currents also 

indicates that there may be significant charge movement 

from other voltage activated channels, or contamination 

from unsuppressed ionic currents. 

The techniques used are promising but need some 

refinement before more accurate records of calcium gating 

currents can be obtained. The ion sensitivity of the ON 

and OFF asymmetry currents must be tested, to see whether 

there is some contribution from unblocked ionic currents. 

This is a particularly important point, since the equality 

of the charge displaced at the onset and offset of the 

voltage pulse is a critical feature of capacitive 

currents . The viability of the calcium current in the 

neurone must be improved, since the calcium current ran

down quite rapidly in the present experiments, and this 

limited the amount of time available to obtain records. 

This factor is particularly crucial for the charge 

movement experiments since it took considerably longer t o 

obtain each run, as several pulses were averaged at each 

potential. The data of Byerly & Yazejian (1986) suggest 

some possible strategies for maintaining functional 

channels for long periods of time in perfused neurones. 

For example, inclusion of adenosine-triphosphate an d 

l-2mM Mg2+ 1 n the internal perfusion soluti o n, 
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and a high sealing resistance between the suction 

electrode and the embrane helped maintain calcium 

currents in their experiments. 

When normalized for the cell capacitance, the 

magnitude of Q was similar to that observed in molluscan on 

neurones by Adams and Gage (Q = 4.6pC/nF, 1979b). The on 

magnitude of the observed charge movement was about 3 

times larger than expected from the calculations done 1n 

the introduction , which suggests a maximum of about 13 

electronic charges per calcium channel. 

(1984) calculated the electronic charge 

Lux & Brown 

per calcium 

channel in molluscan neurones to be 350, and argued that 

most of the charge movement in molluscan neurones (Adams & 

Gage 1979b , Kostyuk et al. 1981a , Brown et al. 1983) 1s 

probably not associated with calcium channel actvation. 

This large excess of charge does not seem to be present in 

mammalian neurones . 

The asymmetry currents observed when most of the 

ionic currents were blocked were very small, and do not 

contribute significantly to the tail current relaxations 

of the calcium currents in the previous chapter. There 

may have been a slight prolongation of the observed delay 

before activation of the calcium current due to the 

initial outward asymmetry current, however such an effect 

will not affect the conclusions from the results 
. 
1n 

Chapter 3 since neither the amplitude nor time course of 

this exponential component were used in the subsequent 

analysis. 
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Chapter 5 

Some aspects of the permeation properties 

of calctum channels 

Introduction 

The mechanism of permeation of ions through calcium 

channels is unclear at present . The channel appears to be 

highly selective for calcium ions in the face of the 

relatively high concentrations of sodium and potassium 

ions in the physiological environment. A 2-s ite 3-barr ier 

rate theory model has been proposed t o model calcium 

channel permeation in skeletal muscle (Almers & Mccleskey 

1984) and in heart muscle (Hess & Tsien 1984) . The model 

was proposed to account for three major observations. 1) 

When all the external calcium is removed ( <10 - 7M), the 

calcium channels become permeant to monovalent cations. 

Subsequent inclusion of micromolar quantities of calcium 

1n the external solution causes a d ramatic reducti on 

( -50%) in the current through t he calcium channels 

(Kostyuk & Krishtal 1977, Alme rs, Mccleskey & Palade 1984, 

He ss & Tsien 1984) . 2) In spite of the very tight binding 

of calcium ions to the channel that the previous obser 

va tion implies, the single channel conductance of 7-lOpS 

in 40 - 50mM Ca ( Lux & Brown 1984, Cavalie et al. 1983) 
. 
lS 

comparable to that of other high se lec ti vity channels. 

For example, the sodium channel has a conductance of 15-18 

pS (Sigworth & Neher 1980, Horn , Patlak & Stevens 1981) . 
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3) The channel displays anomalous mole fraction effects 

(of which point 1 1s an extreme example) with various 

concentrations of calcium and barium ions (Almers & 

Mccleskey 1984 , Hess and Tsien 1984, Byerly, Chase & 

Stimers 1985) . 

The 2- site ] - barrier model proposed accounts for 

these observations fairly simply by assuming three basic 

properties of the calcium channel . Firstly the two energy 

wells (binding site s ) are deep compared to the aqueous 

solution . The energy wells are deeper for calcium than 

for monovalent cations and barium ions . This can account 

for the block of the monovalent permeation by very low 

concentrations of calcium and partially explains the 

anomalous mole fraction effects with barium ions. 

Secondly, the channel is not restricted to single occu-

pancy. Finally, there is significant repulsion between 

two ions occupying the two sites in the channel. The last 

assumption reduces the occupancy level of the calcium 

channel at a given concentration by greatly increasing the 

exit rate from the channel . Repulsion between ions in the 

channel produces a large increase in the apparent binding 

constant for calcium ions. Thus the conductance concen-

tration relation does not saturate until the external 

calcium is raised to millimolar concentrations (Akaike, 

Lee & Brown 1978, Kostyuk, Mironov & Doroshenko 1982), 

despite the very tight binding of calcium to the channel 

sites . The instantaneous I - V of the calcium channel was 

obtained, and this compared with that predicted by the 2-

site models proposed for the calcium channel. 
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Reversal of current flow through calcium channels 1s 

apparent in cardiac cells (Lee & Tsien 1984) and bovine 

chromaffin cells ( Fenwick et al. 1982), where monovalents 

carry outward current at positive potentials. There has 

only been one report of reversal of calcium currents 1n 

nerve cells (Byerly, Chase & Stimers 1985). This thesis 

is the first study to examine the reversal of divalent ion 

(Ba2+) flow through calcium channels in native membranes. 

Cadmium is known to be potent blocker of the calcium 

channels 1n neuronal and cardiac cells. The block 

produced by cadmium ions is relieved as the membrane 

potential becomes more negative, as if Cd2+ were able to 

pass through the channels at very negative potentials 

( Byerly et al . 1984, Lansman, Hess & Tsien 1986). A 

number of ionic blockers, ( eg . co2+, Cd2+, Mg2+ and Mn2+) 

compete with calcium for the blocking site, and it . 
lS 

thought that these ions lodge within the permeation 

pathway and prevent transfer of permeant ions. The sites 

of action of these ions may be very different , for example 

the voltage dependence of the block of calcium channels 1s 

very different for Cd 2+ and Co2+ (Byerly et al. 1984). It 

1s obvious that the mechanism of block for Co2+ and Cd2+ 

1s quite different. This section sets out to investigate 

the voltage sensitivity of Cd 2+ blockade, and presents a 

simple model which may account for the observations. 

Recent single channel studies have shown that the 

rates of association and dissociation of cadmium ions may 

be relatively slow as suggested by the occurence of 

chattering of the channel in the presence of cadmium ions 
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(Hess, Lansman & Tsien 1984 a, Lan s man et al . 1986) . This 

would be expected, for an ion that binds ve r y strongly to 

the channel . This effect could complicate the analysis 

presented below, which relies on the assumption that the 

system is in the steady state at the time of the 

measurements . The kinetic effects of cadm ium on t he 

calcium currents will be examined. 

Results 

5.1 Instantaneous current-voltage relation 

Instantaneous current-voltage relations ( I-Vs) were 

obtained by measuring the peak of the tail currents at 

variou s return potentials, after acti vating a constant 

number of channels at +SOmV. The extrapolated peak tail 

current , that is the amplitude of the fitted exponentia l 

at the time of the repolarization, was used. The extra-

polation procedure effectively compensates for t h e limited 

time resolution of the voltage clamp ( see section 2. 9). 

The currents at negati ve potentials were more severely 

underestimated than those at positi ve potentials . Some 

examples of t h e measurements are shown in figure 5.1. The 

do tted lines show the extrapolation and illustrate the 

importance of employing this procedure. Figure 5.2A shows 

a comparison of the raw and corrected data . The shapes of 

the two I-Vs differ markedly . 

A second s ource of error which may di stort the shape 

of the instanteou s I - Vis series resistance. The series 

• 
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Figure 5 . 1 Measurement of ta il cu rrent amplitudes 

for the instantaneous I-V . The calci um-cu rrent-solutions 

were used internally and externally ( secti on 2. 3). The 

membrane potential was stepped to +S OmV for 3ms f rorn a 

ho lding potential of - SOrnV and t he n to t he return 

potentials indicated . The broken lines are the double 

exponential fits to the current relaxations extrapolated 

back to the step time . The peak of the tail currents 

o ccurred about 60 - 80µs after the voltage step. The fits 

were calculated for the points >lOOµs after the step. The 

lower calibration bar applies to the bottom four traces. 
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Figure 5 . 2 

peak tai 1 current . 

peak tail currents 

(A) Open 

Solid 

measured 

squares 

squares 

in the 

show 

show 

same 

the uncorrected 

the extrapolated 

cell. (B,C) The 

solid symbols show the peak tail currents recorded in two 

cells before (circles) and after (squares) significant 

rundown of the calcium current had occurred. The open 

squares show the smaller I - V scaled to overlie the 

initial control . The close agreement between the solid 

circles and the open squares indicates that series 

resistance errors were not significant. 
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resistance is probably not large in this preparation (see 

section 2 . 5) . The amount of error introduced by series 

resistance is proportional to the amplitude of the 

membrane current. In order to check for possible 

distortion of the instantaneous I-Vs by series resistance, 

I - Vs were obtained from the same cell before and after 

significant rundown of the calcium current had occured. 

The results from two cells are shown in figure 5.2B,C. 

The cell in figure 5 . 2C was chosen as the run - down of the 

calcium current was particularly large. The shape of the 

I - V appears to be independent of the magnitude of the 

calcium current and this suggests that the series 

resistance errors are not significant. These figures also 

illustrate the reproducibility of the extrapolated 

instantaneous I - Vs . 

Another problem is the slight non - linearity of the 

leakage conductance . This is observed when the calcium 

current is blocked by Cd 2+ or co2+ (see figs. 4 . 1, 5.15, 

5 . 17) . The relative magnitude of this error becomes 

larger at positive potentials as the inward current 

becomes smaller . This may cause a slight distortion of 

the instantaneous I - V at positive potentials, since the 

inward current measurements at positive potentials will be 

slightly under - estimated. The gating current measurements 

in the previous chapter indicate that the non-linearity in 

the leakage current is no more than 2-3nA at +SOmV, which 

would produce maximum errors of ~20-30%. The relative 

errors would rapidly become smaller at more negative 

potentials as the non - linear leakage current became 
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smaller , and the calcium tail current became larger. 

Outward current flow through calcium channels was not 

observed at potentials up t o +70mV. Figure 5.3 shows the 

current in response to voltage steps to +SO, + 6 0 and 

+70mV. At these potentials the current reaches a peak in 

less than 1 ms , and at +70mV there is no significant 

outward or inward current for the first millisecond . A 

similar result is observed in figure 3 .9. In other cells 

where the potential was stepped to potenti als greater than 

+70mV, the nonlinearity in the leakage current was too 

large to decide whether there was true reversal of the 

calcium current . 

The average instantaneou s I-V obtained from 9 cells 

1s shown in figure 5.4. Each I - V was normalized to the 

average value of the tail current at - 40mV . The solid 

. 
line through the points was produced using the GHK 

constant field equation (Goldman 1943, Hodgkin & Katz 

1949) for a single permeant ion , 

I 
m 

= p z 2vF2 
Ca -

RT 

a.- a exp(-zVF / RT) 
1 0 

1 - exp(-zVF/RT) 
.. (5 . 1), 

where a
0
,ai are the activities of calcium outside and 

i n s i de the c e 11 , PC a i s the p e rm ea b i 1 i t y o f ca 1 c i um , z 

the valence and V the volt age applied to the membrane. 

The permeation parameter was varied to fit the data at 

OmV; in this case Pea = 0 . 07 cm/s . 

The GHK equation predicts a steeper voltage 

dependence for the current than is observed . The voltage 

dependence of current in equation 5 . 1 is equal to the 
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2ms 

Figure 5 . 3 Response to voltage steps to +50, +60 and 

+70mV . Holding potential - SOmV, pulse duration lOms. 

There is no significant inward or outward current during 

the step to +70mV . 
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Figure 5 . 4 The 

average instantaneous 

-20 

• 

data 

I - V 

0 20 

-400 nA 

- 600 

points show 

from 9 cells. 

40 

the normalized 

standard 
errors we re sma 118 r than the symbols for 

The 

all but two 

of the points . The solid line was produced using equation 

5 . 1 , constrained to pass through the point at OmV . 
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energy change as the divalent ion falls through the 

electric field across the membrane . The lower voltage 

dependence shown by the data suggests that, 1n crossing 

the membrane , the rate limiting step involves the 10n 

traversing some fraction of the electric field . 

The 2-s ite , 3 - barrier rate theory models described 1n 

the introduction can predict the instantaneous I - V more 

accurately . The model proposed by Hess and Tsien (1984) 

produced the line through the I - Vin figure 5 . SA . The 

energy profile u sed is shown in Appendix 3. Calulations 

from the model p r edicted a single channel current of 

0 . 16pA at OmV . The line in figure S.SA was scaled by eye 

to fit the data . Calculations assumed a single permeant 

10n and so contributions to the flux from monovalent 

cations were not included . The model is in reasonable 

agreement with the data, although the model I - V appears to 

increase more sharply wit h potential than the data 

points . 

An alternative 2-s ite model for the calcium channel, 

was suggested by Almers & Mccleskey (1984), and embodies 

some of the theoretical considerations of Levitt ( 1978). 

The model differs from that proposed by He ss & Tsien in 

two respects: 1) the fraction of the membrane electric 

field sensed by permeant ions entering the channel . 
lS 

small (dl,d6 in Appendix 3), 2) t he entry rate of permeant 

ions into the channel is unaffected by occupancy of the 

other site (Rin = 1) . The effects of these 

assumptions is discussed further below . 

The energy profile for the Almers and Mccleskey model 
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Figure 5 . 5 The data points are replotted from figure 

5 . 4 . The lines through the points were produced using the 

2- site 3- barrier models proposed by Hess & Tsien (A) and 

Almers & Mccleskey (B) . The energy profiles and other 

parameters for the models are outlined in Appendix 3 . 
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is shown in Appendix 3, and the fit to the instantaneous 

I-V is shown in figure 5.58. The theoretical curve was 

scaled to fit the points by eye. The single channel 

current at OmV was 0.07 pA. The curve produced by the 

model appears to have the opposite voltage sensitivity to 

that observed; it bends towards the voltage axis at 

negative potentials. This is due to a reduction in the 

occupancy of the channel at negative potentials. The flux 

through the channel becomes limited by the rate of entry 

. 
of ions into the channel, which has a low voltage 

sensitivity. The model of Hess & Tsien produces a better 

. fit since the entry rates have higher voltage 

sensitivities. 

5.2 Reversal of barium currents 

The models presented have assumed that the channel is 

symmetric for divalent cations. This has been largel y a 

matter of conven~ence, since it greatly reduces the number 

of free parameters, and there is very little experimental 

evidence to justify the assumption. An obvious question 

is How val i d is the assumption of symmme try for the 

calcium channels recorded in cat DRG neurones ? 

Experiments with solutions of divalents on both sides of 

the membrane were performed in an attempt to answer this 

question . Figure 5.6 shows the predicted instantaneous I-

V from the two models considerec previously. For these 

simulations there was 20mM divalent cations outside and 

lOmM inside . Monovalent flux through the channel was not 
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Predicted instantaneous I - V for the two 

models, Hess & Tsien ( H- T) and Almers & McCleskey (A - M). 

The curves were calculated for a single permeant divalent 

10n; 20mM externally and lOmM internally . The current 

uni ts are ar8itary . 
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included. 

Barium ions were used as the divalent in these exper

iments, since relatively low concentrations of internal 

calcium render the channels unactivatable (Hagiwara & 

Nakajima 1966, Kostyuk & Krishtal 1977, Chad & Eckert 

1984b) . Al though currents could be recorded with 1 OmM 

internal Ba 2+, the currents were smaller than normal, and 

the cells rather leaky. The currents also appeared to 

rundown more rapidly with internal sa2+. Even with these 

limitations it was possible to record barium currents 

which had kinetic properties similar to the calcium 

currents previously recorded . 

The traces in figure 5 . 7 show currents recorded with 

lOmM sa2+ externally and lOmM sa2+ internally . The 

current is seen to go through a clear reversal between 0 

and +lOmV . Note that there is a slight 'sag' in the 

outward current at +30 and +SOmV during the lOms voltage 

step . This is uncharacteristic of the calcium channel, 

and the origins of this effect were unclear . 

The peak barium current is plotted against the step 

potential in figure 5 . 7A . The barium currents recorded 

with symmetric barium reversed at +SmV, slightly more 

positive than the Nernst equilibrium potential of OmV. 

An interesting feature of this data is the decline of the 

peak outward current at potentials greater than +40mV. 

This effect is not due to a decrease in the number of 

channels activated at positive potentials. Figure 5.88 

shows a plot of the peak tail currents (when returning to 

- 5 OmV) re corded in the same ce 11. The number of open 
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Figure 5 . 7 Reversal of the barium current flow 

through calcium channels. Currents were activated by 

stepping to the potentials indicated next to each trace. 

Clear reversal of the current was seen between O and 

+lOrnV . The holding potential was - SOrnV. 
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Figure 5 . 8 (A) Peak barium current I-V. The cell 

was the same as that shown in figure 5. 7. The 

interpolated reversal potential was +SmV. ( B) P
O 

( V) 

curve for the barium current. The points show the 

amplitude of the tail currents at -50mV, plotted against 

the activation potential . The solid line through the 

points was the fit to the control data in figure 3.118, 

shifted 30mV to the left . 
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channels plateaus at around +lOmV, and so the saturation 

1n ou tward Ba2+ current cannot be explained by a decrease 

1G the number of active channels. 

The line through the points in figure 5.88 is the 

fitted line from the lOmM calcium control data (figure 

3. llB), shifted 30mV to more negative potentials. The 

graph illustrates that the steady state properties of the 

barium current are similar to those of the calcium 

current . 

Figure 5 . 9 shows currents recorded with 20mM external 

barium . The cell is the same as that shown in figure 5.8. 

The higher external barium concentration shifted the null 

(reversal) potential 20mV more positive . No tice that 1n 

this cell , there is a slowly developing outward current at 

positive potentials, which first appears at +20mV. This 

may have been a residual potassium current, due to 

incomplete perfusion of the cell. This was generally not 

a problem since the cells were allowed to equilibrate for 

two minutes before records were taken. However, when 

recording currents with internal barium, records were 

taken as soon as possible after clamping the cell, since 

rundown of the current was generally rapid. The outward 

current is not present in the currents in figure 5. 8, 

which were obtained some minutes later, an observation 

which further suggests that the outward current may be a 

residual potassium current. The current is slower to 

activate than the barium current, and does not introduce a 

large error to the measuremen ts . At positive potentials 

the peak current was mea sured close to the beginning of 
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Figure 5 . 9 Reversal 

currents were elicited by 

of barium 

stepping to 

currents . The 

the potentials 

indicated. The voltage pulse protocol used is shown at 

the bot tom of the figure . Note the presence of a slowly 

activating outward current at potentials of +20mV and 

greater . Holding potential - SOmV . 
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the trace before appreciable activation of t h e outward 

current . Note also that there is a slight decline of the 

current after the peak at potentials above +30mV. This is 

similar to the sag in the current seen in lOmM barium 

(figure 5.8). 

Figure 5. lOA shows the peak barium current in two 

cells with 20mM external Ba2+. The current reversed at 

around +24mV in both cells, and reached a plateau level at 

positive potentials . Figure 5.lOB indicates that the 

saturation is not due to a decrease in the number of 

active channels . The line though the points is the fitted 

line from control data in figure 3.llB, shifted 20mV more 

negative . 

The currents recorded with barium on both sides of 

the membrane appear to be kinetically similar to the 

calcium currents shown previously. The rate constants are 

plotted in figures 5.11, and should be compared to the 

control data of figure 3.14. Tf seems to have much the 

same potential dependence as that seen in figure 3 .14 A . 

Ts (figure S.11B) appears to increase more slowly with 

voltage, and reach a maximum at more negative potentials 

than the . 
previous control data. The activation time 

constant in figure 5.llC also appears to reach a maximum 

at more negative potentials . The maximum time constants 

seemed to be less than those recorded with lOmM Ca 

externally, however the half maximal activation point 

occurs at -lOm V (Fig . 5.lOB), 3nd the maximum slow time 

constants were also observed at -20 to -l OmV . The 

maximum slow time constant was also observed at the 

105 



~ 
11 

1 

I.ii. I. 
I• 
I. 

'I 

,~ 

Figure 5. 10 (A) Peak barium current I - V obtained in 

two cells . In both cases the reversal potential was close 

to +24mV. (B) P0 (V) curve for one of the cells shown in 

A . The line through the points was the fit to the control 

data in figure 3 . llB . 
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Figure 5 . 11 Time constants measured from activation 

and tail currents in two cells, with 20mM Ba 2 + externally 

and lOmM Ba 2 + internally . The top two figures show the 

fast (A) and the slow (B) time constants recorded from 

tail currents . C , shows the slow activation time constant 

recorded during turn - on of the barium current . 
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potential were approximately half the channels were 

activated when lOmM Ca was t he charge carrier (figure 

3 . llB & 3.l4B). 

Instantaneous I-Vs were record ed using the tail 

current voltage protocol (figure 5.12). Some samp le 

currents are shown in figure 5.12. Note that in this cell 

the reversal potential was around +20mV, llmV more 

positive then the predicted Nernst potential of +8.8mV. 

There was a slight decrease in the outward current at 

+SOmV during the recording period. 

The instantaneous I-Vs from 3 cells are plotted . 
1n 

figure 5.13. In each case the data has been normalized to 

the average at -30mV. At negative potentials, the barium 

current I-V looks similiar to that observed in calcium 

solutions. As the membrane potential was stepped to more 

positive potentials, the Ba current reversed. The average 

null potential was +17 ±0.SmV. Again t h e outward current 

was seen to saturate at positive potentials in each of the 

three cells examined . 

The shape of the I-Vin figure 5.13 deviates sharpl y 

from that predicted by the 2-site model (fig . 5.6). The 

rectification is much stronger than expected fr om the 

asymmetry of the barium concentrati on . Consideration of 

possible mechanisms which produce suc h a non-linearity 

1s left to the discussion . 

These experiments with barium have complicated the 

picture. It is not clear whether the deviation of the 

b ari um I-V from that expected from the symmetrical model 

is present when calcium is the charge carrier. 
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Figure 5 . 12 Barium tail currents recorded at the 

return potentials indicated with 20mM Ba 2 + externally and 

lOmM Ba 2+ internally . The recorded voltage traces are 

shown at the bottom of the figure . Note that the peak 

outward current recorded at +SOmV is slightly less in the 

top set of traces than the bottom set , due to run - down of 

the current during the voltage run . The run - down was 

usually rapid with lOmM internal Ba2+ . 
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Figure 5 . 13 Instantaneous I - V recorded in three 

cells with lOmM Ba 2 + internally and 20mM Ba 2 + externally. 

The cells were normalized to the average value at -30mV. 

The outward current is seen to saturate at positive 

potentials, and is smaller than that expected from figure 

5 . 6 . 
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5.3 Cadmium Block of the Calcium Channel 

To investigate further the suitability of the 2-sit e 

model presented, experiments were performed to examine the 

voltage dependence of Cd block. Cadmium was chosen since 

it appears to pass through the channel at negative 

potentials, and so the characteristics of the block should 

give some information about the energy profile of the 

channel. 

Initially the effective dissociation constant of 

cadmium at +lOmV was determined. The depression of the 

peak current at +lOmV was measured. The control value was 

taken to be the average of the initial control and the 

recovery current after washout of the cadmium. The 

results of the experiments are shown in figure 5.14. Each 

open symbol represents a single measurement. Two cells 

were used to obtain this data. The solid symbols are 

the values at +lOmV taken from the data shown in figure 

5.16A. The value for 150µM cadmium . 
10 figure 5.14 was 

that predicted by the smooth curve at +lOmV in figure 

5 . 16A . The fraction of channels not blocked (F) is well 

approximated by the equation, 

F = 

1 + 

1 

[ ca ] 

Kd 

•. (5.2), 

with Ka, the dissociation constant at +lOmV, equal to 

lOµM . Equation 5. 2 assumes one -to - one binding of the 

cadmium with the channel, and the data is consistent with 
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Figu r e 5 . 14 Blo c k of the calcium channel at +lOmV. 

One corresponds to complete block . The 1 ine through the 

points was fitted by eye using equation 5 . 2, with Ka = 

lOµM . Run - down of the calcium current was allowed for by 

taking the average of the pulses before application of 

cadmium and after washing it out . The open symbols show 

the results from two cells . The solid symbols for 20 and 

60µM cadmium were calculated from the values at +lOmV in 

figure 5 . 16A . The 150µM point was calculated from the 

value predicted by the solid line at +lOmV in figure 

5 . 16A . 
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a single cadmium ion blocking the channel. 

The voltage sensitivity of cadmium block was examined 

1n some detail . Instantaneous I-Vs were recorded before 

and after perfusion of Cd at 4 concentrations: 20, 60, 150 

and SOOµM . These experiments were complicated by the 

rundown of the calcium current . Cells where the current 

did not recover after wash - out to within 75% of the 

initial level were rejected . No attempt was made to 

correct for the rundown where it occured. In the 3 cases 

where a second control was not obtained, the degree of 

block was comparable to the other results at the same 

concentration . Instantaneous I - Vs were obtained as des-

cribed previously . In the case of the SOOµM Cd data, 

where the tail currents were very small, the rate 

constants were con s trained to take the control values 

during the fitting procedure . 

Some examples of the measurements are shown in figure 

5 • 1 5 • The broken line through each trace is the double 

exponential fit produced by the LMM algorithm. The fit 

was extrapolated back to the time of the repolarization. 

The peak of the cadmium currents is indicted by the 

arrows . Using the extrapolated peak current tended to be 

more reliable than direct measurement as the observed peak 

current was often not accurately resolved for the small 

currents in the presence of cadmium due to incomplete 

subtraction of the capacity transient. 

The data points shown in figure 5.16A are the average 

results from 4 measurements in different cells at each 

concentration . The error bars are standard errors. 
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Figure 5 . 15 The effects of cadmium on calcium tail 

currents in two cells . The calcium current was act ivate d 

by stepping to +SOmV for Jms, before returning to t he test 

potential indicated next to each trace . The inward 

current during the activation pulse and the larger tai l 

currents are the control records . The broken lines are 

double exponential fits to the tail currents extrapolated 

back to the step time . The arrows indicate the amplitudes 

of the fits to the tail currents in the presence of 

cadmium . Note that the tail current at OmV in the 

presence of 60µM Cd 2 + has a much slower time course than 

the control current , poss ibly due to slow unbinding of 

cadmium at this potential . In the presence of both 

concentration s of cadmium the calcium current was 

completely blocked at +SOmV , and an outward non-linear 

leakage current is evident in these records . 
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Figure 5 . 16 (A) The ratio of the tail current in the 

presence of cadmium to the control tail current is plotted 

against potential for the 4 concentrations tested. The 

error bars are standard errors, 

the results from 4 cells were 
and for each concentration 

averaged . In all cases 
better than 75% recovery 

obtained after wash-out of 
of the calcium current was 

the cadmium solution. Since 

the test I - V was obtained approximately 3 minutes after 

the initial control and the second control about 3-4 

minutes later, run - down of the calcium current was 

considerably less than 75% at the time the record s were 

obtained , and so probably did not affect the results 

unduly . The good agreement between these results and the 

single pulse experiments ( see figure S . 14) supports this 

assertion . (B) The maximum fraction of channels blocked 

at negative potentials from A 1s 

concentration. The line through the 

using equation 5.2, with Kd = 106wM . 

plotted against 

points was drawn 

This seemed a more 

reasonable method of obtaining an estimate of Ke 

(equ ation 5.4 ) than simply averagi ng the value s in table 

5 . 1 . 
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The cadmium data cannot be described by assuming 

voltage dependent binding to a single site. The fraction 

not blocked (F = ICd/ICa), for single site models 1s, 

1 
F = 

1 + 
Kd 

[Cd] 
exp ( zoVF/RT ) 

.. (5.3), 

where Kd is the dissociation constant at OmV, z the 

valence, o the fraction of the electric field that the 

cadmium ions traverse when leaving the channel and V the 

membrane potential . This equation predicts that at 

negative potentials F+l at all concentrations of cadmium. 

At negative po t entials F approa ches some value less than 1 

in figure 5 . 16A , and the limiting ratio appears to become 

smaller as the concentration of cadmium . 
lS increased. 

Therefore equation 5 . 3 is not a pplicable to this data. 

The simplest alternative model is to assume that 

cadmium blocks the calcium channel by binding to two 

independent sites , one within the electric field of the 

membrane, and the other outside the field, where the 

binding of cadmium . 
lS not altered by the membrane 

potential . 

given by, 

The fraction of unblocked channels is then 

1 
F = •• (5.4), 

1 + [Cd] 
+ 

[Cd] 
exp ( zcSVF/RT ) 

Ke K m 

where Ke lS the dissociation constant of the external 

site, and ~ is the dissociation constant at OmV of the 

site within the membrane . The lines through the points in 
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figure 5.16A were obtained by fitting equation 5.4 to the 

data using the L~M algorithm. If this two site model is 

reasonable then the parameters Ke, Km and o should be 

the same at each concentration. 

shown in table 5.1. 

The values obtained are 

At very negative potentials equation 5.4 reduces to 

equation 5.2 with Ka replaced by Ke, and so plotting 

the maximum F values in figure 5.16A versus concentration 

is approximated by equation 5.2. This is shown in figure 

5.16B, with Ke = 10611M, and gives some idea of of the 

The point at error involved in the Ke measurement. 

500µM is lower than expected possibly due to the errors 

involved in measuring the small currents at this 

concentration. 

Table 5.1 
Parameters in equation 5.4 estimated from the data in 

figure 5.16A. The dissociation constants are given in 
micromolar. Approximate standard errors produced by 
the fitting routine are included. 

[Cd] µM K ± SE K ± SE o ± SE e m 

20 100 ± 16 12 ± 1 0.60 ± 0.04 
60 106 ± 7 15 ± 1 0.87 ± 0.06 

150 114 ± 18 19 ± 4 0.67 ± 0.14 
500 172 ± 5 18 ± 2 0.92 ± 0.06 

The cadmium block seems to be well described by 

assuming two independent binding sites, one with a Ka of 

around 106µM, and the other wit h a Kd of 16µM at OmV and 

voltage sensitive binding equivalent to a divalent charge 

moving across approximately 75% of the electric field of 

the membrane . 
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5.4 Cadmium affects the kinetics of calcium channels 

The final observation t o be made in this section 

concerns changes in the kinetics of the calcium currents 

produced by cadmium at potentials positive to OmV. Three 

examples recorded at the potentials indicated are shown in 

figure 5.17. The bottom trace in each example is the 

control record. The top traces show the currents recorded 

1n 20 micromolar cadmium. The broken lines are the 

relaxations expected if the cadmium had no effect on the 

kinetics of the current flow, and were produced by scaling 

down the control traces. At OmV the effect is not great 

although there is a slight slowing of the decay rate. At 

lOmV the rapid closure of channels has disappeared in the 

presence of cadmium, and the trace is almost flat . The 

records at +20mV indicate that there is a slight outward 

relaxation in the presence of 20µM Cd2+. Similar changes 

in the kinetics were seen in 60µM Cd 2+ at O mV (see figure 

5.15). 

The most obvious explanation for the effect is that 

the rate of unblocking of the channels is comparable to 

the relaxation time constants at these potentials. 

Further evidence consistent with this interpretati on 1s 

given below . The +lOmV trace is particularly useful. In 

this case the trace in the presence of cadmium is almost 

flat . This suggests that the rate of unblocking of the 

channels is equal to the rate o f closure of the channels 

at +lOmV, and that these two exponential relaxations 
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Figure 5 . 17 Tail currents recorded in the presence 

of 20wM Cd 2 + . The calcium current was acti v ated by 

stepping to +SOmV for 3ms, and returning t o t h e test 

potentials indicated . The broken lines show the control 

relaxations scaled down to overlie the current recorded in 

cadmium solution . In each case the time course of the 

current relaxation is slowed and the initial fast 

relaxation is reduced, an effect that is most obvious at 

+lOmV . 
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cancel . The cancellation of the two exponential processes 

is almost perfect, and so the amplitude and time courses 

must be very similar. This rather fortuitous result 

allows some rough estimates of the unblocking rate 

constant to be made . 

It is assumed that a channel becomes unblock e d when a 

cadmium ion leaves the site on the inside of the membrane, 

and that it is displaced by the presence of a calcium ion 

1n the outer site . With this assumption the time constant 

of the relaxation as the channels become unblocked . 
lS 

dominated by the rate at which cadmium leaves the channel 

multiplied by a repulsion factor .(ie ks.Rout' see Appendix 

3) . The above data suggests that ks.Rout is roughly equal 

to 1/Tf at +lOmV . The relaxation illustrated gives a 

value for the exit rate of 3 . 3xl03 s - 1. This value 

corresponds to an approximate barrier height of 21.3 RT, 

lower than that expected from the results of Lansman and 

co-workers (1986) . Their blocked time distribution at 

- 20rnV gave a value of -2000 s - 1 for the unblocking rate, 

in reasonable agreement with the present estimate. The 

difference may be due to the permeant divalent ion used. 

They used 50mM external barium, which has a lower affinity 

for the channe 1 . The lower affinity will mean that the 

barium is less efficient at displacing the cadmium ions, 

and so the unblocking rate is slower. 

The slowing of the time course of the calcium current 

by cadmium means that the fraction of channels blocked is 

not at the steady state level at the peak of the tail 

currents at potentials >OmV . To obviate this problem the 
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measurements of t h e proportionate block at OmV and above 

presented in figure 5.16A were obtained from measure men ts 

of the steady state inward current . The rate constants of 

the tail currents at the negative potentials were un

affected by cadmium ions, as would be expected for the 

steep potential dependence of the relief of block . Figure 

5.18 shows a plot of the fast rate constant versus 

potential in 60\.lM cadmium. Only the values at -2 0mV & 

-l OmV appear to differ from the control values. Thus the 

estimates of proportionate block by extrapolation shoul d 

be reliable. 
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Figure 5.18 The solid symbols show the fast tail 

current time constant recorded in control. The open 

squares are the fast time constant recorded in the 

presence of 20µM Cd 2 +. For most of the potential range 

the fast time constant is unaffected by cadmium, but there 

is some divergence at -20 and - lOmV . There may have been 

a significant contribution to the tail current relaxations 

by slow unblocking events at these potentials. 
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Discuss ion 

{i) Voltage sensitivity of the instant aneous I-V 

The chapter started by 
. . 

examining the instantaneous 

current voltage relationship for the calcium channel. 

In two cells where the non - linear leakage current was not 

large, the current was zero at +70mV . Al though clear 

reversal of the current was not demonstrated such data 

suggests that the reversal potential must be close to 

+70mV . Thi s result is in reasonable agreement with 

previous results which demonstrated clear reversal of the 

current through calcium channels at potentials of +56mV 

( 1 mM Ca 2 + , Fenwick et a 1 . 1 9 8 2 ) and + 7 Om V ( Lee & Ts i en 

1984) . 

The instan t aneous I - V was compared with two models 

for calcium channel permeation . The only quest ion that 

can be addressed directly is whether the voltage sen

sitivity of the I - Vis accounted for by these models. The 

voltage sensitivity of the single channel I-V was 

described more accurately by the Hess & Tsien model. The 

energy profiles proposed for the calcium channel differ 

quite considerably . On one point they agree quite 

closely, and this is the proposed well depth for calcium 

ions ( - 15 and - 14 . 5 RT) . These values were assigned 

because the sodium fl 11 x through the calcium channel was 

half blocked by <lµM external calcium (6G = -RTln(Kd)). 

In assigning these values both studies ignored t h e 
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possible effects of negative fixed surface charges on the 

neuronal membrane. The surface potential produced by 

these charges is neutralized by screening as well as 

direct binding by monovalent and divalent ions (Eisenberg, 

Gresalfi, Riccio & McLaughlin 1979, McLaughlin, Mulrine, 

Gresalfi, Vaio & McLaughlin 

concentrations, divalent ions 

19 81 ) . At physiological 

are mainly responsible for 

screening surface charge (McLaughlin et al. 1971), and for 

this reason, surface charge effects become particularly 

large at low divalent concentrations. The surface charge 

potential ( ~ s ) will increase the concentration of 

divalent ions near the surface more effectively than mono

valent ions, according to the equation, 

cm= cbexp ( -z~sF/RT ) • • • ( 5 • 5) 

where z is the valence of the ion, cb is the bulk con-

centration and cm is the concentration near the surface 

of the membrane . This equation suggests that ~s will 

preferentially increase the surface concentration of 

calcium ions over the monovalent ions present, and in

crease the apparent affinity of the channel Eor calcium 

ions. A few calculations will put this into perspective. 

Wilson, Morimoto, Tsuda & Brown ( 1983) proposed a 

maximum surface charge density, crs, of l e-/80A2 and a 

limiting ~s = -116mV for the surface membrane of 

molluscan neurones (Helix Aspersa). The crs estimate 

compares favourably with measurements in other neural 

preparations (see Ohmori & Yoshii, 1977 for references). 

~s will approach the limiting value (-116mV) at 
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micromola r external divalen t ion concentrations (\~ilson et 

al. 1983, figure 1) an d s uch a surface potential will 

increase the calcium concentration at the surface of the 

memb rane by 255 fold (using equation 5.5). The effect may 

not be as larg e as this. If one assumes that t h e mouth of 

the channel lies in the centre of an uncharged disc wit h a 

radius of 1 Debye, t h en the approximate reduced ~s at 

the centre of t h e disc will be given by equation 6 of 

Apell, Bamberg & Lauger (1979). In this case t h e calcium 

concentration at the mouth of the channel will be 

increased 30 fold . These calculations suggest that t he 

calcium concentration at the mouth of t he channel may be 

one or two orders of magnitude higher than the bulk 

concentration and indicate that the actual affinity of the 

calcium channel for calcium may be much lower than 

previously supposed . 

The two models proposed rather different values for 

t he external barrier height . On the one hand Almers & 

Mccleskey suggested a value of 10.8 RT while Hess & Tsien 

suggested a value of 4.5 RT (estimated from t he diagram in 

figure 4, Hess & Tsien 1984) . The minimum height of the 

outside barrier must b e set by the rat e at which ions can 

diffu se into a hypothetical hemisphere ( reaction target) 

at the channe 1 mouth. It is assume d that a ny ion which 

enters this reacti on target also enters the channel. The 

equation 1s, 

k. = 2rrrcNDC 1n a ions/s, 

where r is the capture radius (radius of the hemisphere) , 
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Dea is the diffusion coefficient for calcium (Dea 

= 8 x 1 0 - 6 cm 2 / s , Wang 1 9 5 3 ) c i s the con cent rat ion of 

calcium and N is Avogadros constant . Almers & Mccleskey 

assumed a value of r = 3A, giving a minimum equivalent 

external barrier height of 7 . 6 RT for c = 3. 4mM ( u = 

kT/h) . The capture radius of 3A is about 3 crystal radii 

(Pauling 1948), and seems a reasonable value for a single 

file channel . The external barrier height suggested by 

Hess & Tsien is perhaps lower than expected for diffusion 

limited access to the channel . An external barrier of 4.5 

RT (with c = 3 . 4mM) implies a capture radius of 66A, which 

seems a little implau s ible . 

The final point i s the choice of electrical distances 

used . The ba s ic difference between the models was the 

assignment of voltage sens itivity to the entry of ions to 

the channe 1 . The Almers & Mccleskey mode 1 had a low 

voltage sensitivity for the entry rates, similar to 

previous work on the gramicidin channel (Levitt 1978, 

Urban, Hladky & Haydon 1978) . The present data woul d 

appear to imply that the entry of calcium has a high 

voltage sensitivity. The I - V predicted by the Almers & 

Mccleskey model does not fit the data as well, due to a 

drop in the channel occupancy at negative potentials as 

the rate of entry becomes diffusion limited . However, the 

data does not necessarily imply that the entry of . ions 

into the channel must have a high voltage sensitivity. A 

modified model with low voltage dependence of ion entry 

fits the data reasonably well (figure 5.19) . For this fit 

the two energy wells are shallower than the previous 
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Figure 5 . 19 This figure shows the fit to the data of 

a two site model with low voltage sensitivity of the entry 

rate constants . The energy profile used to produce the 

fitted line is shown in figure A3.3. 
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models and the repulsion factor is reduced. These two 

modifications increased the occupancy of the channel at 

negative potentials, and thus reduced the curvature of the 

I-V towards the voltage axis at negative potentials . The 

modified energy profile predicts a lower affinity of 

calcium ions for the channel which is not inconsistent 

with the blocking effects of calcium, if surface charge 

effects are significant. The overall conclusion to be 

drawn is that although the 2- site models account for many 

of the observed characteristics of calcium channel 

permeation , the energy profile has not been quantitatively 

defined. 

(i i ) Reversal of barium currents 

Measurements of the reversal of divalent ion flow 

have not be en reported previously for a freshly isolated 

preparation . The instantaneous I - V with the internal 

barium showed a sharp rectification . The outward current 

appeared to saturate at positive potentials, but this did 

not appear to be due to a reduct ion in the number of 

active channels . Mechanisms which produce such effects 

can be divided broadly into three groups. 

1) Voltage dependent changes in the kinetics of the 

channel activity . This includes any proposed event which 

reduces the amount of time the channel spends open, by the 

formation of an additional kinetic state. Such events 

would be evident as rapid flickering in single channel 

records . For example there may be voltage dependent block 
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of the channel by an internal molecule. 

2 ) Voltage dependent reduction 1n the 10n fl u x 

through the channel. In this case the single channel 

current would be reduced, with no changes 1n the kinetics 

of the channel activity. The curvature of the I-V may 

then be due to the asymmetry of a static permeation energy 

profile, or to voltage dependent fluctuations in the 

energy barriers or wells (see Lauger 1984,1985) of t he 

permeation energy profile. 

3) Depletion of permeant cations around the 

internal mouth of the channel. This is probably not a 

factor since the single channel conductance is small and 

the whole cell current in this case is small. 

The results presented are preliminary and it is not 

possible to decide which of these alternatives 1s app-

licable to the data. Single channel recording might 

answer the question, although it is doubtful whether the 

time resoluton of this technique would be sufficient to 

decide whether rapid flickering of the channel was 

present . Further experiments must be done to establish 

the cause of the strong rectification. 

An obvious possibility . 
lS that an internal cation 

blocks the channel in a voltage dependent manner. There 

is some indication that the outward current passes through 

a maximum in figures 5.8 & 5.10, and one might expect such 

an effect if there were voltage dependent block by an 

internal cation. It would be useful to record the bari um 

I - V with different internal solutions, to test t :1 is 

hypothesis . It seems unlikely that cs+ ions could b loc k 
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the channel by competing with barium for channel binding 

sites. Firstly if the general form of the two site model 

is correct, the monovalents would be rapidly expelled from 

the channel by the barium ions. Secondly, cs+ ions are 

permeable through calcium channels in other preparations. 

Another possibility . 
lS that the saturation of the 

outward barium current is due to a direct action of the 

internal barium on the calcium channel. The normal steady 

state activation curve in figures 5. 88 & 5 .108 suggest 

that the reduction in the current produced by barium must 

involve a closed state that is not part of the normal 

activation reaction . The apparently normal tail currents 

also suggest the internal barium ions may be in rapid 

voltage dependent equilibrium with a site on the calcium 

channel . Occupation of this site shuts the channel. This 

idea could be tested by looking at the effect of changing 

the internal barium concentration on the barium I-V. 

Suggestion of such a site is not entirely arbitary. There 

1s ample evidence that increasing the internal calcium 

concentration causes inactivation of the channel (Eckert & 

Chad 1984) . The voltage dependent blocking site suggested 

for internal barium, could be a short lived precursor of 

the main inactivated state. 

The two possible explanations just mentioned are 

included in group 1 above. They both involve the 

formation of another kinetic state separate from the 

normal activation scheme, and are useful in that they are 

easily tested . It seems pointless at this stage to 

speculate on group 2 mechanisms, until mo re detailed 
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knowledge is available on the permeation mechanism. 

Reversal of the current flow through calcium channels 

1n planar lipid bilayers has been observed previously 

(Ehrlich et al. 1986, Rosenberg et al. 1986) . The single 

channel I-Vs were found to be linear over a wide potential 

range in symmetrical solutions of lOOmM BaC1
2 

(Rosenberg 

et al. 1986) indicating that cardiac sarcolemma calcium 

channels in lipid bilayers are symmetric with respect to 

current flow. Calcium channels have also been isolated 

from rat brain and incorporated into planar lipid bilayers 

( Nelson et al. 1984). The outward current flow through 

these channels increased linearly with potential between 

+20 and +lOOmV (Nelson et al. 1984). Thus it would appear 

that the rectification of the calcium channel I-V observed 

in this study is not a feature of the single channel I-Vs 

recorded in lipid bilayers. The calcium channels isolated 

from rat brain synaptosomes were different 1n some 

respects to those recorded in cat DRG neurones. The 

kinetic s were much slower, and they did not appear to be 

as labile as the calcium channels in freshly isolated, 

perfused cells. 

were required to 

Much higher concentrations of 

block these calcium channels 

cadmium 

(Kd = 

9 • 3 mM , Ne 1 s on 1 9 8 6 ) . Therefore it seems that the calcium 

channels isolated from rat brain synaptosomes are not 

comparable to those recorded in cat DRG neurones. 

(iii) Cadmium block 

The observed dissociation constants of cadmium from 

the calcium channel agree well with previous observations 
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1n molluscan neurones (Byerly et al. 1985). The present 

results produced strong evidence for the existence of two 

binding sites for cadmium, one within the electric field 

of the membrane, and one external to this field. In the 

discussion that follows, the results are related to per

meation models for the calcium channel which include two 

binding sites for divalents. 

The model, suggested by Kostyuk and co-workers 

( 1983), may be applicable the present results. Their 

model was proposed to explain the block of the sodium flux 

through calcium channels in molluscan neurones at low 

concentrations of external calcium . They proposed two 

cation binding sites on the calcium channel. One within 

the channel , the permeation site , and one on the external 

face of the channel , the selectivity controlling site. 

The external site was supposed to bind micromolar con-

centrations of calcium, and through a conformational 

change, block the sodium flux through the channel. 

In terms of this model the cadmium block might be 

explained if the cadmium competed with calcium for the 2-

sites . The voltage sensitive block would be produced as 

cadmium bound to the site within the membrane, but passed 

through the channel at negative potentials. The voltage 

independent block would result from cadmium binding to the 

external site and, through a conformational change, 

blocking the flux of calcium through the channel. The 

anomalous mole fraction effects observed wit h mixtures of 

calcium and barium would presumably have a similar 

explanation . 
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Single channel data does not appear to be consistent 

with this type of model (Lansman et al. 1986), and these 

authors have argued in favour of a 2-site 3-barrier model. 

The calculations of Levitt (1978) would suggest that a 2-

site model is a minimal model for a channel where the 

dielectric constant within the channel is lower than the 

external bulk solution . They also indicate that the 

potential drop down the length of the pore is very close 

to linear, when the radius of the pore is much less than 

the length . If these two conditions hold for the calcium 

channel, the membrane potential will decrease linearly 

from the mouth of the ch a nnel and the two binding sites 

w i 11 be w i th i n the e 1 e ctr i c f i e 1 d of the membrane . The 

two binding sites propos ed for calcium result in two 

apparent binding constants. One with high affinity for 

calcium (Kd - ~M) when the channel is occupied by a single 

10n, and the other with much lower affinity ( Kd-mM) due 

to binding of two ion s within the channel, with s1g-

nificant repulsion between the ions. The voltage indep-

endent component of block produced by cadmium seems to be 

inconsistent with such a model , since it suggests that one 

of the cadmium binding sites is external to the membrane 

electric field . 

(iv) Is cadmium block consistent with a 2- site model? 

Equation 5.4 seemed to describe the data fairly 

accurately, and suggests that cadmium interacts wit h two 

independent binding sites on the calcium channel. In this 
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section a possible physical interpretation of the two 

binding sites is presented . In essence, the two internal 

sites of the 2-site 3-barrier models are approximated by a 

single voltage dependent binding site and an additional 

voltage independent binding site is proposed to exist at 

the mouth of the channel. 

Assuming that the two sites are independent, then it 

1s suggested that t he voltage sensitive term in equation 

5.4 reflects interaction of cadmium ions with the binding 

sites of a 2-site model. Can the voltage dependence of 

cadmium block be explained by a 2-site model? To answer 

this question, qualitatively at least, simulations were 

performed to see whether the 2-site model could reproduce 

the steep voltage dependent relief of block observed. The 

energy profiles used for calcium and cadmium are shown in 

figure A3.3. Cadmium block was modelled by assuming that 

the energy barriers were same for the two ions, but that 

cadmium had a much higher affinity for the external site 

than did calcium. The depth of this well was set so that 

the proportionate block at OmV was the same as that 

observed (figure 5. 16A) . Asymmetry of the two binding 

sites for cadmium was essential to produce steep voltage 

dependence . The voltage sensitivity of the entry rate for 

cadmium also had a significant effect on the voltage 

sensitivity, and dl for cadmium (see figure A3.3) was 

reduced slightly to produce the desired slope. The 

simulation for the model with 20µM cadmium and lOmM 

calcium is shown in figure 5.20A. The solid curve shows 

the simulation and the broken line was produced using 
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Figure 5. 20 The fraction of channels unblocked ( F) 

plotted against bhe test potential. (A) The solid curve 

was produced using the cadmium blocking model illustrated 

in Appendix 3, figure A3.3 . The broken line was the best 

fit of equation 5 . 3 to the simulation, and demonstrates 

that the voltage dependent component of cadmium block, 

predicted by a 2-site model, can be approximated by a 

single voltage sensitive binding site. (B) The solid 

lines show the predicted fraction of channels unblocked at 

the four concentrations used . The data is replotted from 

figure 5 .16A. The agreement between the data and the 

model is fairly good, considering the values for the 

energy profile in figure A3 . 3 were assigned in order to 

fit the 20µM Cd 2 + data by eye . 
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equation 5.3, with Kd = llµM and 0 = 0.72. The good 

agreement between the two curves indicates that the la r ge 

apparent electrical distance observed for the relief of 

cadmium block is not inconsistent with a 2-site model . It 

also demonstrates that the 2- site model can be approx

imated by the voltage sensitive term in equation 5. 4. 

Simulations were also done for cadmium concentrations of 

60, 150 & SOOµM, and the apparent Kd' s and o's obtained 

from LMM fits of equation 5 . 3 to the curves. There was a 

slight concentration dependence of both Kd and o for t he 

model; Kd varied from 10 . 8µM 16. 9µM, and o varied 

from O. 72 - 0 . 62, in 20 & SOOµM Cd2+ respectively. The 

slight reduction in the Kd value is due to repulsion 

between the ions in the two sites as the occupancy of t he 

channel is ra ised at higher cadmium concentrations. The 

higher occupa ncy also causes an apparent increase in o, as 

the channe 1 is less 1 i ke ly to be cleared of cadmium at 

negative potentials . 

It is proposed that the voltage insensitive term 1n 

equation 5 . 4 might be explained if it is assumed that 

cadmium produces a voltage - independent reduction of the 

calcium concentration at the mouth of the pore, wit h a 

Kd of 106µM (figure 5 . 16B) in lOmM calcium. The 

reduction cannot be due simply to screening of the ex

ternal surface potential (Muller & Finkelstein 1974) , 

since the low effective concentrations of cadmium would 

suggest that there must be some binding to ~he membrane . 

It 1s suggested that there are divalent cation binding 

sites at the mouth of t h e calcium channel, outside the 
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electric field of the membrane, which effectively raise 

the local concentration of permeant ions. 

External cadmium would be expected to reduce the 

single channel current, since a reduction in the external 

calcium concentration is equivalent to increasing the 

external barrier height . Lansman et al. (1986) recorded 

the effect s of 20µM cadmium on the single channel current 

in heart cells . The results presented here suggest that 

they should have observed a 20% reduction in the amplitude 

of the single channel currents . This effect was not 

reported , but might easily have been missed due to the 

numerou s rapid blocking and unblocking events. In the 

same study, magnesium reduced the single channel current 

and this was attribu t ed to very rapid blocking events. 

The present results suggest that the effect may have been 

partially due to a reduction in the external permeant ion 

concentration . 

To answer the question posed in this section; a 2-

s i te model can describe the data at least qualitatively, 

when an external binding site . is included. The solid 

curves in figure 5 . 20B were produced using equation 5.4, 

Ke was set to 106µM . ~ and 8 were set from the fits 

of equation 5 . 3 to the 2-site simulations at each con-

centration. The lines are qualitatively consistent with 

the data, although they deviate considerably from the data 

points at higher concentrations. A closer fit might have 

been obtained by . varying the energy profiles in figure 

A3 . 3, however this point does not seem worth pursuing 

until more definite information is available on the energy 
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profile for the calcium channel. 

Previous results are consistent with the presence of 

low affinity cation binding sites at the mouth of the 

calcium channel. The observation of Almers & Mccleskey 

(1984), that cobalt and cadmium were no more effective at 

blocking the sodium current through the calcium channel 

than the calcium current may be consistent with the model, 

assuming that the external sites are weakly selective for 

cations in skeletal muscle. Magnesium and cobalt block 

calcium channels with low voltage sensitivity (Byerly et 

al. 1984, Lansman et al. 1986), and both these ions also 

bind water very tightly, and have long dipole relaxation 

times (Hille 1984). The major blocking effects of these 

ions may be at the external binding site which would 

explain the weak blocking effects of these ions, and the 

lack of significant voltage dependence of the block. 

Permeation through the calcium channel may involve a 

2-step dehydration process similar to that proposed for 

the gramicidin channel (Eisenman, Sandblohm & Neher 1978). 

The outer sites may contain partially hydrated permeant 

ions, which must exchange most of their water molecules 

with polar groups at the high affinity binding sites 

within the channel before they can pass through the 

channel . This would account for the very high affinity of 

the calcium channel for permeant divalent ions, and the 

low permeability of divalent ions with long (Mg2+ & co 2+) 

and intermediate (Mn 2+, Akaike, Nishi & Oyama 1983, & 

Zn 2+, Kawa 1979) dipole relaxation times. 
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Chapter 6. 

Two sodium currents 

Introduction 

TTX-insensitive, s odium- dependent action potentials 

have been observed in cultured mouse (Matsuda et al . 1978, 

Heyer & Macdonald 1982) and rat (Baccaglini & Cooper 1982) 

sensory neurones and in freshly isolated mouse (Yoshi da et 

al . 1978) a nd cat (Gallego 1983) sensory neurones . A TTX

insensitive s odium current which may underlie these action 

potentials has a l s o be en recorded ' 1n sensory neurones 

(Kostyuk , Ve selov s ky & Tsyndrenko 1981, Bossu & Feltz 

1984 , Iked a et al. 1986) . The TTX- insensitive sodi um 

current diffe rs from the more common TTX-sensitive sodium 

current in th ree respects 1) The time course of 

activation and inactivation is slower for the ~TX

insensitive sodium current (slow sodium current), t~an for 

the TTX-se nsitive cur r ent (f ast sodium current) . 2) The 

sl ow sodi um current has a higher threshold than the fast 

sodium cu rre nt, and the peak I - V is shifted to more 

no s itive notentials . 
- l.: The stead y - state inactivation also 

occur s over more positive potentials for the slow sodi um 

current (Kostyuk et al . 1981b) . 3 ) It is also apparent 

that the slow sodi um current is blocked bv external Cd, Co 

& ~1n 1 on s . Bossu and Feltz ( 1984 ) found that 1001JM Cd2~ 

was enough to block the current, Ikeda and cowor~ers ~ound 
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that SOOwM produced a 50% block . Kostyuk and co-workers 

(1981b) found that 5mM Co 2 + & ~n 2 + reduced the current to 

less than 50% of the control level. 

This section demonstrates the existence of a 

transient inward current in cat DRG neurones, which 

appears to be similar to the TTX-resistant current 

recorded previously . Gallego (1983) found evidence for a 

TTX- insensitive sodium action potential potential in cat 

DRG , which suggests that the current should be present in 

these neurones . The present results also indicate that 

there are marked differences in the selectivity of the 

fast and slow sodium currents for monovalent cations, and 

suggest that the sensitivity of the slow sodium current to 

cadmium ions . 
is lower in this preparation, than has been 

observed previously . 

Results 

Sodium currents were recorded using llSmM NaCl 

externally, and 20rnM NaCl internally. The calcium 

currents were blocked . using either lmMCdC1 2 or by 

replacing the external CaC1 2 with CoC1
2

• The lower trace 

in figure 6. lA shows the currents recorded in one ce 11 

with 1 OrnM Ca Cl 2 externally . The membrane potential was 

stepped from - 50 to +10 mV for lOrns. There is an initial 

rapidly activating sodium current superimposed on the more 

slowly activating sustained calcium current. The large 

fast calcium tail current is observed on repolarization. 

The ca lei urn current was blocked by perfus i ng lmM Cd Cl 
2

• 
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The middle trace ( b ) ' shows the fast, rapidly 

inactivating sodium current observed during a similar 

voltage j~mp . Finally, 0.3 µM TTX was perfused, and this 

sodium current disappeared (c). The small residual tail 

current was probably due to the voltage sensitivity of the 

cadmium block. 

Figure 6 .1B shows the isolation of the slow sodium 

current in the presence of O. 3µM TTX. The lower trace 

(a) , shows the calcium current recorded when the membrane 

potential was stepped to +lOmV. 

inactivate slightly during the 

uncharacteristic of this current. 

This current appears to 

lOms pulse, which . 
lS 

When the lOmM external 

calcium was replaced by CoC1 2 , the upper trace (b) was 

recorded using an identical voltage step. This residual, 

transient current is the slow (TTX-insensitive) sodium 

current . 

The slow sodium current has properties similar to 

other voltage activated currents. In particular, there is 

an initial delay before the activation of the current 

after a voltage step. This is shown in figure 6.2. The 

currents were elicited by stepping from -50mV to the 

potentials indicated . Notice that the trace is initially 

flat for about 200µs after the capacitive artifact at 

OmV, and that this delay becomes shorter as the membrane 

potential is stepped to more positive potentials. This 

delay is generally interpreted as evidence for more than 

one closed state preceding the open state (s) (.i\rmstrong 

1981) . 

The voltage sensitivity of the two sodium currents 1s 
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Figure 6. 1 (A) Separation of the calcium and sodi um 

cu rrents. The control pulse to +lOmV (a) shows the rapid 

activation and inactivation of the sodium current, 

followed by t h e slower calcium current. The large rapidly 

d ecaying calcium tail c u rrent is seen upon repolarization. 

lmM Cd_Cl 2 blocks the ca lei um current and leaves the 

transient sodium current (b). This sodium current 1s 

completely suppressed by O. 3µM TTX ( c). The slow sodium 

current lS not present 

another cell. 

0.3µM TTX. 

recorded 1n 

suppressed by 

1n this cell. (B) Currents 

Th e fast sodium current 1s 

The inward current du ring the 

control pulse is dominated by the calcium current which 

appears to inactivate during the lOms pulse. Replacing 

the external calcium with cobalt reveals the presence of a 

slow transient current. This is tentatively identified as 

the slow sodium current. 
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Figure 6 . 2 The artifacts at the beginning of the 

traces are due to incomplete subtraction of the capacitive 

transients . There is a clear delay before activation of 

the slow sodium current during the pulse to OmV . The 

delay becomes less pronounced at more positive potentials. 

The holding potential was - SOmV and calcium currents were 

blocked using lmM CdC1 2 • It is apparent that the slow 

sodium current is not blocked by this concentration of 

cadmium . 
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illustrated in figure 6.3. The top figure shows the fast 

sodium current recorded on stepping from -SOmV to 

potentials between -10 and +70mV. The time course of the 

current, which appears to be similar to that observed in 

numerous other studies (see French & Horn 1983 for 

references), and its TTX- sensitivity, indicate that it is 

very similar to the Hodgkin - Huxely axonal sodium channel. 

The lower figure shows the slow sodium current recorded in 

another cell under 

voltage steps. 

identical conditions . using the same 

There is a striking similarity between the time 

course of the slow sodium current and the fast sodium 

current . Two main differences are evident . 
I 1 ) the slow 

sodium current activates and inactivates at about half the 

rate of the fast sodium current (compare the time bases 1n 

figure 6 . 3), 2) The slow sodium current activates at 

slightly more positive potentials. The step to -lOmV 

barely activated the slow sodium current (fig. 6.38), 

while a similar voltage step produced a large fast inward 

sodium current (fig . 6 • 3A) • The differences in the 

kinetics of activation are also reflected in the time 

constants of inactivation, which are shown in figure 6.4. 

The potential dependence and magnitude of the time 

constant is lower for the fast sodium (fig. 6.4A) current 

than the slow sodium current (fig . 6 • 4 B ) • These 

observations are in agreement with the previous studies. 

The steady state inactivation curve for the slow 

sodium current is plotted in figure 6.5, and a Boltzmann 

type function (equation 3.5) was drawn through the points. 
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Figure 6 . 3 The top set of traces show the fast 

sodium current recorded during Sms pulses to -1 0, 0, 10, 

20, 40, 50 & 70 mV . The bot tom set of traces show t he 

slow sodium current recorded in another cell during lOms 

pulses to the same potentials . The holding potential was 

- SOmV for both cells . The ''sodium-current-solut ions" 

listed in section 2.3 were used internally and 

externally . lmM CdC1 2 was included in the external 

solutions for both cells . The slow sodium current was 

recorded in the presence of 0.3µM TTX . 
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Figure 6 . 4 A comparison of the inactivation ti me 

constants for the slow (A) and fast (8) sodi um currents in 

6 cells . The time constants were obtained from the LMM 

fits to the inactivation phase of the sodium currents. 
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F'igl!re 6.5 Steady state inactivation of the slow 

sodium current in two cells . Inactivation was induced 

either by applying a SOOms conditioning pulse before the 

test pulse to +20mV, or by adjusting the holding 

potential manually . Each point represents the normalized 

amplitude of the peak inward current during t he test 

pulse . 



i 

I 

j 

I 

I 

I 

I 

Id 

Ill 

~! 

II 
I 

t~ 

The parameters used were Va = -26 ±0 .4mV and Ka = 4.9 

±0 . JmV . Bossu & Feltz ( 1984) found that the slow s odium 

current was half inactivated at around -20 to -25mV an d 

the inactivation range was -40 to -lOmV. 

figure 6 . 5 agrees well with their findings. 

The data 1n 

The voltage 

dependence of the steady state inactivation was not as 

steep in new - born rat DRG ( Ka = 9mV, Kostyuk et al. 

1981b). 

The results presented so far do not identify t h e 

nature of the permeant ion for the slow sodium channe 1, 

and so give no convincing justification for calling it a 

sodium current . Unfortunately, the peak sodium current 

was not measured as a function of external sodium 

concentration , however there are compelling reasons t o 

suppose that the major permeant ion in physiological 

solutions is sodium . Firstly, the reversal potential of 

the slow sodium current was greater than +25mV (see 

figures 6 . 6 & 6 . 7) . This precludes chloride as the 

current carrier, since the chloride reversal potential is 

predicted to be around OmV . Secondly, it is probably not 

a calcium selective channel , since the current can b e 

recorded in the presence of the inorganic calcium channel 

blockers co2+ and cd2+. Finally it is unlikely to be a 

potassium selective channel, since it appears to be able 

to support outward caesium currents. This finding 1s 

illustrated in figure 6 . 6 . The top set of traces show the 

fast sodium current recorded at step potentials between 

- 10 and +70mV . The major external cation was 115mM Na+ , 

and the internal cation was 140mM cs+. The current 
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Figure 6 . 6 The t op traces show the fast sodium 

cu rrent during lOms pusles to -1 0 , 0 , 10 , 20, 40, 50 & 70 

mV from a holding potential of -SOmV . The lower traces 

show the slow sodium current recorded du r ing a similar 

pulse run in another cell . The internal calcium-current

solution and external sodium-current - solutions were u se d 

(section 2 . 3) . Calcium currents were blocked by lmM CdC1
2 

for the fast sodium current and lOmM CoC1 2 for the slow 

sodium current . 
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remains inward up to +70mV . The lower set of traces shows 

the slow sodium current recorded in another cell using 

identical solutions . 

current around +40mV . 

There is clear reversal of the 

These results are presented more clearly in figure 

6. 7 which shows the peak sodium current plotted against 

holding potential . The figure demonstrates a basic 

difference between the two sodium channels; whereas the 

fast sodium channel will not pass net outward caesium 

currents at potentials up to +70mV, the slow sodium 

channel supports a significant outward caesium current 

between +40 and +70mV. The difference in the selectivity 

of the channels 1s also apparent under different 

conditions . Figure 6. 8 shows a comparison of the two 

currents recorded with 115mM NaCl externally and 20mM 

Na C 1 , 11 OmM Cs C 1 intern a 11 y . With these so 1 u ti on s both 

currents show clear reversal at positive potentials, 

however the fast sodium current reverses at +46mV close to 

the predicted Nernst potential of +44mV while the slow 

sodium current reverses at +3lmV, consistent with caesium 

carrying significant outward current through these 

channels at positive potentials . 

The data is consistent with t he slow sodium channel 

having a higher selectivity for sodium than for caesium. 

Firstly, 1n roughly equal concentrations of internal 

caesium and external sodium, the current reverses at +40mV 

(fig. 6 . 8) . This suggests that the channel will pass 

inward sodium currents in preference to outward caesium 

currents . This point is supported by comparison of 
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Figure 6 . 7 Pea k inward current - voltage relations for 

the fast and slow sodium currents. The s odium-current 

solution in section 2 . 3 was used ext e rnall y , and the 

calcium- current - solution used in the electrodes. TTX 

(0 . 3µM) was included in the solutions when recording t he 

slow sodium current . Calcium currents were blocked using 

lmM CdC1 2 fo r the fast s odium cu r rent and lOmM CoC1 2 for 

the slow sodium cu r ren t. The 1 i ne s through the points 

were drawn by eye . 
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Figure 6 . 8 Peak inward current-voltage relation f o r 

the fast and slow sodium currents with sodium-current-

solutions on both sides of the membrane. CdC1 2 ( lmM) was 

included in the external solutions for both cells. TTX 

( 0 . 3µM) was included in the external solution for 

recording the slow sodium current . Break-through spikes 

were evident in the records of the fast sodium current 

between - 30 & - 10 mV , and the inward current was recorded 

at the initial shoulder of the current (see figure 2.2 top 

trace) at - 30 & - 20mV . The space clamp errors become 

smaller at more positive potentials (section 2 . 6) and the 

reversal potential se e ms to be well defined. Break 

through spike s were not observed in any of the 3 cells 

where the slow sodium current was observed, with >200µrn of 

the axon attached . 
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the lower graphs in figures 6.7 and 6 . 8 . Al though the 

maximum inward currents are roughly equal in these two 

cells , the outward current is much larger when 20mM of t h e 

internal caesium is replaced by 20rnM sodium. It would 

appear that the sodium ions not only have a higher 

affinity for the channel, but they also have a higher 

mobility in the channel. 

Discussion 

The experiments have demonstrated the existence of a 

slow transient inward current in cat DRG neurones which is 

not sensitive to TTX and can be recorded in the presence 

of the calcium channel blockers Cd2+ and co2+. It lS 

suggested that the current underlies the broad TTX-

insensitive, sodium-dependent action potentials seen . 
1n 

peripheral nerve cell bodies. The current appeared to be 

similar to TTX-resistant sodium currents recorded in other 

preparations, however the sensitivity to calcium channel 

blockers seemed to be lower than observed previously. The 

current could be recorded with lmM external cadmium 

whereas lOOµM external cadmium was sufficient t o 

completely block the current in cultured sensory neurones 

(Bossu & Feltz 1984). Perfusion of SmM external manganese 

or cobalt caused a dramatic reduction in the TTX-resistant 

sodium current in new-born rat DRG neurones (Kostyuk et 

al. 1981b) . It is possible that the slow sodium current 

is partially blocked by the calcium channel blockers used 

and so the slow sodium current may be much larger in c at 
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DRG neurones than the present results indicate. The maJor 

new observation in this section is that the slow sodium 

channel appears to be permeable to both sodium and caesium 

ions which suggests that the channel may discriminate 

poorly between monovalent cations. Previous reversal 

potential measurements also indicate that the TTX

resistant sodium channel in new - born rat DRG may be less 

selective for monovalent cations than the TTX-sensitive 

channel (Kostyuk et al. 1981b) . The permeability of this 

channel for the alkali cations should be tested 1n more 

detail . 

The slow sodium channel was seen only rarely during 

the present experiments, and was only recorded when the 

main external cation was sodium ( 3 out 19 cells). The 

slow sodium current was not observed in any of the 145 

neurones in which calcium currents were recorded using the 

calcium- current - recording solutions, and yet Yoshida and 

co - workers (1978) found TTX- resistant sodium spikes in 27% 

of the mouse sensory neurones . The infrequency of the 

slow sodium current in cat DRG neurones may be a genuine 

deficit of the channel type , or could be due to the 

recording conditions used. For example, it is possible 

that external choline - Cl actively blocks the slow sodium 

channel . 

The physiological significance of the slow sodium 

current is not immediately obvious . In every preparation 

in whtch the current has been reported the neurones were 

obtained from peripheral ganglia . It is interesting to 

note that cat preganglionic spinal neurones (Yoshimura et 
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al . 1983 ) and c u lt u red soinal ne u r on es ( :1eyer & :1ac do nal d 

~982 ) do not appear t o support TTX - insensiti v e s o di u~ 

• 1 so1:<:.es . T:1e slow sodiu~ channel ~a y be restricte d t o t h e 

soma of peripheral neurones, since axonal break t h ro ug h 

soikes ( eg figure 2 . 2) were not observed in an y of t h e 

three cells where the slow sodium current was recorded. 

I:-i contrast , cells in which the fast sodium channel was 

recorded would invariably produce an axonal soike when a 

sufficient length of the axon remained intact. If t h e 

slow sodium channels are restricted to the cell bodies of 

DRG neurones , as t:-iese limited results suggest, t:1e 

physiological significance of the channe seems e ven more 

obscure . 
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Appe ndix 1 

Equations describing the voltage dependence of the 

transition rate constants of a vol tage acti vated channel are 

presented, in order to define various quantities that are 

referred to in the text . These equations were derived 1n 

detail by Stevens ( 1978) and assume that there 1s no 

distortion of the protein dipoles by the electric field of the 

membrane. 

The n'th step in an activation scheme may be 

represented by a two state transition (Figure Al.l). For the 

purposes of this discussion, k• 
1 

. 
lS increased by positive 

vol tages, and k, 
J 

' lS decreased . Conventional rate theory 

(Glasstone et al . 1949) , requires that the two rate constants 

are related to the barrier height by, 

* k. . = v . exp ( - ~G. . ) 
1 , J 1 , J 

where v = kT/h, and, 

* ~G. . = w - w. . + z. . µ F /RT , 
1,J m 1,J 1 , J n 

• • • (Al.1), 

where w 
m 

. 
lS the energy of the transition state, w .. are the 

1 ' J 

predominant energy levels of the two conformations andµ is 
n 

the electric field across the dipole moment of the channel. 

z .. are the dipole moments of k .. 
l,J 1,J 

normal to the membrane 

electric field, and repre8ent some fraction of the total 

dipole moment of the reaction step. Steady-state measurements 

give an estimate of the ratios of the rate constants, 

E = n 

k. 
1 

k. 
J 

= exp[-(~w - zµ F/RT)] n n • • • 
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where 6Wn = w.-w. 
J 1 

& z = z.+z . . 1 - If twn is expressed as t h e 

equivalent voltage , V = 6w RT / zF, equation 2 becomes, w n 

E = exp [ -( v - µ )zF/RT ] , 
n w n 

Now assume that µn is related to the measured membrane 

potential by, 

µ = V + ~. n m 

The electric field is set equal to a voltage, since the dipole 

1s assumed to move across the entire electric field, and so 

the distance terms cance 1. The constant ~ allows for the 

contributions from fixed surface charges on the membrane. ~ 

could well be different for different reaction steps (see eg. 

Attwell & Eisner 1978), howeve r in this case it is assumed 

that ~ is the same for all reaction steps. Using the two 

previous equations, the measured ratio now becomes, 

E = exp[-(v - V )zF/RT], n n m 

where Vn = Vw+~ . The 6w value for each react ion step can 

be defined for a given set of experimental conditions. This 

1s done by arbitarily setting ~ equal to the measured zero 

membrane potential. The apparent conformational energy for 

the reaction step is then, 

w = V zF/RT. 
n n 

Changes in the surface charge potential can then be allowed 

for by changing ~ by an amount equal to the shift in the 

P
0

(V) curve, and the calculated wn values are then 

independent of the changes in the surface charge potential. 
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Appendix 2 

Solution of Differential Equations for the Models Used 

A standard result for the solution of linear first order 

differential equations with constant coefficient matrices is 

used. The reader can consult any text on linear differential 

equations for more detail on the methods used (eg. Brauer et 

al. 1970) . 

The main aims of this section were firstly, to derive 

equations which could be used to relate the model rate 

constants to the rate constants of the observed relaxations, 

and secondly to find unique solutions for the amplitudes of 

the variou s exponential components as a function of the model 

rate constants and the initial conditions. Although the 

expressions for these . various relations become rather 

involved, even for the simplest models , the results can be 

used if one has access to reasonable computing facilities. 

The solution for the 3-state model is first shown in 

some detail, and the main results for the 4-state model are 

outlined subsequently. 

3-State Model 

k1 k 3 
Reaction scheme . C1 C2 C3 . 

k2 k4 

where C· ( i = 1 .. 3 ) are the channel protein conformations, i 

and k, > 0 ( i = 1 .. 4 ) are the transition probabilities. The i 

differential equations describing the behaviour of this system 
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\ 
I 

I 

I ·, 

I 
I; 
I 

·1 

I 

can be written in the form, 

f'(t) = A 33 f(t), 

where, 

c1(t) - k 1 

f ' (t) = IC2(t) ' A33 = kl 

c3(t) 0 

k2 0 

- (k2+k3) k41, 

k3 - k4 

•• (A2.l) 

C 1 ( t) 

f(t) = lc 2 (t) 

C 3 (t) 

The solution matrix to this system ¢(t) must satisfy 

equation 1 above, that is ¢'(t) = A 33 <t>(t) . 

matrix has the form , 

<P(t) = v.exp(:\.t), 
1 1 

This fundamental 

where :\. and v. ( i = 0 •• 2) are the eigenvalues and 
1 1 

eigenvectors of A 3 3 respectively. Calculation of ¢(t) 

involves finding the eigenvalues and eigenvectors such that, 

- -
(:\iI - A33)Vi = 0 •• (A2.2), 

where I is the unit matrix . Equation 2 has a nontrivial 

solution for values of \i such that, 

det(\iI - A33 ) = 0 . 

Now , 

(\+k1) - k2 0 
det(\I - A33 ) = detl - k 1 (\+k 2+k 3 ) - k 4 

0 - k3 (\+k4) 

= )_3 + (k1+k2+k3+k4)\2 + (k1k3+k1k4+k2k4)\ •• (A2.3) 

Equation 3 is called the characteristic polynomial for this 

system of equations, and the solutions to this equation gi ve 

the eigenvalues of the system . That is, 
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,\(,\ 2 + b.\ + c) = 0, where b = (k 1+k 2 +k 3+k
4

) , 

and c = (k 1k 3+k 1k 4 +k 2 k 4 ) . 

There are 3 , not necessarily distinct, eigenvaules, 

Ao 0 ' Al 2 
- b ± /(b 2 - 4c) 

.. (A 2.4). = = 
' 2 

Note that A l 2 < 0 . This lS apparent if one notes that 
' 

k. > 0 ( i = 1 .. 4 ) and therefore C > 0 . 
1 

The corresponding eigenvectors for A· 1 are f ound by 

solving the homogeneous linear system of equations, 

- -
(Ai I - A 33 )vi = 0 . 

To find the solution vectors v., the matrix 
1 

(Ai+k1) - k2 

(AiI - A33) = - kl (Ai+k2+k3) 

0 - k 3 

0 

- k 4 

(A , +k4) 
1 

' 

1s reduced to row echelon form , a nd becomes, 

1 

ARO = 0 

0 

0 

1 

0 

- k2(\i+k4) 

k3(\i+k1) 

- (\i+k4) 

k3 
z 

where z 0 . This must be the . the rank = case, since 

ARO < 3 • If the rank of ARO = 3 then the system 

equations would have only the trivial solution, contrary 

of 

of 

to 

the fact that det(AiI - A33 ) = 0 . The required eigenvectors 

have the form, 
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V, = a. 
1 1 

k2()..i+k4) 

k3(Ai+k1) 

(Ai+k4) 

k3 

1 

where a. is an arbitary constant . 
1 

can now be written as, 

= ao I 

The 

1'33(t) = a. v . exp ( A. t) , 1 = 0 .. 2. 1 1 1 

k2k4 

k1k3 

k4 I for 1 = 0 I 

k3 

1 

fundamental matrix 

•• (A2 .5). 

Application of this result to the electrophysiological 

data is now straightforward. If c 3 is taken to be the active 

conducting conformation, then the current flow is de scribed by 

the sum of the terms in the bottom row of ¢ 33 (t). Thus, 

Im(t) = C3 (t) 

= a 0v 03 + a 1v 13 exp(\ 1t) + a2v 23 exp(A 2 t) •• ( A2 • 6) • , 

where ai are chosen to give the appropriate units. The last 

two terms of equation 6 give the transient response of the 

system. Note that the amplitudes of the two exponential 

components are arbitary, and in fact depend on the initial 

conditions of the system. A useful result that can be 

obtained from equation 6 is the steady state probability that 

the channe 1 is open at t > > 0. This is given by the first 

term in equation 6, with the added constraint t hat the sum of 

the concentrations of all species 

convenient to choose a 0 such that, 

1 

. 1s one. Therefore, it is 

ao = •• (A2.7), 

vo1 + vo2 + vo3 

and the steady state occupancy of c 3 becomes, 
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P (V) = a ovo3 = 
0 k2k4 

+ 
k1k3 

1 

k4 

k3 
+ 

•• (A2.8) 

1 

There are simpler and more direct ways of obtaining 

equation 8. The general form of the eigenvectors was 

derived to obtain the unique solution (with the same form as 

equation 5) of equation 1 for given initial conditions of the 

system. The solution is found by evaluating the arbitary 

constants ai for a given set of initial conditions. 

requires a solution to the equation, 

This 

1>33(0)8 = C, 

where 8 1s a column vector with elements a. 
1 

•• (A2.9) 

(i = 0 .. 2), and c 

is a column vector giving the initial values of c 1 , C2 and c 3 • 

The vector c is set at the appropriate starting potential by 

c = a 0 v 0 , where a 0 is assigned with the constraint that mass 

is conserved (similar to equation A2.7). The solution, 8 is 

unique , since the eigenvectors are linearly independent (the 

rank of ¢ 33 (0)=3) . Substitution of the ai values obtained 

from equation 9 into equation 5 gives a solution to equation 1 

valid for all t, since it is a solution for an arbitary value 

t = o. 
0 

These results allow the relative amplitudes of the 

exponential components to be calculated from the kinetic 

scheme, which provides a further check of the validity of the 

proposed models . 
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4-State Model 

Reaction scheme c1 C2 
k2 

The system of equations 1s , 

f ' (t) = A44 f(t) 

C3 
k4 

ks 

k6 
c4 

The eigenvalues are calculated , 

polynomi al, 

from the characteristic 

A(A3 + bA2 +CA+ d) = 0 

where , b = (k 1 +k 2+k 3 +k 4 +k 5 +k 6 ) , 

C = k 1 (k3+k 4 +k 5 +k 6 ) + k 2 (k 4 +k 5 +k 6 ) + k 3 (k 5 +k 6 ) + k 4 k 6 , 

and d = k 1 k 3 (k 5 +k 6 ) + k 4 k 6 (k 1 +k 2 ) . 

Again note that Ai < 0 , and that A0 = O. The other 

eigenvalues can be obtained by solution of the cubic 

A3+bA2 +cA+d = 0 . The de scriminant of this equation was 

obtained by setting A = x - b/ 3, and proved to be a useful check 

during calculations . The equat ion becomes , 

x 3 + px + q = 0, where p = c - (b 2/3), 

and q = d + 2b 3/27 - bc / 3. 

The discriminant of the cubic 1s , 

D = 4p3 + 27q 2 • 

If two of the roots are equal then D = O. 

If all the roots are real and distinct t h en D < O. 

If two of the r oots are imaginary then D > O. 

The general form of the eigenvectors for the 4-state 
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model 1s , 

V, = a. 
1 1 

k2 ( \f+(k4+k5+k5)\i ) + k2k4k5 

k3k5\i + k1k3k5 

\f+ ( k4+k5+k5 ) \i + k4k6 

k3k5 

( \i + k5 ) 

ks 

1 

, i = o •• 3. 

In practice the eigenvalues were calculated using Newtons 

method. The eigenvectors were then calculated directly using 

the algebraic solutions shown above. 

Once the eigenvalues and eigenvectors were known the 

relative amplitudes of the exponential components could be 

calculated from a given set of initial conditions. 

involved finding a solution to the equation, 

- -

This 

<f>44(0)B = c , •• (A2.10), 

which is similar to equation 9 above. 

conditions used were, 

c = aa va , 

Similarly, the initial 

where a 0 was set with the constraint that mass is conserved 

(simil ar to equation A2.7), and v0 was calculated at t h e 

appropriate starting potential . 

Taking C4 to be the open conducting conformation of the 

channel, the membrane current is now given by, 

Im(t) = M( B0v 04 + B1v 14 exp(\ 1 t) + S2v 24 exp(\ 2t) 

+ B3v 34 exp(\ 3t) ) .. (A2 . ll) 

where the constant Mi s chosen to give the appropriate units. 
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Curve fitting procedure 

Equations 9 & 10 were solved using Gaussian elimination 

with partial pivoting , followed by back substitu tion (Goult et 

al . 1974) . The results could be checked by substituting t he 

solution vector into the origina l equation . The programs were 

written in ' C ' using double precision floating point numbers 

for the calculations. The results were consistent to better 

than 13 significant figu r e s, indicating that rounding errors 

were not a problem . During the fitting procedure the 

eigenvalues and eigenvectors had to be calculated at each 

membrane potential . The vol tage dependence of the rate 

constants wa s set acco r ding to equ a tion Al . l . 

Both the 3- state and the 4-s tate models were fitted to the 

data to provide a comp a rison . These models had 8 & 12 free 

parameters respectively , four free parameters per reacti on 

step corresoonding to w .. & z . . in equation Al.2 . None of 
L: l,J l , J 

the parameters were constrained during the fitting procedure 

mainly because there were no adequate estimates of t he various 

values available . The d a ta us ed to fit the models is shown in 

figure 3 . 30 . The ' direct - search ' algorithm described by Hooke 

& J eeves (1 960) was used to minimise the function, 

S = 2:: ( x. - s. )2 , 
1 1 

where x. were the data ooints shown in figure 3.30 ands. were 
1 " 1 

the values predicted from the models . The starti ng values for 

the 3- state model were take.ri from strai ght lines in figure 

3 . 17, and t he curve fitting al go r ithm converged to the 
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solution s h own in figure 3.30. The fit was better t h an t hat 

produced by the analysis in Chapter 3 (figures 3.18 ) , but t h e 

3-state scheme did not provide an accurate description of t h e 

data . 

Starting values for the 4-state model were obtained b y 

trial and error, using the best fit from the 3-state model as 

initial estimates for some of the parameters. The 4-state 

model predicted a 3 exponential time course for the current 

relaxations according to equation 11 . The starting values 

were chosen such that the fastest exponential ( >.. 1 ) was very 

fast and of negligible amplitude ( S 1 - 0) . This exponentia l 

component was ignored during the fitting procedure, and the 

data was fitted to the two slower exponential components. 

Under these conditions the 'direct-search' algorithm converged 

to a minimum, and the fastest exponential remained less than 

0 . 01% of the total amplitude of the current relaxations durin g 

the search. 
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Appendix 3 

Techniques and equations used to calculate I-Vs from 2-site 

3-barr i er permeation models 

The methods used are essentially the same as those set out 

by Begenisich & Cahalan ( 1980a) . The current-voltage 

relationship for the 2- site model with one or two ions was 

obtained by calculating the steady state flux for each ion 

( denoted by A & B) according to the state diagram shown . 
in 

figure AJ . l, where 00 repre s ents two empty sites, AO is formed 

when the left hand site (lowe r figure A3.l) is occupied by ion 

A and the other site is empty etc . Nine differential 

equations were obtained , one fo r each species shown in the 

diagram . These were set equal to zero, since it was assumed 

that the system reached a steady state much more rapidly than 

the recording equipment . The dOO/dt equation was replaced 

with the conservation equation, which simply sets the sum of 

all the species equal to unity . The resulting non-homogeneous 

set of linear equations was solved using Gaussian elimination 

w i th part i a 1 p iv o t i n g ( Gou 1 t et a 1 . 1 9 7 4 ) . Programs were 

written in 'C', and run on a Pyramid computer using double 

precision floating point numbers . 

I - V took less than a second . 

Calculation of a 13 point 

The current was calculated from the net transfer of ' ions 

across the central energy barrier . Thus for the two ions A & 

B, the membrane current was given by, 
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Figure AJ . 1 The top figure shows the state diagram 

for a two site model , with two permeant ions, A & 8 . The 

ions bind to empty sites (0) , and cannot pass each other 

1n the channel . The bottom figure shows a hypothetical 

energy profile for a channel. The external solution is on 

the left of the profile, and the cytoplasm is on the 

right. This convention is followed for all the diagrams. 
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- N. F I I 

I = ~ ( k 3 AO - k 4 0A + k 3 BO - k 4 0B ) m L a 

where N is the number of channels, Na is Avogadros number, F 

is Faradays constant and the k values are trans ition rates for 

the two ions , and are defined in figure A3 . l. Gl is the 

binding site closest to the the outside of the membrane and G2 

is closest to the inside . 

conventional rate theory 

example , 

The rate constants were set using 

where 

(Glasstone et al . 1941) . 

k 1 = v . Rin "exp ( - (G 01 + zd 1VmF/RT) ) , 

k 2 = v . Rout · exp ( - (G 01 - G1 - zd 2 VmF /RT) ) , 

v = k T /h , z is the valence of the ion, d· i 

For 

. 
lS the 

electrical distance the ion move s in reaching the transition 

state and V is the membrane potential . m In all cases the 

electrical distances were symmetric with respect to the 

central barrier . R. and R t are 
1n OU 

repulsion factors which 

are set according to the occupancy of the other site and the 

valence of the interacting ions . The entry rate constants 

were multiplied by the activity of the permeant ion (a
0

, ai). 

The activity coefficient used for calcium and barium was 0 . 341 

(:-fess & Tsien 1984) . As usu al the transmission coefficient 

was assumed to be one, and is not shown explicitly above. The 

predicted current - voltage 

data by varing N. 

relations were scaled to f't ~l the 

The energy profiles for the calcium channel proposed by 

Hess & Tsien and Almers & Mccleskey are shown in figure A3.2, 

and were used to calculate the predicted I-Vs shown in figure 
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Figure A3 . 2 Energy profiles proposed previously for 

the calcium channel. The values for the repulsion factors 

and the electrical distances are shown on the right and 

were used to produce the solid lines in figure S . S . 
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S . S . Figure A3 . 3 shows the energy profile (dark line) for the 

instantaneous I - V shown in figure 5 . 19 . The broken line shows 

the proposed energy profile for Cd 2 +, qualitatively consistent 

with the blocking effects of this ion . 
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Figu r e A3 . 3 The solid line s how s the energy profile 

used to fit the control ins t antaneou s I - V (figure 5 . 19) . 

The broken line s hows t h e p r opo s ed e nergy p r ofile for Cd 2 + 

which was qualit a tively con s i st en t with t he blocking 

effects of thi s ion . Impo rtant fea t ure s of the model are 

the much deeper well fo r Cd 2 + a t the ou ts ide binding site 

of the channel , and t he shorte r elect r ical distance for 

the Cd 2 + ions entering the channel . The repulsion factors 

and electrical distances for the two ions are shown on the 

right of the figure . 
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