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Abstract

Although human myelinated axons appear to generate and conduct impulses in the 
same way as those of other species, they are more prone to ectopic activity than rat 
axons and show other electrophysiological differences which suggest they may have 

different populations of ion channels. This study was designed to investigate this 
question, and this thesis describes the first direct recordings of ion channel currents in 
human peripheral myelinated axons, using patch clamping and macroscopic voltage 
clamping.

Patch-clamp recordings from nodes of Ranvier, paranodes and intemodes of human 
axons revealed voltage-dependent, tetrodotoxin-sensitive sodium channels, and at least 
three types of depolarisation-activated potassium channel. Conventional nodal voltage- 
damp techniques showed a tetrodotoxin-sensitive sodium current, a small, fast 
potassium current (consisting of two components), and a slow potassium current.

The voltage dependence, kinetics and conductances of these channels are described, 
together with the characteristics of the macroscopic currents. Measurements from 
isolated patches and intact axons are compared and found to be in close agreement; 
similarly, ion channels and currents in human axons appear indistinguishable from 

those in rat and amphibian axons. A simple Hodgkin-Huxley type model was fitted to 
the nodal voltage-damp recordings, and was able to simulate action potentials and 
repetitive activity. The model predicted functions for the ionic currents which are the 
same as in other mammals.

It is clear that the major voltage-dependent ion channels in human axons are closely 
similar to those in other species; some other explanation, such as differences in the 

distribution of the channels, is needed to explain the differences between human and rat 

axons which have been observed in vivo.
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CHAPTER 1

INTRODUCTION



Virtually all our understanding of excitation and conduction in human myelinated 

nerve is based on experiments in other species, chiefly squid, amphibians and rats. 
The molecules underlying these electrical processes - the ion channels in the axonal 

membrane - have been highly conserved throughout evolution: for example, sodium 

channel sequences in rat and Drosophila are about 67% identical, although their most 
recent common ancestor predates the Cambrian explosion over 500 million years ago 
(see Chapter 20 of Hille 1992). Axonal morphology and electrical behaviour are less 
highly conserved, but the basic mechanisms underlying impulse generation and 

conduction in myelinated nerve appear to be common to all vertebrates, and ionic 

currents in rat and rabbit nodes are almost identical. So it is safe to presume that 
human myelinated axons also generate and conduct impulses in much the same way 

as those of other mammals.

But they do not behave identically. Human axons are more prone to ectopic activity 
than rat axons, and they show other electrophysiological differences which suggest 
that they may have different populations of ion channels. This difference could lie in 
the expression and organisation of the channels in the axonal membrane; such 
differences between rat and frog axons are known to have important functional 
consequences. In addition, quantitative differences in ion channel properties cannot 
be ruled out, even though significant differences in their primary structure seem 
unlikely. This study was therefore designed to investigate the properties of the ionic 
channels of human myelinated nerve, and to compare them with the known 

properties of channels in other species.

Until relatively recently, attempts to understand excitation and conduction in 
myelinated nerve were directed almost exclusively at the node of Ranvier, because 
the nodes are the sites of action potential generation. Myelinated nerves were 
visualised as small pieces of excitable membrane, similar to the well-studied squid 
giant axon, at the nodes, connected by long lengths of passive cable, the intemodes. 

This simple picture, described in section 1, was sufficient to account for the 
generation of the action potential and the saltatory conduction of the impulse.

Where and how the resting potential is generated remained a puzzle, however, and 
some paradoxical observations resisted being fitted into the standard model 

(section 2.3.1). Mammalian nodes of Ranvier lack fast potassium channels, and this 
observation prompted the question of how mammalian nodes repolarise after an 

action potential (section 2.1). The “leak” conductance was a partial answer to both of 

these questions, but attempts to establish its ionic nature proved confusing: it appears 

to be an access conductance into the internode, and not a conventional conductance
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through the membrane at all (section 4.2.4). The internode seems to have an essential 
role in the generation of the resting potential and in repolarisation.

The significance of the internode for normal axonal function is underlined by the 

observation that ionic channels are not restricted to the node, but are found 
throughout the internode, with a very specific spatial distribution (sections 2.2 
and 4.1). A great variety of channel types is present in both internode and node 
(section 3).

It is possible to synthesise from these observations a plausible model of axonal 

electrophysiology, assigning probable functions to the known ionic channels, and 
accounting for the generation of the resting and action potential, for repolarisation 
and conduction, and for spontaneous activity in pathological states and its 
suppression in normal axons. This model is presented in section 5, and serves as the 
framework for interpreting the results presented in later Chapters. Finally, the state of 
knowledge about the ionic channels of human axons at the beginning of this study is 
presented in section 6.
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1 A simple model of a myelinated nerve fibre

The suggestion that nodes of Ranvier may be involved in the conduction process 

was made by Lillie (1925), based on a chemical model: a piece of “passivated” iron 
wire, enclosed in a narrow glass tube which was broken at intervals, and dipped in 
nitric acid. When the inside diameter of the glass tube was substantially larger than 
the thickness of the wire, a reversible reaction (whose nature is not well understood, 
although it appears to be propagated by local circuit currents) could be induced to 

travel along the wire within the tube. When the tube was smaller, so that the 
longitudinal resistance of the fluid within the tube was high, the reaction no longer 

travelled along the wire within the tube, but jumped directly from one exposed patch 
of wire to the next. Lillie suggested that myelinated nerve conducts in an analogous 
way, with the nerve impulse being generated at the nodes, and jumping from one 
node to the next. He called this mechanism “saltatory” (“jumping”) conduction.

This hypothesis could not be tested until Kato and co-workers in Japan developed 
the technique of dissecting single myelinated fibres from amphibian nerves. During 
the 1930s, Tasaki and others studied these single fibres. They found that threshold is 
lowest at the nodes of Ranvier and higher in the internodes; that myelin behaves as a 
very good insulator, and nodes have a lower resistance; and that the sensitivity to 
local anaesthetics is highest at the nodes (Tasaki 1953). These experiments 
demonstrated that the nodes are important for the electrical behaviour of the axon, 
but not that they actually generate the action potential; to do this, it was necessary to 
establish whether current enters or leaves the nerve fibre only at the nodes, or all 
along its length.

This was done by Huxley and Stampfli (1949). Using single myelinated fibres 
from the frogs Rana esculenta and Rana temporaria, dissected out over a length of 
about 15 mm, they measured the longitudinal current outside the fibre (which is 
assumed to be equal and opposite to the longitudinal current inside the fibre), at 

several sites along each internode. If current is only able to enter or leave the fibre at 

the node, then the current along the inside (and outside) of the fibre should be the 

same at all points along one internode. Huxley and Stampfli found that current 

records from different positions on one internode were almost identical, while those 

from different internodes were similar in form but displaced in time. When 
longitudinal currents recorded at two adjacent sites were subtracted (to derive the 
current which had entered or left the fibre between the two recording sites), large 

inward currents were seen only if a node lay between the two sites (see Figure 1).
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These experiments confirmed the significance of the node of Ranvier as the site of 

action potential generation.

Figure 1
(left) Longitudinal currents recorded at a series of positions along one nerve fibre.
(right) Membrane currents: the differences between longitudinal currents recorded at 

positions 0.75 mm apart along one nerve fibre (the positions are shown on the 
diagrammatic fibre on the right). From Huxley & Stampfli (1949).

Extracellular recordings could answer some questions about excitation in 
myelinated axons, but the difficulty in making intracellular recordings was a barrier 
to greater understanding. This problem was gradually overcome by a series of 
ingenious solutions whereby a “pseudo-intracellular” recording could be made using 
only extracellular electrodes. The first of these was introduced by Huxley and 
Stampfli (1951) to measure the amplitudes of the resting and action potentials in 
myelinated fibres from the toad Xenopus laevis. The principle of their method (which 
became the basis of all the subsequent methods) is that if a node is depolarised, a 
normally-polarised node in the vicinity will produce a longitudinal current along the 

fibre; if a potential is then applied to the outside of the node generating the current, of 

exactly the amplitude needed to eliminate the current, this potential must be equal to 
the potential across the membrane at the node. Huxley and Stampfli used a manual 
bridge circuit to apply this potential, and the bridge could be balanced either at the 
resting potential or at the peak of the action potential. Using this method, they 
measured the amplitude of the resting potential (-71 mV) and of the action potential 
(116 mV), and showed that the action potential overshoot depended on the external 

sodium concentration, as in squid axon (Hodgkin & Katz 1949).

Replacement of the manual bridge circuit by an automatic feedback amplifier 
(Frankenhaeuser 1957) allowed the measurement of the action potential waveform. 
Continuous measurement of membrane potential, together with the availability of an
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extra internode which could be used to inject current, made the development of 

voltage clamping in myelinated nerve possible (Dodge & Frankenhaeuser 1958). The 

amphibian node of Ranvier was the second excitable membrane, after the squid giant 

axon, to be studied with the voltage clamp technique.

(A)

(B)

Time (ms) 
5 10

-10 Control

(C)

/ (nA)

Time (ms)
5 10 15
T-------- 1-------- r

20 
— I

10

0
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-1 0

(D)

6 mMTEA300 nM TTX

Figure 2
Potassium and sodium currents in frog node of Ranvier (from Hille 1992).
(left) Currents in normal Ringer solution (“control”) and in Ringer containing 300 nM 

tetrodotoxin, which blocked the Na"̂  current leaving only the current.
(right) Currents in normal Ringer solution (“control”) and in Ringer containing 

6 mmol/1 tetraethylammonium, which blocked the current leaving only the Na^ 
current.

As in squid, the currents could be subdivided into an early inward current, carried 
by sodium ions, a late outward current, carried by potassium ions, and a passive 
“leak” current, which was for some time thought to be through a non-specific 

conductance at the node (see Figure 2). Currents in Xenopus nodes can be described 

quantitatively using a model of the Hodgkin-Huxley type (Hodgkin & Huxley 1952) 

with few changes (Frankenhaeuser & Huxley 1964). A mathematical model of a 

myelinated fibre, consisting of short patches of “Hodgkin-Huxley” axon at the nodes, 

joined by passive cable intemodes, is sufficient to simulate saltatory conduction 
(Fitzhugh 1962).

By the 1960s, a workable representation of the myelinated fibre had become 

established, with a sodium conductance generating the upstroke of the action 

potential, and repolarisation due to the inactivation of the sodium conductance and 

the opening of a delayed rectifier potassium conductance; the passive “leak” was the 

main conductance near the resting potential. These conductances were thought to be 
concentrated in the small areas of membrane at the nodes, with myelin acting as a
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near-perfect insulator in the intemodes. This model spawned a fertile research 

programme on the frog node of Ranvier during the 1960s and 1970s (reviewed by 

Stampfli & Hille 1976), but in the late 1970s and early 1980s several items of 
evidence began to show that the behaviour of myelinated nerve fibres is more subtle 

and interesting than that predicted by the simple model.

2 The behaviour of the internode

2.1 Currents in mammalian nodes differ from  those in amphibian nodes

Mammalian axons were first successfully voltage clamped many years after the 

technique had become widely used in amphibian axons. This was largely because the 

dissection of single fibres is more difficult in mammals than in frogs, owing to the 

greater density of connective tissue and the greater sensitivity of the nerve fibres to 

stretch. A short report (Horàckova et al. 1969), in which an improved nodal voltage- 

clamp method (Nonner 1969) was applied to rat axons, showed that the fast 
current is very small in rat nodes. This was followed about ten years later by one 

report in rat nodes (Brismar 1980) and one in rabbit nodes (Chiu et a l  1979), which 
also showed very small nodal fast currents. Membrane currents in rat and frog 
nodes are shown for comparison in Figure 3.

Rat Frog
nA

0

-20

10 0 5 10
Time (ms)

Figure 3
Membrane currents elicited by depolarising pulses in rat (left) and Rana (right) node 

of Ranvier (from Roper & Schwarz 1989). Fast-activating currents are almost 
absent from the rat node.

Chiu et a l  (1979) analysed the sodium current in rabbit nodes quantitatively, using 

a modified Hodgkin-Huxley model, and showed that by combining the Na"̂  current 

with a passive “leak” current, realistic action potentials could be modelled. They 

suggested that the mechanism of repolarisation in mammalian axons is very different 
from that in amphibian axons: that the leak current alone is sufficient to repolarise
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the axon after Na"̂  channel inactivation, without activation of fast nodal channels 
being necessary. A related observation is that action potential duration in rat spinal 
roots is almost unaffected by blocking nodal channels (Sherratt et al. 1980). 
However, a search for the ionic nature of the nodal “leak” conductance produced 

confusing results (see section 4.2.4, page 29).

2.2 Channels are present under the myelin

Two pieces of evidence suggested that mammalian axons can express large 
numbers of potassium channels, even though only small currents can be recorded 
at the node. Firstly, in rat spinal roots which had been demyelinated by 
treatment with diphtheria toxin, 4-AP and TEA were found to prolong action 
potential duration, although they had almost no effect in normal rat spinal roots 
(Sherratt et a l  1980). Secondly, in rats treated with alloxan to induce diabetes, large 

currents were found in voltage-clamped axons (Brismar 1979). These studies, in 
pathological nerve, indicated either that the formation of large numbers of 
channels is induced by treatment with alloxan and diphtheria toxin, or that the 
channels are already present in normal axons.

The presence of channels in the paranodes of normal mammalian axons was 
demonstrated by Chiu & Ritchie (1981). They treated rabbit nerve fibres with 
lysolecithin, collagenase and hypertonic solutions, all manoeuvres designed to loosen 
the myelin from the axonal membrane. At a certain stage during this treatment, a 
large outward potassium current appeared, without a corresponding increase in 
sodium current, and this was accompanied by the appearance of a slow component in 
the capacity current consistent with a 10- to 60-fold increase in membrane area. The 
authors concluded that their treatment had exposed axonal membrane normally 
covered by myelin, and that this membrane contained large numbers of channels 
and few, if any, Na*" channels.

Later, it was shown that the internodes of both mammalian and amphibian axons 

contain both and Na"̂  channels (Chiu & Schwarz 1987, Grissmer 1986, Chiu & 
Ritchie 1982). Shrager (1987, 1989) calculated that the majority of Na"̂  channels are 
likely to be internodal; although their density in the internode is much less than in the 
node, this is outweighed by the very much larger area of the internodal membrane.

2.3 The electrical properties o f the internode

2.3.1 The internodal resting potential

The presence of ion channels in the paranode and internode seems puzzling at first, 
since these channels are normally covered by myelin. However, the myelin sheath
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does not insulate the internode perfectly. Myelin has a finite though very high 
resistance, and in addition, conducting pathways exist around and through the myelin 

sheath (see section 2.3.2). If the resistance of myelin, as measured in the 1950s by 
Tasaki, is included in a simple model of a myelinated fibre, the nodal resting 
potential cannot be maintained in the absence of an internodal resting potential (Chiu 
& Ritchie 1984). The fibre would be depolarised by between 5 mV and 20 mV, 

depending on its size, in the absence of internodal potassium channels. Chiu and 
Ritchie therefore proposed that the function o f these channels is to maintain the 

internodal resting potential.

Although the mathematical model used by Fitzhugh (1962; see section 1, page 12) 
is effectively identical to that of Chiu and Ritchie, the need for an internodal resting 
potential was not obvious in the earlier work because Fitzhugh's model, like that of 
Hodgkin and Huxley (1952), defines the resting potential as zero potential. It 
therefore contains an implicit internodal resting potential.

The internodal resting potential was used by Chiu and Ritchie to explain some old 
and puzzling observations. For example, when a frog node, depolarised by brief 
application of a solution with high potassium concentration, is then exposed to TEA, 
it abruptly repolarises. This effect decreases with longer duration of exposure to high 
[K^]. Chiu and Ritchie suggested that brief application can abolish the nodal 
resting potential, but not the internodal resting potential, because access of ions to 
the internode is restricted. Increasing the nodal resistance with TEA then returns the 
axon to the internodal resting potential. After a longer exposure to high [K^], the 
intemode is also depolarised, and consequently the effect of TEA application to the 
node declines.

2.3.2 Cable properties - the "double cable"

The passive behaviour of the internode is more complex than that of a simple 

cable. Some of this complexity was revealed by Barrett and Barrett (1982), by 

measuring the depolarising afterpotential (DAP) which follows an action potential in 

healthy myelinated axons. The DAP underlies the supernormal period, the period of 
increased excitability which lasts some tens of milliseconds after an action potential. 
It is present in both amphibian and mammalian axons, although it is larger in the 

former and lasts longer (David et a l  1995).

Barrett and Barrett investigated the generation of the DAP using intracellular 

recording in lizard myelinated axons. They found that the DAP had an exponential 
time course with a time constant of several tens of milliseconds, which was identical 
to that of the passive response of the axon to injected current; its amplitude was
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increased by hyperpolarisation, and it was abolished (although not reversed) by 

depolarisation. These findings are consistent with the hypothesis that the DAP results 
from a passive depolarisation of the internode by currents from the action potential. 
Changes in internodal potential would then be increased when internodal channels 
are closed by hyperpolarisation, and reduced when the channels are opened by 
depolarisation, thus “short-circuiting” the currents from the node. Barrett & Barrett 
eliminated two alternative explanations, that the DAP is due to a specific 

conductance increase, or that it is due to extracellular accumulation.

10 mV

Axon

Node Internode

Myelin sheath

Axon Axon

Node Internode InternodeNode

Myelin sheath Myelin sheath

Figure 4
The depolarising afterpotential and the cable properties of the intemode.
(upper left) Action potential and depolarising afterpotential recorded from a rat 

ventral root axon.
(upper right) Single cable model, in which the resistances and capacitances of the 

internodal axon and myelin sheath are lumped together.
(lower left) Double cable model, in which the myelin and internodal axon appear 

separately.
(lower right) Simplified version of the double cable model, incorporating only the 

components needed to explain the DAP.
From Barrett & Barrett (1982).

To account for the long time constant of the internode, which is not a feature of the 
single cable model of the internode, Barrett and Barrett proposed a double cable 
model of the internode (see Figure 4, lower left panel). One cable lies inside the 
other; the internodal axonal membrane, with very large capacitance, lies inside the
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myelin, which has much smaller capacitance and very high resistance. These are 

joined in the paranode by the axo-glial junctions, which are leaky (see section 4.1.1, 
page 25), and provide part of the access resistance between node and internode. Other 

resistive pathways exist through the myelin sheath itself (Barrett & Barrett 1982; see 
lower left panel of Figure 4). When the node (/?n in the lower right panel of Figure 4) 
is depolarised, current flows through the internodal access resistance Rn, and charges 
the internodal capacitance Q. After the action potential, Q  discharges through Ri\ into 

producing the slow exponential DAP.

Barrett and Barrett tested this hypothesis using an analogue circuit based on the 
simplified form of the double cable model shown in the lower right panel of Figure 4. 
The circuit produced a depolarising afterpotential very similar to that which can be 
recorded in real axons. An interesting consequence of the Barrett and Barrett model 
is that the periaxonal space is at the same potential as the extracellular space while 
the axon is at rest, but follows fast changes in the intra-axonal potential. The result, 
which can be recorded from intact axons and from the model circuit, is that a nearly 
full-size action potential is seen in the periaxonal space, with no resting potential.

In rat and amphibian axons, the periaxonal space shows a small hyperpolarising 
afterpotential, which can be blocked by TEA, indicating that the internode is 
sufficiently depolarised during the DAP to activate internodal channels (David et 
a i 1992, 1993).

2.3.3 Summary

As a rough approximation, because of its long time constant, the internodal axonal 
membrane has little involvement in electrical events on a short time scale, such as the 
action potential. On a longer time scale, the connection between the internodal 
membrane and the node is very good, and the internode exerts a considerable 

influence on nodal excitability. As pointed out by Chiu & Ritchie (1984), the model 

proposed by Barrett & Barrett would show an even greater effect of the internode on 
the nodal resting potential than their single cable model.

The long time constant of the internode means that its axonal membrane does not 
depolarise during an action potential (section 2.3.2). Since the internodal axon 

remains at the resting potential, it is probably responsible for repolarising the nodal 
membrane in mammalian axons after the action potential. It is interesting in this 

connection that the “leak” conductance, long thought to be responsible for 

repolarisation in mammalian nodes, appears to be at least partly the access resistance 

between the outside of the node and the periaxonal space, R[] in Figure 4 (see 
section 4.2.4, page 29).
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3 A multiplicity of ion channels

3.1 Several types o f voltage-dependent potassium channel are present in axons

The first voltage clamp experiments in amphibian axons were interpreted in terms 

of only one component of potassium current (Frankenhaeuser 1962). However, when 
inactivation of the current was studied in depth it was found to have two phases, 
one fast ( t  = 0.6 s) and one slow ( t  = 3.6 - 20 s; both at 21°C), while about 20% of 
the current did not inactivate (Schwarz & Vogel 1971). These authors proposed that 

more than one type of conductance is present.

In nodes of Ranvier from Rana, Dubois (19816) characterised three components of 
conductance, two with fast kinetics and one with slow kinetics, based on an 

analysis of tail currents. Using tail currents simplifies analysis, since in 
myelinated axons they can be described by the sum of several exponential functions. 
Such currents could be produced by several different types of channel, all showing 
Hodgkin-Huxley-type gating, but also by a single type of channel with more complex 
gating; Dubois was careful to distinguish these two possibilities. The tail currents 
were measured with the node in isotonic potassium chloride solution, for two 

reasons. Firstly, the holding potential of -90mV in Dubois’ experiments is so close to 
the equilibrium potential (£k) that tail currents in Ringer solution would be too 
small to measure easily. Secondly, and more importantly, outward currents 
flowing in Ringer solution cause accumulation outside the node, which alters £k 
so that changes in current no longer faithfully represent changes in conductance; this 
effect is reduced when the node is in isotonic KCl, and removed completely during a 
pulse to £k (O mV in isotonic KCl; Dubois 1981a).

Dubois found that tail currents in Rana nodes could be fitted with the sum of 
two exponential components, one fast (time constant below 10 ms) and one slow 
(time constant about 50 ms; both measurements at -90mV and 12°C). The amplitudes 
of the two components at the end of a pulse to 0 mV changed in different ways as the 

duration of the pulse was increased; the fast component increased rapidly (activation) 
and decreased slowly (inactivation), while the slow component increased slowly and 

did not inactivate during pulses lasting up to 3 minutes. The two components could 

also be separated pharmacologically using 1 mmol/1 4-aminopyridine (4-AP), which 
removed the fast component, leaving the slow component unaffected. The 
combination of different activation and deactivation kinetics and pharmacological 

separation provided convincing evidence that the fast and slow components of the 

tail currents are due to different channels.
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The fast-deactivating current could itself be separated into two parts. The 
conductance-voltage curve of this current showed a bend near -40mV, and the current 

inactivated in two phases. If a long prepulse to 0 mV was used to remove the 
component with faster inactivation, the conductance-voltage curve became sigmoid, 

losing the bend near -40mV. Dubois concluded that the fast current in Rana nodes 
consists of two components: one, which he called//, activating between -80mV and 
-40mV, and inactivating with a time constant of 45 seconds at 0 mV; and the other, 
which he called / 2 , activating between -40mV and +50mV, and inactivating with a 
time constant of 2 seconds at 0 mV. The slow current, s, activates over a broad

range of potentials between -100 mV and 0 mV.

Sensory and motor fibres in Rana contain different proportions o f //  and /2  (Dubois 
19816). About 65% of the fast conductance in sensory fibres is / 2 , compared to 
about 40% in motor fibres; in both fibre types, the fast component represents about 
80% of the total conductance, and the slow component about 20%. All three 
components can be blocked by 5 mmol/1 tetraethylammonium ion (TEA).

Specific blockers were later identified which could distinguish between the two 

fast components. Capsaicin blocks the /2  component in Rana in a voltage-dependent 
manner (Dubois 1982), while the / /  component is blocked by nanomolar 
concentrations of toxin I from the black mamba snake (Benoit & Dubois 1986). The 
almost identical green mamba snake toxin, dendrotoxin (DTX), blocks the / /  
component in Xenopus (Brau et ah 1990).

The fast and slow channels in frog nodes appear to have distinct functions. 
DTX increases action potential duration in Xenopus nodes, implying that fast DTX- 
sensitive channels are involved in repolarisation (Weller et al. 1985). Fast and 
slow channels are also involved in fast and slow accommodation respectively, and 
the slow conductance in limiting repetitive firing (Krylov & Makovsky 1978, Poulter 
et al. 1989, Poulter & Padjen 1995). The slow conductance has a flatter voltage 
dependence than the fast conductances, and a substantial fraction is activated at the 

probable resting potential (Dubois 19816), suggesting that the slow conductance 

is important in setting the resting potential.

Grissmer (1986) measured the properties of the conductance in the internodes 

of Rana nerve fibres, demyelinated with lysolecithin, and found that the same three 
components were present as had been described by Dubois (19816) at the node.

In rat axons, as in Rana, the conductance can be separated into fast and slow 

components (Roper & Schwarz 1989), and the fast K^ conductance into / /  and /2  

components (Corrette et al. 1991). However, the slow K^ conductance in rat nodes is
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about four times as large as the fast conductance, in contrast to Rana, where the 
fast conductance dominates. The voltage dependence and pharmacology of the three

current components in rat are similar to those in Rana. Although the properties of 

the fast channels in rat and amphibian axons are very similar, their functions are 

very different. This is because most of the fast channels in rat axons are situated 

under the myelin (see sections 2.1, 4.1 and 5.3.2).

3.2 Single-channel recordings from myelinated axons reveal a great variety o f ion 

channels

The patch-clamp technique (Hamill et al. 1981) was first applied to myelinated 
axons by Jonas et al. (1989), in Xenopus. They found one type of Na"̂  channel and 
three types of channel, with properties similar to those of the macroscopic 
currents which were already familiar from voltage-clamp recordings in nodes of 
Ranvier. Later, the same group described several other channel types in Xenopus, all 
of which were previously unknown in myelinated axons: a Ca^^-activated channel 
of large conductance, and a channel closed by intra-axonal ATP (Jonas et al. 
1991); a TEA-insensitive and relatively voltage-insensitive “background” channel 
(Koh et al. 1992); and a Na'^-activated K^ channel (Koh et al. 1994). The four 
“classical” channel types and the Ca^^-activated K^ channel have also been reported 
by this group in rat axons (Hermsteiner et al. 1991, Kampe et al. 1992, Safronov et 
al. 1993).

Other groups have reported similar channels, and also others: a C F channel in rat 
(and human) axons (Strupp et al. 1991); three CF channels and a second 
“background” K^ channel in Xenopus axons (Wu & Shrager 1994, Wu et al. 1993); 
an inwardly rectifying channel in rat axons (Wilson & Chiu 1990); and a 
mechanosensitive K^ channel in human axons (Quasthoff 1994).

Single Na"̂  channels in rat and Xenopus axons show kinetics, voltage dependence 
and TTX sensitivity which are typical of voltage-dependent Na"̂  channels in a variety 

of preparations. The three types of voltage-dependent K^ channel have characteristics 

which are similar in many ways to those of the three components of macroscopic K^ 

current. One of these channels activates in the range of membrane potentials between 
-40 mV and +20 mV, inactivates rapidly, and deactivates with fast kinetics; it was 
named the F (fast) channel by Jonas et al. (1989), and they identified it with the /2  

conductance. The commonest type of K^ channel activates in the voltage range 

between -70 mV and -40 mV, inactivates slowly, deactivates with intermediate 

kinetics, and is blocked by DTX; this was named the I (intermediate) channel, and 

identified with the /  conductance (the difference in deactivation kinetics between the
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F and I channel, and between the I channel and the /y conductance, is a consistent 

feature of these patch-clamp recordings, but as yet unexplained). The third type of 
channel also activates at negative potentials (slightly more negative than the I 

channel) and deactivates with slow kinetics; it was named the S (slow) channel, and 
assumed to correspond to the slow conductance; however, its voltage dependence 
of activation in rat axons is much steeper than that of the slow macroscopic 
current (compare Safronov et a l  1993 with Roper & Schwarz 1989).

Single-channel recordings have greatly enriched the complement of ion channels 

which myelinated axons are known to contain. The functions of the newly-discovered 

channel types are not yet known, but reasonable guesses can be made (see sections

5.1 - 5.4.1, pages 30 - 32).

The improved knowledge about channel properties gained from patch-clamp 
studies has provided simple explanations for some observations which had been 
made with noise analysis. current noise in Rana has been found to be voltage- 
dependent, increasing with depolarisation (van den Berg et a l  1977). This can be 
explained by the greater contribution of F channels, which have a larger conductance 
than I channels, to the noise at more positive potentials. It has also been found that 

current noise is greater in frog sensory than motor axons (Neumcke et a l  1980); 
this is probably because they contain more /2  current (F channels) than motor axons 
(see section 3.1).

F and I channels in Xenopus and rat axons have almost identical properties (Jonas 
at a l  1989, Safronov et a l  1993), although their functions in the two species appear 
to be quite different (see section 3.1, and section 5.3.2, page 31). The only important 
difference between the species is the location of the channels in the axon, and the 
difference in their behaviour appears to rest wholly on this point.

4 The significance of channel distribution

4.1 The distribution o f paranodal and internodal potassium channels in rat axons

Roper and Schwarz (1989), in acute demyelination experiments on rat nerve fibres, 

used the amplitude of the slow capacity current (see section 2.2, page 16) to measure 
how much of the axonal membrane had been exposed. They compared this with the 
amplitude of the potassium currents which appeared, to obtain an estimate of the 

densities of the fast and slow conductances in the paranode and internode.

When a fibre was demyelinated with lysolecithin, they observed an enormous 

increase in the fast conductance (Figure 5, upper part), but even the small increase 

in exposed membrane area caused by stretching the fibre was enough to reveal large
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fast currents. Roper and Schwarz found that the peak density of the fast 
channels is associated with a capacitance of 3 pF, corresponding to a membrane area 

of 50 pm^, only about twice the nodal area (Berthold and Rydmark 1983a). The fast 
channels are therefore concentrated in the area of the paranode which is closest to 

the node (Figure 5, lower left). The peak density of the fast current in this region 

is about six times larger than in the node and internode.
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Figure 5
(upper left) currents in an intact rat node (in isotonic KCl). Only a slow K  ̂current 

is visible.
(upper right) K  ̂ currents after demyelination with lysolecithin, showing a large fast 

K  ̂current.
(below) the relationship between membrane capacity and the density of the fast (left) 

and slow (right) conductances. Filled squares indicate nodal conductances, and 
the open sire les are measurements in demyelinated fibres.

From Roper & Schwarz (1989).

The density of the slow conductance decreases steadily with increasing 
demyelination (Figure 5, lower right), indicating that this conductance is 

concentrated in the node. Roper and Schwarz estimated that its internodal density is 

about 3% of its nodal density.

In a patch-clamp study of ion channels in rat axons, Safronov et a i  (1993) 
estimated a density of about 110 slow channels and 7 fast channels per pm^ at the 
node, and 42 fast channels per pm^ in the paranode; this compares with estimates of 
the order of 1000 Na^ channels per pm^ at the node (Hille 1992). In making this 

estimate, however, they assumed an exact correspondence between the three types of 
single channels they recorded and the three macroscopic conductances.
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4.1.1 Ultrastructure o f the axo-glial junction area

The region where the fast channels in rat axons appear to be concentrated is 

also the area where the terminal loops of the myelin sheath make contact with the 
axonal membrane. This region has a complex structure. The Schwann cell which 
produces the myelin sheath in each internode would, if unwrapped, have a 
trapezoidal shape. Most of its cytoplasm is found along the four edges. At each end 

of the internode, in the paranodal region, the two sloping edges of the trapezoid form 

a spiral around the axon along a distance of 3 - 4 pm; the turns of this spiral create 
the terminal cytoplasmic loops seen in longitudinal sections through the paranodal 
area. At the paranode, some (in large fibres, about 25%) of the terminal cytoplasmic 
loops are attached to the axon by cell-cell junctions, the “axo-glial junctions”; the 
remainder attach with tight junctions to other terminal cytoplasmic loops (Berthold & 
Rydmark 1983).

The pattern formed by the axo-glial junctions in freeze-fracture replicas of the 
paranodal membrane has been described by several authors, and is reviewed in 
Chapter 2. Where the Schwann cell terminal cytoplasmic loops are apposed to the 
axon membrane, a regular pattern of closely packed membrane particles is formed, 
apparently corresponding to the axo-glial junctions. The axo-glial junctional area is 
permeable in vivo to lanthanum, which can thus enter the periaxonal space in the 
internode, either through the spiral of extracellular space delimited by the bands of 
axo-glial junctions, or between the junction molecules themselves (Mackenzie et al. 
1984).

The size and structural complexity of the axo-glial junction region have attracted 
great interest, since the functions of mechanical attachment and high electrical 
resistance could be provided by a narrow band of tight junctions (see, for example, 
Wiley & Ellisman 1980); the fact that the axo-glial junction is instead a large area of 
leaky junctions therefore presumably has some significance. One consequence of this 
stmcture is that it produces a distributed electrical resistance, and not a localised one; 

the suggested role of the paranodal fast channels would be better supported by a 
distributed resistance in this region than by a few rows of tight junctions (see 
section 5.3.2, page 31).

4.2 Channel properties studied in intact axons with electrotonus

As an alternative to voltage or patch clamping in dissected or enzyme-treated 

axons, much information about ion channel properties can be obtained from 

undissected axons, by injecting current pulses and measuring changes in membrane 
potential (“electrotonus”). Current is injected and potential changes measured using
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extracellular electrodes, or intracellular microelectrodes. Like voltage clamping, 
measurements of electrotonus allow current-voltage relationships to be derived. The 
measurements are harder to interpret than voltage-clamp currents, and the uncertain 
access of channel blockers to undissected axons, especially in the internode, is an 
additional problem. However, a great advantage of using electrotonus to investigate 

ion channel properties in intact axons is that the same preparation can be used to 

measure action potentials and excitability changes. The same channel blockers can be 
applied, and aspects of axonal behaviour can be related to the ion channels which 

cause them.

When current is injected into intact rat spinal root myelinated axons, the changes 
in membrane potential can be accounted for by the simplified model of Barrett and 
Barrett (Baker et al. 1987; see the lower right panel of Figure 4, page 18). If a 
rectangular current pulse is injected into this circuit, membrane potential changes 

instantaneously (in real axons, it would follow the nodal time constant, less than 
1 ms). The size of the potential change depends on the nodal resistance /?n, in parallel 
with the intemodal access resistance R\\. There follows a slower, exponential change 
in potential, as the intemodal membrane capacitance C\ charges through the access 
resistance R\\. The final potential reached depends on the nodal resistance R^, in 
parallel with the total intemodal resistance (Ri\ + Ri). At the end of the current pulse, 
the potential does not return instantly to zero; instead, it falls to the potential across 
the intemodal membrane capacitance Ci, which falls exponentially to zero as Q  
discharges into R[, and through Ru into (this is the same mechanism as that 
reponsible for the depolarising afterpotential; see section 2.3.2, page 17).

In a real axon, such responses are only seen when very small current pulses are 
applied. With larger currents, the changes in membrane potential do not follow this 

simple time course, because ion channels open or close and thereby alter the 

resistances and R\\ the opening or closing of ion channels in tum affects the zero- 

current membrane potential. Measurements of electrotonus reflect both of these 
processes. Electrotonus in rat spinal roots, treated with tetrodotoxin (TTX) to block 
action potential generation, was investigated in detail by Baker et al. (1987). They 
found evidence of three types of ion channel with distinctive properties and 
pharmacology, and their experiments also shed light on the nature of the “leak” 
conductance. The following description is based on their work.

4.2.1 Slow iC  conductance

When strong depolarising currents were applied to rat spinal roots, the slow 

depolarisation resulting from the charging of the intemodal membrane capacitance
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was interrupted by a “sag” towards the resting potential, indicating the activation of 

an outwardly-rectifying conductance (see Figure 6). At the end of the current pulse, 

the fast component of electrotonus was smaller than at the beginning of the pulse, 

indicating an increase in nodal conductance; shortly after the end of the pulse, the 
resting potential was hyperpolarised for a short time, suggesting that the conductance 
was K^-selective. Its reversal potential was about 12 mV more negative than the 
resting potential. The time course of activation of the nodal conductance was the 
same as that of the slow “sag” seen during the depolarising pulse. All these features 
were removed by the application of TEA, or by 0.7 mmol/1
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Figure 6 so ms '
Electrotonus in rat ventral root (From Baker et a i 1987).
(A) Strong depolarising pulses produce a “sag” towards the resting potential.
(B) This “sag” is removed by TEA.
(C) Effects of TEA on the current-voltage relationship of fast electrotonus at the 

beginning (“fast on”) and end (“fast o f f ’) of the pulse, and of the slow “sag” 
(“slow on”).

Baker et al. interpreted this as evidence of a slowly-activating, TEA- and 

Ba“̂ -sensitive conductance at the node (which may also be present in the 
internode). This interpretation was supported by the voltage-clamp recordings of 
Roper & Schwarz (1989; see section 4.1).

4.2.2 Fast conductance

The experiments just described were done in the presence of 4-AP, to remove any 

possible activation of 4-AP-sensitive channels by the depolarisation following TEA 
application. In rat spinal roots to which 4-AP had not been applied, the slow 

depolarising component of electrotonus due to charging of the membrane capacitance
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was not visible; in addition, a “notch” was seen at the beginning of the response to 
strong depolarising current (just visible in Figure 7). The “notch” was removed, and 

the slow depolarising component made visible, by 4-AP (Figure 7); this is evidence 

for the existence of a 4-AP-sensitive conductance with fast kinetics. Fast 
electrotonus at the end of the current pulse was little affected by 4-AP, indicating that 
this conductance is mainly located in the intemodes or paranodes; but the “notch” 
indicates that some of it is at the node. Roper and Schwarz (1989) found the same 
distribution of the fast 4-AP-sensitive conductances in voltage-clamped 
demyelinated axons (section 4.1). The effects of 4-AP and TEA on electrotonus were 
additive, suggesting that they block conductances in parallel.
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Figure 7
Electrotonus in rat dorsal root (from Baker et al. 1987).
(A) In the absence of 4-AP, the slow passive component of electrotonus is not visible.
(B) When 4-AP is added, the slow passive component becomes visible.
(C) Effects of 4-AP on the current-voltage relationships of the three components of 

electrotonus (for explanation see Figure 6).

4.2.3 Hyperpolarisation-activated conductance ( “inward rectifier”)

In response to strong hyperpolarising currents, the slow passive hyperpolarisation 
gave way to a slow “sag” in the direction of the resting potential (visible in Figure 7). 
Fast electrotonus did not change during this “sag”, indicating that hyperpolarisation 
activates an intemodal conductance. The “sag” was removed by 5 mmol/1 Cs^. In rat 
and frog central axons, electrotonus measurements of a similar conductance showed 
that it is permeable to both Na^ and (Eng et al. 1990, Poulter et al. 1993). This 

conductance probably belongs to the family of currents activated slowly by 
hyperpolarisation (/q , U and 4 ), which have been describd in heart pacemaker cells
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(DiFrancesco et al. 1986) as well as in neuronal cells (Mayer & Westbrook 1983, 

Edman et al. 1987).

4.2.4 Leak conductance

The concept of a nodal “leak” conductance has been dogged with inconsistencies 

since the earliest nodal voltage-clamp recordings. The leak pathway seems to be 
permeable to all ions, but none is responsible for its reversal potential. Baker et al. 
concluded that the leak conductance is contributed by the access resistance from the 
node to the periaxonal space (Rn in the lower right panel of Figure 4, page 18), and 
not by a nodal conductance; this suggestion is based on the observation that the slow 

component of hyperpolarising electrotonus in the presence of Cs^ is much larger than 
the fast component. Their argument can be followed by considering the passive 
circuit in the lower right panel of Figure 4 (page 18). The fast component of 
electrotonus is proportional to /?n in parallel with Rw, and the potential at the end of 
the current pulse, about three times as large as the fast component, to R^i in parallel 
with (/?ii 4- Ri). This ratio of resistances is only possible if R\\ is the smallest resistance 
in the circuit, that is, if most of the ohmic conductance is in series with the intemodal 
membrane and not in parallel with it.

5 How the channels work together- a revised model of the myelinated fibre

The complex structure of myelinated fibres makes it difficult to predict what ion 
channels do from their characteristics alone. Where they are situated in the axon is 
just as important, since the position of the channels determines the membrane 
potential they experience, and in tum determines their effects on membrane potential.

Most of the information about the functions of axonal ion channels has therefore 

come from experiments in intact, undissected axons, rather than in isolated nodes of 
Ranvier or membrane patches. Like the recordings of electrotonus in undissected 
axons, these experiments can be difficult to interpret because the access of test 
solutions or channel blockers, especially to the intemode, is restricted.

Baker et al. (1987) complemented their electrotonus measurements in rat spinal 

roots, described above, with a thorough examination of the functions of the 

conductances they had identified. The following description of the roles of the fast 

and slow conductances and the inward rectifier is based on their work; essentially 
similar findings have been reported by other groups in rat and frog peripheral and 
central axons (Kocsis et al. 1987, Eng et al. 1988, Gordon et al. 1988, Poulter & 
Padjen 1995). The functions of other channels which were first described in single
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channel recordings is speculative (section 5.4.2) although some of these channels, 
too, can be shown to affect the behaviour of intact axons (section 5.3.3).

5.1 The resting potential and background channels

Schmidt and Stampfli (1966) observed that the resting potential of myelinated 

axons was not sensitive to TEA; similarly. Baker et a l  (1987) found that TEA 
depolarised rat spinal root axons by only 5 - 1 0  mV. Such observations have been 
interpreted to mean that the resting conductance is mainly through a TEA-insensitive 
ion channel (Koh et a l 1992). However, the observation that TEA does not greatly 

affect the resting potential does not imply that little or none of the resting 

conductance is TEA-sensitive. For example. Figure 12 of Baker et a l  (1987) shows 
what appears to be a large increase in the input resistance after TEA application. 
Virtually all of the steady-state nodal current at -75 mV is blocked by TEA; this 
current is probably through the slow nodal conductance, a large part of which is 
activated at this potential (Roper & Schwarz 1989). It is clear that intemodal 
channels, probably in large part slow channels, also play a part in generating the 
resting potential. The relative size of the nodal and intemodal slow conductances 
can be guessed by assuming that the intemodal axonal membrane area is about 1000 
times that of the nodal axon; using the data of Roper & Schwarz (1989) on channel 
density, the intemodal slow conductance may be up to 30 times larger than that in 
the node.

Several background channels, some TEA-insensitive, have been suggested as 
candidates for the remaining part of the resting conductance. Koh et a l  (1992) 
present evidence that the background K^ channel they described is the dominant 
conductance at -90 mV in large membrane patches. Wu et a l  (1993) suggest that the 

background channel in their recordings from Xenopus internodes may form part 
of the resting conductance. Potential-independent Cl” channels (Strupp et a l  1991, 
Wu & Shrager 1994) may also be involved. The part played by the latter channels 
cannot be quantified, however, because of the sampling problems inherent in single
channel recording.

5.2 The action potential and repolarisation

The role of Na"̂  channels in generating the depolarisation phase of the action 
potential is well established. Repolarisation in isolated mammalian nodes appears to 
depend on a “leak” conductance, with a reversal potential near the axonal resting 

potential, but no ionic specificity; attempts to find this conductance in the node 

failed. The “leak” appears to be largely due to the access resistance to the intemodal 

periaxonal space, Rn in the lower right panel of Figure 4. In intact axons, therefore.
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repolarisation very likely depends largely on the intemodal resting potential. As the 
nodal Na"̂  channels begin to inactivate near the peak of the action potential, the nodal 
conductance falls; the intemodal axon membrane has not been depolarised during the 
action potential, because of its long time constant (section 2.3.2), and brings the 
depolarised node back to its resting potential. This is exactly analogous to the 
paradoxical effect of adding TEA to a KCl-depolarised axon (section 2.3.1). 

Although nodal slow channels are likely to be activated only slightly by the brief 

action potential, those which are already open at the resting potential are likely to 
play a role in repolarisation; in isolated nodes, on the time scale of the action 
potential, slow channels probably behave as part of the “leak” conductance.

5.3 Repetitive firing and its prevention

5.3.1 Slow conductance

In rat ventral root axons, a train of action potentials induced a post-train 
hyperpolarisation (the HI phase), which was enhanced by 4-AP and removed by 
TEA. This block by TEA suggests that HI results from the slow conductance (see 
section 4.2.1, page 26), and thus that the slow K'*' conductance is capable of being 
activated by trains of 3 - 6 spikes. When a long-duration current pulse was applied to 
a normal rat ventral root axon, only one or two action potentials were seen; but 
application of TEA produced a sustained train of action potentials.

This evidence indicates a role for the slow channels in ending repetitive firing, 
and in accommodating to stimuli which would otherwise induce it.

5.3.2 Fast conductances

In TEA-treated ventral root axons, a brief hyperpolarising afterpotential was 
present after a single action potential; Baker et al. named this HO, by analogy with 

the better-known HI and H2 afterpotentials. The HO afterpotential was removed by 
4-AP, indicating that it is related to the 4-AP-sensitive fast conductances (see 

section 4.2.2, page 27); therefore a single action potential activates some fast 
conductance.

The amplitude of the DAP was increased, and superexcitability was also greatly 
enhanced, by application of 4-AP. This increased DAP was able to re-excite the node, 

resulting in repetitive firing after a single short depolarising stimulus. Fast 

channels therefore have a role in limiting DAP amplitude, and reducing any tendency 
of the axon to fire repetitively.

The fast channels are concentrated in the axo-glial junction region. The 
distributed nature of the access resistance between the extracellular space at the node
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and the periaxonal space (see section 4.1.1, page 25) probably creates a spatial 

gradient of membrane potential between node and internode, so that channels in 
the node experience an action potential as a depolarisation of about 120 mV, while 
those in the internode see a depolarisation of only about 3 mV. The closer a channel 
is to the node, the more it is depolarised and therefore activated, and the more current 
it conducts, thereby reducing the depolarisation of the next patch of membrane. Some 
current reaches the internode and opens intemodal channels (David et a l  1992, 

1993). The result is that the intemodal membrane potential is “clamped” by K* 
channel activation, so that its depolarisation is not greatly increased by successive 
action potentials; instead, more channels open, increasing the membrane 
conductance (David et a l  1995).

5.3.3 Na'^-activated channels

Koh et a l  (1994) suggested that the Na'^-activated K^ channels they described 
could be involved in generating post-tetanic hyperpolarisation. This was confirmed 
by Poulter et a l  (1995). After trains of action potentials in axons treated with 4-AP 
and TEA, a hyperpolarising afterpotential was seen, lasting some hundreds of 
milliseconds. It was due to a conductance, was unaffected by buffering 
intracellular [Ca '̂*'], but was removed by replacing the extracellular Na"̂  with Li^, 
demonstrating that the conductance was activated by Na"̂  entry during the train of 
action potentials.

The amplitude of this hyperpolarising afterpotential increased with the number of 
action potentials in the train, like the HI afterhyperpolarisation. Na'^-activated K^ 
channels might have a similar role to the slow conductance in terminating 
repetitive activity.

5.4 Dealing with metabolic changes

5.4.1 Hyperpolarisation-activated conductance (inward rectifier)

Strong hyperpolarising current, sufficient to activate inward rectification, is 
produced in vivo by the activation of the Na' /̂K'  ̂ATPase after ischaemia or long 
trains of action potentials. This activation of the NaVK"  ̂ATPase produces a 
prolonged hyperpolarising afterpotential and subexcitability, the H2 period. Both the 

hyperpolarisation and the subexcitability were increased by blocking inward 

rectification with Cs"̂ . In rat optic nerve axons, the reduction in excitability seen 

during hyperpolarising current pulses is limited by activation of the inward rectifier 

(Eng et a l 1990).
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This evidence suggests that an important role of the hyperpolarisation-activated 
conductance is to discourage conduction block during increased Na'^/K'^ ATPase 

activity.

5.4.2 -activated and ATP-sensitive channels

The Ca^^-activated BK (“big K"̂ ”) and ATP-sensitive channels have so far been 
described only in single-channel recordings (Jonas et al. 1991, Kampe et al. 1992, 
Wu et al. 1993). No experiments in intact axons have yet shown behaviour which 
could be ascribed to these channels, so any speculations about their function can only 

be based on their properties.

When intra-axonal [Ca^^] is sufficiently high, the BK channel would probably 
appear like a non-inactivating version of the fast conductances; it would be 
activated by depolarisations (Jonas et al. 1991), with fast kinetics (McManus & 
Magleby 1988). Jonas et al. suggest that activation of BK would shorten action 
potential duration in Xenopus, and hold membrane potential near Ex. If BK channels, 
like most K^ channels, are almost absent from mammalian nodes, the second of these 
functions would be more important in mammalian axons. BK channels could thus 
limit the depolarisation during anoxia or ischaemia due to, for example, Na"̂  entry 
through non-inactivating Na"̂  channels (Stys et al. 1993); indeed, a large intemodal 
fast K^ conductance was found to be important in counteracting depolarisation due to 
Na"̂  entry in a mathematical model of human axons during ischaemia (Bostock et al. 
1991). Because intra-axonal [Ca^^] is raised by activity, it has also been suggested 
that BK channels could participate in afterhyperpolarisations and subexcitability after 
strong repetitive activity (Shrager & Wu 1995).

ATP-sensitive K^ channels are probably also active only during anoxia or 
ischaemia, and Jonas et al. (1991) and Shrager & Wu (1995) suggested a similar role 
to the BK channel in limiting depolarisation under these conditions. An additional 
role can be proposed, based on the insensitivity of the open probability of these 
channels to membrane potential (Jonas et al. 1991, Wu et al. 1993). This would 

produce a macroscopic current with a positive slope conductance over a wide range 

of potentials, which would counteract the development of a region of negative slope 

conductance in the steady-state current-voltage relation of the axon during ischaemia. 

Such regions of negative slope conductance appear to underlie post-ischaemic and 

post-tetanic spontaneous activity (Bostock etal. 1991, Bostock & Bergmans 1994).

Evidence that the BK channel, or the ATP-sensitive K^ channel, or both, may be 
active during hypoxia was provided by Grafe et al. (1994). Hypoxia induced a
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smaller depolarisation, but with a higher input conductance, than exposure to a 

high-[K^] solution.

5.5 Summary: the axon doesn^t th in k . . .

George Bishop w r^  that “the axon doesn’t think, it only ax”, meaning that the job 

of an axon is to receive impulses at one end and transmit each one unchanged to the 
other end, without adding or subtracting anything. This process can be modelled with 
a simple set of ion channels in a simple cable. The fact that axons have so many 
different types of ion channel, and that they can be modulated by factors such as 
metabolism (Jonas et al. 1991), oxidative state (Mitrovic et a l  1993), or 
phosphorylation (Seelig & Kendig 1982) therefore seems at first sight paradoxical. A 
resolution of this paradox is suggested in this section.

Every axonal ion channel with a well-established function - the Na"*" channel, the 
fast and slow channels, and the inward rectifier - acts either to support the 
conduction of a single impulse along the axon, or to prevent a single impulse 
becoming a train of spikes. For example, voltage-sensitive channels, and possibly 
Na'^-activated channels too, play an important part in limiting the tendency of 
axons to fire repetitively. The Ca^^-activated and ATP-sensitive channels probably 
become active during ischaemia and help to maintain normal conduction. After a 
period of ischaemia, increased activity of the Na' /̂K'  ̂ pump can block conduction in 
fibres with a reduced safety factor, and the inward rectifier probably counteracts this 
effect (Baker et al. 1987).

Under the conditions encountered by peripheral nerve fibres in vivo, the task of 
sending single impulses unchanged along the length of an axon is not always a 

simple one. It appears that the complex repertoire of ion channels in axons is 
necessary to allow the axon to do what George Bishop suggested, so that under the 
widest possible range of conditions, it “doesn’t think, it only ax”.

6 Ion channels in human axons - in vivo experiments

Until the present study, experiments to investigate ion channels in human axons 

had been almost exclusively undertaken in vivo, in intact nerves, using injected 

currents to induce action potentials and to measure excitability and accommodation.

Investigating post-spike excitability changes in a human motor axon, Bergmans 

(1970) recorded two periods of subexcitability, HI (see section 5.3.1, page 31) and 
H2. He used ischaemia to distinguish their causes, and concluded that H2 depends on 
an active process (dependent on metabolism) and HI comes from a passive process. 

He demonstrated the summation of HI during short trains of action potentials.
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reaching a peak after about ten action potentials. He speculated that HI is due to 

activation of a conductance (see Baker et al. 1987 for confirmation). The HI 

period has also been described in human sensory axons (Taylor gf al. 1992).

Electrotonus has been measured in human axons in vivo using the technique of 
“threshold electrotonus” (Bostock & Baker 1988). This relies on the fact that the 
current-voltage relationship of myelinated axons is nearly linear in the region of the 
resting potential. Changes in threshold therefore closely reflect changes in membrane 

potential. The limits of this assumption are discussed by Bostock et al. (1991).
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Figure 8
(a) Threshold electrotonus in 8 human subjects (mean ± standard deviation).
(b) (1) Threshold electrotonus in rat ventral root; (2) threshold electrotonus in the 

same root after applying 5 mmol/1 4-AP and 1.25 mmol/1 TEA. (3) Mean threshold 
electrotonus in human nerve (from (a)). From Bostock & Baker (1988).

The same passive changes as in rat spinal roots, due to charging of the intemodal 
axonal membrane, were seen in human axons. Human axons also showed a slow 
“sag” towards the resting potential during strong depolarising pulses (Figure 8) and 
also during strong hyperpolarising pulses. So it was concluded that the slow 
outwardly-rectifying conductance is present in human axons, and also the inward 
rectifier.

However, threshold electrotonus in human axons was not identical to that in rat 
axons. The slow passive potential change during depolarising pulses was much more 
obvious in human than in rat axons (compare traces 1 and 3 in Figure 8b). In order to 
make threshold electrotonus in rat axons look like that in human axons, it was 

necessary to partially block both the fast and slow conductances by adding 4-AP 

and TEA to a rat spinal root (see trace 2 of Figure 8). It appeared that the axons of
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most human subjects had little or no fast conductance, and also less slow 
conductance than rat axons (Bostock & Baker 1988).
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CHAPTER 2

DEVELOPMENT OF A PREPARATION OF HUMAN 
AXONS FOR PATCH CLAMPING



The first goal of this study was to develop a preparation of single demyelinated 
axons, suitable for patch clamping, from human peripheral nerve. At the beginning of 
the work, three methods for enzymatically preparing single axons from nerves had 
already been published (Jonas et al. 1989; Shrager 1987; 1989; Levy et al. 1985), but 
only one of these (Jonas et al. 1989) was a preparation of demyelinated axons 
suitable for conventional patch clamping, from the sciatic nerve of Xenopus laevis. 
This method therefore became the starting point for the development of the human 

preparation. After a useable preparation had been developed, two patch-clamp studies 

in rat peripheral nerve appeared (Wilson & Chiu 1990; Safronov et al. 1993).

This Chapter begins with a review of the connective tissue of peripheral nerves and 
the nature of the axo-glial junctions. Methods for preparing single axons for patch 
clamping, and procedures for preparing single cells from other tissues, are then 
described. Finally, the steps in the development of the human axon preparation are 
described, concluding with a protocol which reliably produced demyelinated human 
axons suitable for patch clamping.

1 Connective tissue and axo-glial junctions of peripheral nerve

1.1 Endoneurial connective tissue

In most human peripheral nerves, the nerve fibres and the connective tissue around 
them, together known as the endoneurium, are contained in a number of fascicles 
with diameters of about 0 .1 -1  mm. Each fascicle is surrounded by a layer of 
flattened cells joined by tight junctions, the perineurium, and embedded in the soft 
fibrous outer connective tissue, the epineurium. The fascicles form a relatively small 
part of the cross-sectional area of the nerve, about one third, and less than half of 
their area is composed of nerve fibres, the remainder being mostly connective tissue. 

Because the epineurium and perineurium can easily be removed by dissection (see 

section 3.2, page 46), this review is limited to the endoneurial connective tissue.

The major component of the endoneurial connective tissue is collagen. Collagen in 
human endoneurium is arranged in fibres, about 300 - 650 Â thick, running mostly in 
the longitudinal direction, along with smaller “microfibrils” and other unidentified 
fibres. Many of the collagen fibres run in bundles, termed “collagen pockets”, which 

are enclosed by Schwann cells in a manner similar to the enveloping of unmyelinated 

axons by Schwann cells (Gamble & Bames 1964). These authors did not find in 

human nerve the dense layers of collagen fibres running in longitudinal and 

circumferential directions around myelinated nerve fibres, corresponding to the 
sheaths of Plenk & Laidlaw and of Key & Retzius, which Thomas (1963) found to be
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conspicuous in rabbit nerve. Type I collagen is reported to be the most abundant in 
the endoneurium of human peripheral nerves (Seyer et al. 1977), although some 
studies have shown only type m  collagen to be present in endoneurium (reviewed in 

Pearse 1985).

Each nerve fibre is surrounded and separated from the endoneurial connective 

tissue by a single layer of basal lamina, produced by the Schwann cells. Collagen of 
types IV and V is found in the basal lamina, along with laminin, entactin, heparan 

sulphate proteoglycan, and fibronectin. It is therefore similar to other basal laminae 

in animals (see Bunge 1993, for review).

Type I, III, IV and V collagen are distinguished from one another by the amino acid 
composition of the three helical chains which form the collagen molecule, and by the 

higher sugar content of type IV collagen. In all of these collagen types, however, 
every third amino acid in the primary sequence is glycine, and there are also a large 
number of proline and hydroxyproline residues (Hay 1981); this feature is the basis 
of the specific action of collagenase, as explained below (section 2.3.2.1, page 43).

The endoneurium, like other loose connective tissues, contains a highly hydrated 
proteoglycan gel which supports and separates the fibrous components. Proteoglycan 
molecules are composed of glycosaminoglycan side chains attached to a backbone of 
protein or hyaluronic acid (Hay 1981). Primate peripheral nerves have been reported 
to contain all of the known glycosaminoglycans except keratan sulphate (Mathews 
1975); these are hyaluronic acid, chondroitin, chondroitin sulphate, heparan sulphate 
and dermatan sulphate. In cartilage, where the functions of proteoglycans in 
connective tissue have been most intensively studied, hyaluronic acid and 
chondroitin have a space-filling role, while dermatan sulphate is involved in binding 
collagen fibres to the proteoglycan gel in a calcium-dependent manner (Scott 1986).

1.2 Axo-glial junctions

In the paranodal region, the terminal cytoplasmic loops of the Schwann cell form a 
spiral around the axon (see Chapter 1, section 4.1.1). In thin sections through this 
area, the terminal cytoplasmic loops can be seen to approach the axon without 
touching it; the gap is about 3 - 5 nm (Berthold & Rydmark 1983). In some sections, 

staining shows densities in the gap, which have been termed “axo-glial junctions”.

Freeze-fracture replicas show a typical pattern in the paranodal membrane, which 

is reviewed by Rosenbluth (1983). The axonal membrane shows “scalloping” 
resulting from the fact that each terminal loop of the myelin indents the axon. This 
scalloping appears as a series of strips, 0.1 - 0.2 pm wide. Within each of these strips, 
a diagonal pattern of “transverse bands”, about 25 - 30 nm wide, is seen. These
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transverse bands are the areas of contact between the terminal loops of the myelin 

and the axon. They contain particles about 10 nm in diameter, which probably 
correspond to the densities seen in thin sections (Livingston et a l  1973).

There is some inconsistency in the literature as to the exact appearance of axo-glial 

junctions in freeze-fracture replicas, complicating the interpretation of these findings 

(Sandri et a l  1982; Wiley & Ellisman 1980; Schnapp et a l  1976; Livingston et a l  
1974; Dermietzel 1974). It is clear, however, that they are neither tight junctions nor 
gap junctions. Both tight and gap junctions are found in Schwann cells, providing 
“control” samples under the same preparation conditions as used for the axo-glial 
junctions, and the appearance and fracturing behaviour of tight and gap junctions are 
clearly different from those of axo-glial junctions (Sandri et a l  1982). Axo-glial 

junctions show none of the “strands” typical of tight junctions, and the two- 
dimensional pattern they form is different from that of gap junctions. Tight and gap 
junctions always fracture into the same membrane leaflet, while axo-glial junctions 
are equally likely to be found in the P or E face (Wiley & Ellisman 1980; Schnapp & 
Mugnaini 1978). A comparative review of these three types of junction has been 
published (Lane 1984).

A more recent study in rat sciatic nerve, using several different electron 

microscopic techniques, has displayed the axo-glial junction area with better detail 
than earlier investigations, and in three dimensions (Ichimura & Ellisman 1991). 
Membrane proteins in both axonal and glial membranes appear to be linked to 
cytoskeletal filaments, and to intercellular filaments which link the axon and 
Schwann cell. In some images they form rod-like structures which penetrate the 
membranes of both cells and travel some distance into the cytoplasm.

2 Cell and tissue dissociation

2.1 Dissociation and demyelination o f single axons

Compared with procedures used in other tissues, all published methods for 
enzymatic dissociation of nerve involve long periods of incubation with relatively 
high concentrations of enzymes. This probably reflects the greater density of 

connective tissue in nerve than in most other tissues. Collagenase features in all these 

recipes, at a concentration of 3 - 10 mg/ml, and with incubation times ranging from 

1 -6  hours (Jonas et a l  1989; Safronov et a l  1993; Wilson & Chiu 1990; Shrager 
1987, 1989; Levy et a l  1985). Despite the long exposure to high enzyme 
concentrations, single axons prepared with collagenase and trypsin are still healthy
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enough to conduct action potentials and show fast axonal transport (Levy et a l  

1985).

Incubation with collagenase produces single nerve fibres without the addition of 
other proteolytic enzymes (Wilson & Chiu 1990; Shrager 1987, 1989).
Demyelination is not at all “clean”, however, when collagenase is used on its own; 

remnants of the myelinating Schwann cell can still be seen in the paranode (Wilson 
& Chiu 1990). After chronic demyelination with lysolecithin, collagenase produces 

single axons suitable for loose patch clamping (Shrager 1987, 1989), and the same 
preparation can be used for conventional tight-seal patch clamping (Shrager & Wu 

1995).

A two-stage incubation, with collagenase in the first stage and a non-specific 

protease in the second stage, dissociates and demyelinates axons from both Xenopus 
and rat nerve. These are then suitable for patch clamping (Jonas et a l  1989; Safronov 
et a l  1993). The demyelination is much cleaner than that produced by collagenase 
alone, as has been demonstrated using two methods introduced by Wilson & Chiu 
(1990). Firstly, if the fluorescent dye Lucifer Yellow is included in the patch pipette 
when making an outside-out patch, its pattern of diffusion is a reliable indicator of 
whether the pipette was sealed onto axonal or Schwann cell membrane. In rat and 
Xenopus axons prepared with collagenase followed by protease, Lucifer Yellow 
staining showed that all of 70 patches (10 from rat, 60 from Xenopus) came from the 
axonal membrane (Safronov et a l  1993; Koh et a l  1994). When collagenase was 
used on its own, however, 45% of 98 patches were from Schwann cell membrane 
(Wilson & Chiu 1990). Secondly, demyelinated axons can be stained 
immunocytochemically, using primary antibodies against the Schwann cell surface 
marker galactocerebroside, revealing any fragments of Schwann cell membrane still 

adhering to the axon. In Xenopus axons prepared with collagenase and protease, the 
paranodal area showed no staining with anti-galactocerebroside (Koh et a l  1994), 

while in rat axons prepared with collagenase only, extensive staining was seen 
(Wilson & Chiu 1990).

Apart from the non-specific protease used by Jonas et a l  and by Safronov et a l, 
several other treatments have been shown to induce acute demyelination. Some 
involve other proteolytic enzymes: pronase causes rapid demyelination in rat sciatic 

nerve fibres (Corrette et a l  1991), and trypsin in explant cultures of rat dorsal root 

ganglia (Yu & Bunge 1975).

Lowering the external calcium concentration in culture has a similar effect to that 
of trypsin, but only after several days (Blank et a l  1974). Application of lysolecithin, 
collagenase, and a high-potassium extracellular solution to voltage-clamped axons
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have all been found to loosen myelin and expose paranodal ion channels (Chiu & 
Ritchie 1981). Raising intracellular [Ca^^], by incubating with the Ca^^ ionophore 
A23187, causes vesicle formation in the Schwann cell and demyelination within 
15-20  minutes (Smith etal. 1985).

Of all these treatments, only trypsin and pronase appear to produce clean 

demyelination (see photographs in Yu & Bunge 1975 and Corrette et al. 1991). 
A23187 damages the myelin extensively, but vesicles from the Schwann cell still 

adhere to the axon; the appearance is similar to that seen after lysolecithin treatment 
{Smith etal. 1985).

2.2 Dissociation o f other tissues

Several methods have been published for preparing single cells from a variety of 
tissues. Two reviews have appeared, dealing exclusively (Dow et al. 1981) or mainly 
(Trube 1983) with the preparation of cardiac myocytes. Detailed studies in cardiac 
and smooth muscle (Mitra & Morad 1985), liver (Seglen 1972, 1973a, b) and 
pancreatic acinar cells (Amsterdam & Jamieson 1974) have investigated the effects 
of some treatments which are widely used in preparing single cells. Although these 
studies have all been in tissues which are very different from nerve, they contain 
some useful insights, because some treatments are common to almost all procedures 
for cell dissociation. These will now be reviewed briefly.

2.3 Common features o f tissue dissociation methods

2.3.1 Lowered calcium concentration

A lowered calcium concentration, either during the whole of the enzyme treatment 
or for a short period, is a feature of nearly all protocols for isolating single cells. 
Removal of Ca^^ has been observed to “soften” connective tissue, and this alone may 
be enough to free single cardiac cells, albeit in poor condition (Dow et al. 1981). If 

collagenase is used, [Câ "̂ ] is usually at least 100 pmol/1, because collagenase is 
Ca^^-dependent (see section 2.3.2.1). Where a short, enzyme-free incubation in very 
low [Ca^^] is used, EDTA or EGTA may be added to chelate the available Câ "̂  (Dow 
et a l 1981; Mitra & Morad 1985; Seglen 1972; Amsterdam & Jamieson 1974; Levy 
etal. 1985).

The effects of lowered [Ca^^] have been measured by Seglen (1972), and studied 

biochemically by Mitra and Morad (1985), and morphologically by Amsterdam and 
Jamieson (1974). Seglen found that a low [Ca^^] preincubation, either with or 
without a Câ "̂  chelator, was necessary for effective dissociation and release of rat 
liver cells. Mitra and Morad, in rat heart, found that the effect of lowered [Câ "̂ ] was
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pH-dependent, being much greater at pH 7.2 than at pH 7.5. In guinea pig pancreas, 

the only effect of incubation in 0.1 mmol/1 [Ca^^] was the extraction of the 
intercellular material of the desmosomes. A Ca^^-free solution with EDTA produced 
the same effect more quickly, but long incubations with EDTA damaged cells 

(Amsterdam & Jamieson 1974).

2.3.2 Enzymes

2.3.2.1 Collagenase

Most proteolytic enzymes do not attack the helical regions of the collagen 
molecule; the collagenases are, by definition, the ones that do (Seifter & Harper 
1970). Commercial collagenase is a mixture of at least six collagenases from the 
bacterium Clostridium histolyticum (Kono 1969). In addition, activities of several 
other enzymes (clostripain, nonspecific proteases and trypsin-like activities) are 
present in crude commercial collagenase, in amounts which vary from batch to batch. 

These other enzymes act synergistically with collagenase. Purified collagenase, on its 
own, does not break down connective tissue; it cuts collagen molecules into 
relatively large pieces which are then accessible to other proteolytic enzymes (Kono

1969). Clostridium histolyticum collagenases are metalloenzymes which depend on 
Câ "̂ , although the concentrations required are small; Seglen (1972) showed that even 
in nominally Ca^^-free solutions, collagenase was active, and with only 0.2 mmol/1 
Câ "̂ , collagenase activity was about half maximal.

Collagenases act against native and denatured collagen to give sequences which 
always have a glycine reside at the amino terminal. The sequence selected is:

(AO - Pro - X -  Gly - Pro - X - ( C )  (where Pro is either proline or
hydroxyproline, and X  is any amino acid);

and the bond broken is on the amino side of the glycine residue (Seifter & Harper
1970).

2.3.2.2 Hyaluronidase

Hyaluronidase breaks P-1,4 bonds between N-acetylglucosamine and glucuronate 
residues, in hyaluronic acid, chondroitin and chondroitin sulphate (Sigma Chemical 
Co. Ltd. 1991). It has little or no effect on other proteoglycans, allowing its use in 

histochemistry to identify connective tissue containing these glycosaminoglycans.

Hyaluronidase is the only commercially-available enzyme which acts specifically 
on the glycosaminoglycans in proteoglycans. However, proteolytic enzymes can be 

expected to attack the protein backbone (see section 1.1, page 38).
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The use of hyaluronidase in tissue dissociation is mentioned in one review, but 

with the comment that procedures where it is omitted are often equally effective 
(Trube 1983). Amsterdam & Jamieson (1974) report that hyaluronidase had no 

visible effect on matrix or junctional structures in rat pancreas, but nevertheless they 
included it in their recommended enzyme mixture for preparing acinar cells.

23.2.3 Trypsin and papain

Both trypsin and papain break peptide bonds on the carboxyl side of lysine and 

arginine residues. They have been widely used in cell dispersion, but some reports 
have shown that they produce artefacts in pharmacology or in the properties or 
location of ion channels (Allen et al. 1988; Hestrin & Korenbrot 1987). Trypsin 
produces demyelination in explant cultures of rat dorsal root ganglia (see section 2.1, 
page 40).

2.3.2.4 Non-specific proteases

Non-specific bacterial proteases have been widely used in cell dissociation (Dow 
et al. 1981); in axons, they have been used to cause demyelination (Jonas et al. 1989; 
Safronov et al. 1993; Corrette et al. 1991). Although the name “nonspecific” is 
applied to them, not all non-specific proteases have the same (non)specificity (Sigma 
Chemical Co. Ltd. 1991). Most of them have a wide spectrum of activity, and do not 
only break peptide bonds next to a particular amino acid.

3 The development of the human axon preparation

3.1 Collection and storage o f human nerve

Human nerve was obtained from Mr. Rolfe Birch, Peripheral Nerve Injury Unit, 
Royal National Orthopaedic Hospital, Stanmore, Middlesex; it was normally excess 

donor nerve from nerve-graft operations, which would otherwise have been 

discarded. Nerves from a total of 66 patients were used. Most of them were medial 

cutaneous or sural nerves, but occasionally intercostal nerves (both muscle and 
cutaneous branches) were received. Most of the recordings in this thesis were 

therefore from identifiably sensory axons, since they came from cutaneous nerves; 
the rest, from mixed nerves, cannot be classified as either motor or sensory. On one 
occasion, an ulnar nerve from the amputated arm of a patient with von 

Recklinghausen's syndrome was used for macroscopic voltage clamping; otherwise, 

none of the patients had any medical history which could have affected the condition 

of the nerves, except the injury giving rise to the graft operation.
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Immediately after removal from the patient, nerves were placed into bottles 
containing sterile tissue culture medium, either DMEM/F12, Gibco, Paisley, 
Scotland, or BME, Sigma, Poole, England, with 10 mmol/1 HEPES (4-(2- 

hydroxyethyl)-1 -piperazineethanesulphonic acid) added to the medium to improve 

buffering. The medium had been bubbled with 95% 02/5% CO2 and the pH adjusted 
to 7.35 before sterile filtering, and the air space in the bottle had been purged with 
sterile 95% 02/5% CO2 to keep pH constant during storage of the medium. In early 
experiments, nerves were collected and stored on ice in a high-potassium solution 
designed for storing tissues for transplantation (Fuller 1987). The composition of this 
solution (“cold flush solution”) was (in mmol/1):

KCl 15; KH2PO4  33; K2HPO4  33; NaHCOs 10; glucose 150; KOH 16 (pH 7.25 at 
25°C).

Nerves were brought to Queen Square by public transport (in early experiments) or 
taxi (in later experiments), and normally arrived within 1 - 2 hours of removal from 
the patient. They were either used immediately or stored for up to three days, in fresh 

culture medium bubbled with 95% 02/5% CO2 , at about 10°C (a shelf in the door of 
a refrigerator). No differences were seen between patch-clamp recordings from fresh 

nerves and those from nerves which had been stored, except that patches from fresh 
nerves seemed to last longer.

3.1.1 Optimal storage conditions

Three experiments were carried out to identify the optimal conditions for storing 
nerves, two on fascicles from human nerve, and one on desheathed rat sciatic nerves. 
Compound action potential amplitude was measured after storage under various 
conditions.

Storage in culture medium at 15°C or 25°C was compared in four rat sciatic 
nerves, two at 15°C and two at 25°C. After 50 hours, all of four nerves were still 
excitable. After 85 hours, however, one nerve which had been stored at 25°C was 

almost inexcitable, and the action potential of the other nerve at 25°C was now 25% 

of its original value, while the action potential amplitudes of the nerves stored at 

15°C were 50% and 100% of their original value. One of the nerves stored at 15°C 
was still excitable after 100 hours.

In two experiments, human fascicles were stored in cold flush solution on ice, or in 
culture medium at 10°C, 15°C, 25°C and 37°C. The fascicles at 37°C became 
infected within one day, and were discarded. Compound action potentials in the other 

fascicles were measured for the next two days; the nerves stored in cold flush 

solution were moved to Ringer solution (see Chapter 3, section 1.2.1) Vi- 1 hour
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before the action potential measurement. After one day, two of three fascicles stored 
in cold flush solution were inexcitable, but 10 of 15 fascicles stored in culture 

medium were still excitable, and remained so after two days. These included all of 

the 6 fascicles which had been stored at 10°C, and about half of the fascicles which 

had been stored at 15°C and 25°C.

Storage of nerve in culture medium, cooled somewhat from room temperature, was 
therefore the best method to preserve excitability. A temperature of 10°C was chosen, 
because it is easily achieved (in the door of a refrigerator), and because it showed the 

best preservation of excitability in human nerve fascicles.

3.2 Dissecting out fascicles from  human nerve

If the epineurium and perineurium are left on a nerve, dissociation is extremely 
slow (Levy et a l  1985). An early aim in this work was therefore to find an easy way 
to remove them. Although human fascicles can be “desheathed” in a similar way to 
frog or rat sciatic nerve, this is slow and tedious, because of the large number of 
small fascicles in most human nerves and the large amount of epineurial connective 
tissue around them.

A simpler method is to grip a fascicle with fine forceps and pull it out from the 
intact epineurium and perineurium. Care is required to grip only the endoneurial 
tissue and not the perineurium, but this manoeuvre is easier in human than in rat or 
frog nerve, perhaps because the endoneurial connective tissue is tougher. On visual 
inspection, the perineurium appeared to be completely absent after this procedure 
(but this was not always so; see section 3.4.1, page 47).

The force required to remove a fascicle from the intact perineurium was only 
slightly more than that required to make the transverse bands (Sunderland 1968) 
disappear, indicating straightening of the axons. It therefore seems unlikely that the 
axons would be damaged by this treatment.

3.3 Dissociation procedure

The dissociation solution was Ringer solution (Chapter 3, section 1.2.1) with a 

reduced calcium concentration and with the addition of 10 mmol/1 glucose. The 

calcium concentration was intended to be just enough to allow collagenase activity, 
and 0.1 mmol/1 Ca '̂  ̂ was chosen (see section 2.3.1, page 42, and Amsterdam & 

Jamieson 1974). The choice of enzymes was based on Jonas et a l  (1989) and the 
considerations in sections 1 (page 38) and 2.3 (page 42); collagenase (Worthington 
type CLS II) to break down collagen fibres, and protease (Sigma type XXIV) to
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induce demyelination, as well as assisting in breakdown of collagen and 
proteoglycans.

Jonas et a l  used a two-stage procedure. The second stage was in Ca^'^-free Ringer 
solution, to avoid possible inhibition of the Sigma type XXIV protease by calcium, 

and because they hoped that lowering the calcium concentration would assist 
demyelination (R Jonas, personal communication). However, since protease XXIV is 
not inhibited by calcium (Sigma Chemical Co. Ltd., technical information service) 
and lowering [Ca^^] loosens axo-glial junctions over periods of days and not minutes 
(Blank et a l  1974), it was decided, for convenience, to mix the enzymes initially and 

use a single stage.

Fascicles were removed from the epi- and perineurium as described above 
(section 3.2), tied at each end with sewing thread, and the threads were attached to 
the base of an incubation chamber moulded into a glass weighing bottle of 42 mm 
diameter (Gallenkamp, Loughborough, Leicestershire. England). The chamber was 
formed from Sylgard 184 (Dow Corning, Seneffe, Belgium), moulded around the 
base of a Sigma enzyme bottle so that it had a diameter of 27 mm and a depth of 
about 5 mm. The volume of solution used was 1 ml. After adding the enzyme 

solution described below, the weighing bottle was immersed in a shaking waterbath 
(Gallenkamp), at a temperature of 37°C, and clamped to the moving platform of the 
waterbath so that the incubation chamber could be agitated. The stroke length was 
about 6 cm.

The fascicles were then incubated in the following mixture:

Collagenase, Worthington type CLS II (163 units/mg), 2 mg/ml (326 units/ml) 
Protease, Sigma type XXIV (14 units/mg), 0.25 mg/ml (3.5 units/ml)
Ringer solution with 0.1 mmol/1 Ca '̂^
Temperature 37°C 
Agitation 150/minute 
Time 2 hours

Only minimal separation of fibres resulted from this treatment. Several aspects of 

the procedure were then investigated separately to try to improve the dissociation.

3Â  Improving the preparation

3.4.1 Complete removal o f perineurium

Although no single fibres were released by the procedure in section 3.3, some 

fascicles showed marked flattening when the solution level was lowered, indicating 

that some digestion of the connective tissue had taken place; others showed almost
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no softening of the connective tissue. It seemed possible that this inconsistency was 
caused by incomplete removal of the perineurium from some fascicles, preventing 

access of enzymes. To test this, fascicles were split longitudinally with fine forceps 

after withdrawal from the nerve. Some fascicles split cleanly, showing no evidence of 
remaining perineurium, but in other cases a fine tube appeared to roll up, like a sock, 
as the fascicle was split. This was assumed to be the perineurium (or a layer of it). In 
later experiments, all fascicles were split before enzyme incubation to ensure that the 

perineurium was completely removed. The variability in enzyme effects between 
different fascicles was then greatly reduced.

3.4.2 Calcium and magnesium concentrations

3.4.2.1 Pre- or post-incubation in low [Cc^^]

Overnight pre-incubation of fascicles in Ringer solution containing 0.1 mmol/1 
Câ "̂  (at about 10°C) produced slightly more softening of connective tissue after 
enzyme treatment, but no single axons were released. A 20 minute pre-incubation 
with 0.1 mmol/1 Câ "̂  had no effect at all on either the appearance or ease of 
dissociation after enzyme treatment. Post-incubation with a calcium-free solution, 
after the end of the enzyme treatment, was similarly ineffective.

3.4.2.2 [Ca^'^] and during enzyme treatment

If a “nominally Ca^'^-free” solution (no added Câ "̂ , but without any calcium 
chelator) was used throughout the enzyme treatment, more single axons were 
released than with 0.1 mmol/1 Ca^^. It would seem that low [Câ "̂ ] improves 
dissociation only if [Ca^^] is low while the collagenase is actually present; possibly 
low [Ca^^] improves access of enzymes to the tissue, perhaps by weakening the Ca^^- 

dependent binding between collagen fibres and proteoglycans (see section 1.1, 
page 38).

However, when the incubation was done in Ca^^-free Ringer solution, a large 
number of axons broke or became distorted and tangled. In Ringer solution 

containing 2.2 mmol/1 Câ "̂ , breakage and distortion of axons were greatly reduced, 

although the release of single axons was slightly more difficult than in Ca^'^-free 
Ringer.

Magnesium was found by Seglen {\913a) to inhibit collagenase. The effect of 
omitting Mĝ "̂  was therefore tested. Dissociation was not improved; on the contrary, 
more axons were found to be distorted and tangled (a similar effect to that seen when 
Câ "̂  was omitted from the incubation mixture).

48



3.4.3 A two-stage incubation procedure

After increasing the enzyme concentrations which had been used in section 3.3, the 

one-stage procedure was able to release some single fibres, but demyelination was 

always rather unpredictable. To try to improve demyelination, a second stage of 
protease incubation was added, based on Jonas etal. (1989).

3.4.4 Enzymes in the first stage o f incubation

3.4.4.1 Collagenase type and concentration

Different types of collagenase were compared, always using the same collagenase 

activity (in units/ml). Worthington types CLS U and CLS 0 were compared with 
Sigma types V and XI. No differences were seen among the four types, but 
dissociation was greatly improved when the enzyme concentration was raised above 
1000 units/ml, about twice the activity used by Safronov et al. (1993) to prepare rat 

axons. The best results were seen with 2 mg/ml Sigma type XI collagenase 
(1670 units/mg; 3340 units/ml). The Sigma enzymes were preferred because their 
protease and trypsin-like activities were relatively low, allowing the protease content 
of the mixture to be determined primarily by the added protease and not by the 
impurities in the collagenase (Amsterdam & Jamieson 1974).

3.4.4.2 Protease and trypsin

Trypsin type I, or protease type X, both from Sigma, were used for co-incubation 
with collagenase as alternatives to protease type XXIV. Trypsin did not improve 
dissociation; on the contrary, once a reliable method had been established, adding 
trypsin to the collagenase always made dissociation worse. It appeared likely that 
collagenase was being digested by trypsin.

Protease type X, which has a higher activity than protease type XXIV (43 units/mg 

compared to 14 units/mg), improved dissociation substantially, and this improvement 

was sustained even at very low concentrations (0.03 mg/ml protease type X). The 

best dissociation of single fibres was seen when protease type X was used at 
0.1 mg/ml or 1 mg/ml.

3.4.4.3 Other enzymes

Hyaluronidase was added to the first incubation step, since proteoglycan gels are 

probably an important component of the endoneurium. However, addition of 1 mg/ml 

hyaluronidase (Sigma type I) to the first incubation stage did not improve the 

separation of single fibres.
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In some cases, release of single axons was extremely difficult, although no visible 

connective tissue remained. It seemed possible that DNA, released from cells which 

had been killed by the enzyme treatment, was sticking the axons together. However, 
addition of DNAase (Sigma deoxyribonuclease I, type H, 2500 U/mg, 1 mg/ml) did 

not improve the release of single axons.

3.4.5 Enzymes and other treatments in the second stage o f incubation

3.4.5.1 Protease and trypsin

After incubating with at least 1000 units/ml collagenase and 0.1 mg/ml protease 
type X, single fibres were consistently released from nerve fascicles. When this 
treatment was followed by protease XXIV alone, at 0.5 mg/ml for 30 minutes in 
Ca^'^-free Ringer solution, rather poor demyelination resulted. If trypsin (Sigma type 
I; 1 mg/ml) was added, demyelination was improved, and dissociation of single fibres 
also appeared better.

Papain (Sigma) and Pronase E (Sigma protease type XIV; both 2 mg/ml) were also 
tested in the second stage of the dissociation procedure, in place of Sigma protease 
type XXIV. Neither produced significantly better demyelination than protease XXIV.

3.4.5.2 Calcium concentration

The appearance of the dissociated fibres was improved when standard Ringer 
solution (containing 2.2 mmol/1 Câ "̂ ) was substituted for the nominally Ca^'^-free 
Ringer solution in the second stage as well as the first stage of the enzyme treatment. 
Demyelination was not made worse by re-introducing Câ "*".

3.4.5.3 Non-enzymatic demyelination 

Lysolecithin

Lysolecithin (Chiu & Ritchie 1981) was added during the second incubation step. 

Even at low concentrations (0.25 mg/ml) it caused axons to break, without producing 
improved demyelination.

Hyper- and hypotonic solutions

Small changes in osmolarity (based on Chiu & Ritchie 1981) were tested during 
the second stage of incubation; enzymes dissolved in water, or in Ringer solution 
made up at double the normal concentration, were added during incubation so as to 

change the electrolyte concentration of the solution by ± 10% or ± 20%, alternating at 

5 minute intervals. No clear improvement in demyelination was seen.
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Antibody-complement-mediated cell killing

Raising intracellular [Ca^^] with the ionophore A23187 causes demyelination 
(Smith et a l  1985). A23187 presumably raises [Ca^^]i in the axon as well as the 
Schwann cell. In order to attack the Schwann cell specifically, an antibody against the 
Schwann cell membrane marker galactocerebroside was used in a standard cell 
killing protocol (Dr. M. Fruns, Sobell Department of Neurophysiology, Institute of 
Neurology). Instead of using protease and trypsin in the second stage, fascicles were 

incubated for 30 minutes with a polyclonal rabbit anti-galactocerebroside antibody 
(Chemicon International, Inc., Temecula, CA, USA), at 1:50 dilution, along with 
rabbit complement (Sigma S-7764) at 1:10 dilution. Demyelination was compared 
with another fascicle which had had only the first stage of the enzyme treatment. It 
was not improved by the antibody-complement treatment.

3.4.6 Mechanical separation o f axons

Fluid flow from a large Pasteur pipette was found to be more effective in 
“spreading” a fascicle, and separating single axons from it, than the circular agitation 
which had originally been used. The two methods worked best together, when 
fascicles were first spread using fluid flow, then cut into short sections, and finally 
separated into single axons with circular agitation.
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4 Practical methods for preparing demyelinated human axons

4.1 Method used for the first recordings

The preparations for the first successful patch clamp recordings were made as 

follows:

Fascicles were removed from the epi- and perineurium (section 3.2, page 46), split 
longitudinally to ensure complete removal of the perineurium (section 3.4.1), and tied 
at each end with sewing thread. The threads were pinned to the base of the incubation 

chamber described in section 3.3, and after adding the appropriate enzyme solution, 
the incubation chamber was placed in the shaking waterbath mentioned in 
section 3.3.

They were treated with the following enzyme mixtures:

Stage 1

Collagenase, Sigma type V (480 U/mg), 2 mg/ml (960 units/ml)
Protease, Sigma type X (43 U/mg), 0.03 mg/ml ( 1.29 units/ml)
Ringer with 0.1 mmol/1 [Ca^^ ]

Temperature 37°C 
Agitation 150/min 
Time 2 hours

Stage 2

Protease, Sigma type XXIV (14 U/mg), 0.5 mg/ml (7 units/ml)
Trypsin, Sigma type I (10000 U/mg), 1 mg/ml (10000 units/ml)
Ringer with no added Câ "̂
Temperature 37°C 
Agitation 150/min 

Time 30 minutes

Fluid flow from a large Pasteur pipette was used to spread the fascicle apart, then, 

after cutting it into sections approximately 5 mm long, single nerve fibres were 

separated from the fascicle by gentle circular agitation. These fibres, suspended in 

Ringer solution, were transferred to 35 mm plastic Petri dishes; normally about six 
dishes were obtained from each preparation. The dishes were at first coated with 
Glisseal grease (high vacuum quality. Borer Chemie AG, Zuchwil, Switzerland; 
Jonas et a l  1989), or polylysine (Sigma P-7890, 1 mg/ml). Because of the poor 

optical qualities of the Glisseal coating, especially with phase-contrast optics, and the 
unpredictable results obtained with polylysine, later experiments used Petri dishes

52



coated with a silicone fluid o f high viscosity (S ilicone fluid DC 2 00 /100 ,000cs, D ow  

Corning), applied on top o f a very thin layer o f Sylgard. This coating was flat, and 

invisible in phase-contrast optics, and axons stuck to it w ell. The Petri dishes were 

kept in the refrigerator for at least 1 hour after adding the axon suspension, to allow  

the fibres to adhere to the silicone coating.

Figure 1

An axon prepared with the method 
described in section 4.1. Myelin 
retraction has occurred to an 
extent of some 60 pm on one side 
of the node of Ranvier, leaving an 
apparently clean axonal 
membrane (dark green) between 
the two retracted Schwann cells 
(lighter green). The node can be 
seen as a dark bulge in the 
constricted section of the axon. 
Phase contrast optics, 
magnification 360x.

A number o f axons prepared with this method had clean dem yelination, suitable 

for patch clam ping (Figure I).
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4.2 An improved enzyme mixture

Development of the preparation continued in parallel with the patch-clamp 

experiments. Most of the recordings described in later chapters of this thesis were 

made in preparations which had been dissociated with the following enzyme 

mixtures:

Stage 1

Collagenase, Sigma type XI, 2 mg/ml (about 3500 units/ml)
Protease, Sigma type X, 0.1 mg/ml (about 4.5 units/ml)
Ringer solution with 2.2 mmol/1 Câ "*"

Temperature 37°C 
Agitation 50/minute
Time 1 - 2 hours (the time could be reduced in some cases)

Stage 2

Protease, Sigma type XXIV, 1 mg/ml (about 14 units/ml)
Trypsin, Sigma type HI, 1 mg/ml (about 10000 units/ml)
Ringer solution with 2.2 mmol/1 Ca^^
Temperature 37°C 
Agitation 50/minute 
Time 30 minutes

These enzyme mixtures are relatively simple, and similar in principle to those used 
by Jonas et a l  (1989) and Safronov et a l  (1993). The only important difference was 
that the enzyme activities needed were much higher than those necessary for Xenopus 
or rat axons.

In the first stage, collagenase activity was about six times greater than is necessary 
to prepare Xenopus and rat axons. The added non-specific protease type X 
presumably has the same role as the rather high, but variable, non-specific protease 
impurities in the Worthington type CLS II collagenase used in Xenopus and rat; it 

probably breaks down the large fragments of collagen resulting from collagenase 

treatment into smaller pieces, and may attack the protein backbone of proteoglycan 

molecules. In the second stage, twice as much non-specific protease was used as is 
needed in rat axons, along with trypsin; both probably cause demyelination, and 
complete the digestion of fragments of collagen.

A good preparation generally contained about 10-30 nodes, paranodes or 

intemodes which could be patch clamped, a remarkably low yield considering that 

each fascicle (about 2 cm long) probably contained several hundred nodes before
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dissociation. Nodal and paranodal structure was often preserved extrem ely well 

(Figure 2, top), and enzyme-treated axons also had good structural appearance when 

view ed with electron microscopy (Figure 3, next page). Som e axons showed  

extensive dem yelination as a result o f  the normal preparation procedure (Figure 2, 

bottom); one such axon could even be pulled out from the m yelin sheath using a 

patch pipette, exposing most o f the length o f one internode. Seal formation in these 

long bare internodes was difficult, but it was som etim es possib le to make patches 

more than 100 pm from the node.

k

Figure 2

(above) A demyelinated human 
axon prepared as described in 
section 4.2.

The axonal membrane at the 
node and in the paranode can 
be seen in some detail, and its 
morphology is very well 
preserved. Phase contrast 
optics, magnification 360x.

(below) A demyelinated human 
axon prepared in the same 
way. The myelin has retracted 
about 150 pm into the 
intemode, and a patch pipette 
is approaching a site about 
55 pm from the node. Phase 
contrast optics, magnification 
360x.
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Figure 3

Electron micrograph of a cross- 
section through the intemode of 
an axon prepared in the same 
way. The cytoskeleton and 
mitochondria are well preserved, 
and only slight distortion of the 
myelin is visible (although some 
sections had extensive myelin 
damage). The endoneurial 
connective tissue and basal 
lamina are completely absent. 
Magnification 8200x.

4.3 A note on the variability o f human nerves

N o obvious age-related differences in ease o f dissociation were seen among nerves 

from the 66 patients featured in this study. M ost o f the patients were less than 50  

years old. One specim en o f nerve was from a 4-m onth-old baby; after enzym e 

treatment, dem yelination was very clean, but separation o f  single fibres was not 

easier than in nerves from adults.

Considerable variation was seen in connective tissue density between nerves from  

different sites in the same individual. C onnective tissue seem ed very dense in the 

brachial plexus, w hile fascicles from ulnar or sural nerves from the same patient were 

much more easily dissociated. There was also som e variation in ease o f dissociation  

between adjacent fascicles from the same part o f  the same nerve, which was not 

obviously related to fascicle thickness.
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CHAPTER 3

PATCH-CLAMP RECORDINGS 
IN HUMAN AXONS



1 Methods

1.1 Preparation o f human axons fo r  patch clamping

The preparation was done as described in chapter 2, section 4.

1.2 Solutions

Solutions were made up from concentrated stock solutions, normally 1 mol/1, 
except as follows: NaCl 4 mol/1; KCl 2 mol/1; HEPES (4-(2-hydroxyethyl)-l- 
piperazineethanesulphonic acid) and NaHEPES 0.4 mol/1.

The pH of all patch-clamp solutions was set by adding NaHEPES and HEPES in 
amounts calculated to produce the desired pH at the temperature to be used (Gueffroy 
1975). This was done for several reasons: a pH electrode may not measure accurately 
the pH of a solution with different ionic strength from that of the calibration solution 
(Illingworth 1981); exposure to solutions containing calcium chelators causes large 
drifts in the pH measured by a pH electrode (Durham 1983); it is also quicker and 
more accurate to add a known volume of a stock solution than to titrate pH in the 
normal way. The pH of each solution was checked before use with a pH meter; the 

deviation from the intended pH was never more than 0.05.

For outside-out patches (see section 1.3.1, page 61), the external solution was that 
in the bath or perfusion system, and the internal solution was that in the patch pipette. 
For inside-out patches, the solutions were reversed. All recordings were made at 
room temperature (25 ± 2°C).

7.2.1 Solutions fo r  measuring mixed Na^/lC currents ( this chapter)

External solution

The extracellular solutions for all patch-clamp recordings were based on Ringer 
solution. This solution was derived from the modified Locke solution which had 
been used for most of the published macroscopic voltage clamp recordings in 
mammals (eg Chiu et al. 1979; Roper & Schwarz 1989). It contained (in mmol/1):

NaCl 154; KCl 5.6; CaClz 2.2; MgClz 1.2; HEPES 5.46; NaHEPES 4.54 (pH 7.4 at 

25°C).
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Internal solution

The internal solution contained (in mmol/1):

KCl 149; NaCl 5; EGTA (ethylene glycol-bis(p-aminoethyl &thQT)-N,N,N',N'~ 

tetraacetic acid) 3; KOH 6; HEPES 3.96; NaHEPES 6.04; CaCl2 1.21; M gCh 1.21 

(pH 7.2 at 25°C).

The final concentrations were: [K”̂] 155 mmol/1; [Na"̂ ] 11 mmol/1; free [Ca^‘*‘] 
10'^ mol/1; free [Mg^^] 1.1 mmol/1. The concentrations of Câ "̂  and Mg "̂̂ , and the pH, 
were calculated according to Durham (1983), and the pH was measured before use. 
Stoichiometric binding constants for Câ "̂  and H^ to EGTA were from Harrison & 
Bers (1989), and for Mĝ "̂  to EGTA from Durham (1983); this last constant was 
converted to a stoichiometric constant by Durham's own method. Corrections to the 
binding constants for temperature and ionic strength were made according to 
Harrison & Bers (1989), and for EGTA purity according to Miller & Smith (1984). 
After completion of the study, the [Câ "̂ ] and [Mĝ "̂ ] were calculated with the 
program EQCAL (Biosoft, Cambridge, England) and found to agree within 3% with 
those given above.

For convenience, since EGTA dissolves very slowly, EGTA and KOH were added 

from a single stock solution whose composition was: 50 mmol/1 EGTA; 100 mmol/1 
KOH.

7.2.2 Solutions fo r  measuring Na^ currents and channels ( chapter 4)

External solution (modified Ringer solution)

This solution was based on Ringer solution, with K^ omitted and 10 mmol/1 
TEA chloride added. Its composition was (in mmol/1):

NaCl 154; CaClz 2.2; MgCli 1.2; HEPES 5.46; NaHEPES 4.54; TEACl 10 (pH 7.4 
at 25°C).

Internal solution

The K^ in the standard internal solution (section 1.2.1) was replaced by Cs"̂ . This 

solution contained (in mmol/1):

CsCl 145; EGTA 3; NaOH 6; HEPES 3.96; NaHEPES 6.04; CaClz 1.21; MgClz 1.21 
(pH 7.2 at 25°C).

The final [Na^] was 12 mmol/1; free [Ca^^] and [Mĝ "̂ ] were as in section 1.2.1.
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1.2.3 Solutions for measuring iC  currents and channels

External solution ( “isotonic K C l” solution)

Potassium channels were often recorded in a modified extracellular solution 
(“isotonic KCl”), in which most of the Na"̂  ions had been replaced by K^, to produce 
an external [K^] equal to the internal [K"̂ ]. Its composition was (in mmol/1):

KCl 155; NaCl 6.5; CaCb 2.2; MgClz 1.2; HEPES 5.46; NaHEPES 4.54 (pH 7.4 at 

25°C).

Tetrodotoxin (TTX; 300 nmol/1) was always added to this solution.

Internal solution

The standard internal solution (section 1.2.1) was used for recording K^ channels.

1.2.4 Addition o f drugs or other substances

Dendrotoxin and tetrodotoxin

Dendrotoxin (DTX) was made up as a 100 pmol/1 stock solution in distilled water, 
and stored frozen in 10 pi aliquots until use. It was then added directly to the external 
recording solution, diluting that solution by up to 1% (at 1 pmol/1 DTX).

TTX was made up as a 300 pmol/1 stock solution, and stored at 4°C. It was added 

directly to the external recording solution.

Lucifer Yellow

In most cases the dilithium salt of Lucifer Yellow CH was used, at a concentration 
of 1 mg/ml (about 2 mmol/1). In earlier experiments, the dipotassium salt was used, 
and the [K"̂ ] was reduced by 4 mmol/1 to compensate for this.

1.2.5 Solution changes 

Solution changer

The solution bathing the patch pipette (extracellular surface of an outside-out 
patch; intracellular surface of an inside-out patch) was changed using a multi
barrelled perfusion system (Reid 1993) which is described in the Appendix.

Liquid junction potentials

A liquid junction potential of about 3 mV exists between isotonic KCl solution and 

Ringer solution, with the KCl solution negative (Barry & Lynch 1991, Marty & 
Neher 1995). A junction potential of the same size is expected between internal CsCl 
solution and Ringer solution. This junction potential must be taken into account
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during the experiment when cancelling the offset potential of the patch pipette, and 
during analysis when the solution superfusing the patch has been changed. All 

Figures have been corrected for these junction potentials, except that pulse protocols 

which refer to currents recorded in both Ringer solution and isotonic KCl (for 
example. Figure 4, page 67) show only the potential in isotonic KCl solution, for 

clarity.

1.2.6 Sources o f materials

Salts were obtained from Merck Ltd., Lutterworth, England). Lucifer Yellow CH 
(dilithium or dipotassium salt), TEACl, TTX, all enzymes and EGTA (free acid) 
were obtained from Sigma, Poole, England. DTX was obtained from Latoxan, 
Rosans, France, or as a gift from Prof. F. Dreyer, Department of Pharmacology, 
University of Giessen, Germany.

1.3 Patch-clamp recordings

1.3.1 Conventions

Both outside-out and inside-out patches were made during this study, using 
standard techniques (Hamill et al. 1981). The great majority were outside-out. When 
patches of both configurations are used, it is important that the terminology and other 
conventions used are unambiguous. To this end, when one or other side of a 
membrane patch is being described, the terms “intracellular” and “extracellular” will 
normally be used, since they refer unambiguously to the surfaces of the membrane in 
its original position on the axon. The absolute membrane potential is given in all 
cases, and the sign refers to the potential of the intracellular surface of the patch 
relative to the extracellular surface. The terms “inward current” and “outward 
current” also refer to the orientation of the patch before it was excised from the axon; 
“inward” indicates current crossing the membrane from the extracellular to the 

intracellular side, and not necessarily current flowing from the bath into the pipette. 

In all Figures showing original current recordings, inward currents are downward; in 

all Figures where currents are plotted numerically, inward currents are shown as 
negative.

1.3.2 Patch pipettes

Pipettes were pulled from borosilicate glass (GC-150 or GC-150F; Clark 

Electromedical Instruments, Pangbourne, England), on a puller which had been 

modified from a Narishige PP-83 puller (Narishige Ltd., Tokyo, Japan) by the 
addition of a constant-current control circuit. The puller settings were chosen to give 
bubble numbers of 2 - 3 (Corey & Stevens 1983) with resistances of 15 - 30 MH.
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1.3.3 Electronics

Most recordings were made with an Axopatch 200 amplifier (Axon Instruments, 
Foster City, CA, USA), with some early recordings using a List EPC-7 amplifier (List 

Electronics, Darmstadt, Germany). Connection to the amplifier was made 

conventionally, using a chlorided silver wire in the pipette holder, and an indifferent 

electrode made from a chlorided silver wire within a polythene tube (inside diameter
1.4 mm). The tube was filled with the pipette solution except for a plug of about 5 
mm at the end which had been pre-filled with 4% agar in 160 mmol/1 KCl. Both 
wires were therefore in contact with the same solution, but diffusional exchange 
between indifferent electrode and bath was limited by the agar. A fresh polythene- 

agar tube was used each day, and also after any recording in which drugs had been 

added to the bath.

The output of the amplifier was filtered at lOkHz (-3 dB) using the amplifier's own 
filter; this was a 3-pole Bessel filter on the List EPC-7 and a 4-pole Bessel filter on 
the Axopatch 200. This signal was then led:

(a) to a digital audio tape recorder (Biologic, Claix, France), with a 20 kHz internal 
Chebyshev filter. Capacity transients, which partially escaped the lOkHz filters on the 

amplifiers, caused serious “ringing” from the Chebyshev filter; for this reason, the 
capacity transient was blanked in later recordings using a circuit constructed for the 
purpose.

(b) to a 4-pole Butterworth filter (Neurolog, Digitimer, Welwyn Garden City, 
England). This filter was set to a comer frequency of 1 kHz for most of the 
recordings of channels and currents, and to 3 kHz for Na"̂  channels and currents. 
The output of this filter was led to the input of an analogue-to-digital converter 
(MC-DAS 1512, Axon Instruments), which also provided, through its digital-to- 
analogue output, the pulses and holding potentials to be applied to the patch.

When playing back a recording from tape, it was fed through filter (b) into the 
analogue-to-digital converter.

1.4 Software and analysis

The software used for recording and stimulation was pClamp, version 5.5 (Axon 

Instruments). The module CLAMPEX was used for applying voltage pulses and 

collecting pulsed data, and FETCHEX for acquiring data continuously from the 

digital tape recorder. If these FETCHEX files contained pulsed data, they were 
converted to CLAMPEX format for easier analysis, using a program written for the 
purpose. Detection of voltage pulses in FETCHEX files requires that membrane
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potential as well as current is sampled; since version 5.5 FETCHEX can only sample 
one channel, it was therefore modified to allow a second channel to be sampled.

CLAMPEX files were analysed using CLAMPAN and CLAMPFIT (Axon 
Instruments). Capacity and leakage currents were subtracted digitally using either: 

currents during depolarising pulses which did not induce channel activity, currents 

during hyperpolarising prepulses, or currents during pulses to the reversal potential of 

the channels under study (after verifying that no other channels were present). Since 
this subtraction cannot be done conveniently using CLAMPAN or CLAMPFIT, 
programs were written for the purpose.
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2 Recordings of mixed sodium and potassium currents in patches from human 
axons

Figure 1 (top) shows a demyelinated axon ready for patching. The patch pipette 
points towards the patch site, close to the node. The pipette contained 1 mg/ml 
Lucifer Yellow in the standard KCl-containing internal solution (see section 1.2.4), 
and the bath contained Ringer solution (see section 1.2.1).

Figure 1

(above) A human axon, 
enzymatically dissociated and 
demyelinated as described in 
Chapter 2. The patch pipette, 
containing 1 mg/ml Lucifer 
Yellow, is visible to the lower 
left of the figure; it was 
advanced without sideways 
movement to make the patch, 
and therefore points towards 
the patch site. Phase contrast 
optics, magnification 360x.

(below) The same axon 
photographed with
epifluorescence illumination, 
after the patch had been formed 
and the recordings shown in 
Figure 2 had been made. 
Lucifer Yellow has diffused 
into the axon on both sides of 
the node, demonstrating that 
the patch originated from the 
axonal membrane.

After the pipette was sealed to this axon, and the membrane under the pipette had 
been disrupted by suction, about two minutes were allowed for the Lucifer Yellow to 
diffuse before the pipette was withdrawn to form an outside-out patch. This resulted 
in the pattern of dye diffusion shown in the bottom panel of Figure 1 ; the presence of
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dye on both sides of the node, in the centre of the axon, indicates that the patch came 
from axonal membrane (Wilson & Chiu 1990). In the earlier stages of the work, no 
such verification of the origin of the patches was possible. However, later experience 
with Lucifer Yellow suggests that it is highly likely that unverified patches also came 
from axonal and not Schwann cell membrane: in 15 cases where Lucifer Yellow was 

included in the patch pipette, the pattern of staining was axonal in every case.

During Lucifer Yellow injection, switching the amplifier to current clamp mode 

revealed that the axon still had a resting potential of -40 mV. After the Lucifer Yellow 
injection, the pipette was withdrawn slowly in the normal way to produce an outside- 
out patch (Hamill e tal ,  1981).
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Figure 2
(upper left) Currents from the outside-out patch made in Figure 1, in response to the 

pulse protocol shown above; the holding potential was -93 mV, and depolarising 
pulses from -93 mV to +47 mV (at 20 mV intervals) were applied, preceded by 
50 mV prepulses to -133 mV.

(lower left) The same currents after correction for leakage and capacity currents. 
Correction was done by averaging the currents in response to 15 hyperpolarising 
prepulses, scaling the averaged current, and adding this to the current during the 
test pulse. Only the currents at the beginning of the test pulses are shown.

(right) The peak early inward current, and the sustained outward current measured 
50 ms after the beginning of the pulse, plotted against the pulse potential.

The patch was held at a potential of -93 mV, and depolarising pulses to various 
potentials were applied. Each depolarising pulse was preceded by a 50 ms 
hyperpolarising prepulse to -133 mV, designed to remove resting Na'  ̂ channel 
inactivation. The currents which resulted are shown in the upper left panel of
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Figure 2. To correct for capacitance and leakage currents, the current during the 
prepulse was scaled and added to the current during the test pulse, using a program 
written for the purpose (see section 1.4, page 62), and the corrected currents are 
shown in the lower left panel of Figure 2.

The current at the beginning of the test pulse is inward; this early inward current is 

transient, and is replaced by a sustained outward current. Activation of both currents 
becomes faster with increasing depolarisation. The peak early inward and steady- 
state outward currents are plotted against potential in the right panel of Figure 2. The 
early inward current appears to reverse at a potential around 4-40 mV, although 
because some of the late outward current is already activated at the time of the peak 
of the early inward current, the true reversal potential is probably more positive than 
4-40 mV. The late outward current appears to reverse at a potential negative to 
-60 mV. The reversal potentials of the currents are consistent with their being carried 
by sodium and potassium ions respectively.
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Figure 3
(left) Currents in an outside-out patch from near the node of a human axon, before 

(above) and after (below) the addition of 300 nmol/1 tetrodotoxin (TTX). The early 
inward and late outward currents are apparent, as in Figure 2, and the early inward 
current is blocked by TTX.

(right) The TTX-sensitive current in this patch, derived by subtracting the currents 
shown in the left panel. To compensate for slight rundown during the experiment, 
the currents recorded in the presence o f TTX were scaled before subtraction.

In another outside-out patch from near the node, the ionic nature of the early and 
late currents was confirmed. Using the same pulse protocol as before, the early and 
late currents were recorded. The solution bathing the extracellular surface of the 
patch was then changed, using the solution changer designed for this study (see 
section 1.2.5, page 60, and Appendix), to Ringer solution containing 300 nmol/1 
tetrodotoxin (TTX). The early inward current disappeared (left panel of Figure 3); the
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TTX-sensitive current is shown in the right panel of Figure 3, and has the typical 

appearance of a voltage-activated sodium current (Hille 1992).

The selectivity of the late current was established by ion substitution. In the same 

patch, the solution bathing the extracellular surface of the membrane was changed 
from Ringer solution to a modified Ringer solution in which the NaCl had been 
replaced by 155 mmol/1 KCl (“isotonic KCl”; section 1.2.3). Both solutions 
contained 300 nmol/1 TTX. The currents in Ringer solution containing TTX and in 
isotonic KCl are shown in Figure 4. The amplitude of the current at the end of a 
250 ms depolarising pulse is plotted against pulse potential in the right panel of 

Figure 4. The reversal potential shifts from negative to -60 mV in Ringer solution to 
0 mV when the patch is moved into isotonic KCl, in accordance with the Nemst 
equation for potassium ions.
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Figure 4
(left) Currents in the same patch as in Figure 3, in Ringer solution containing 

300 nmol/1 TTX (above) and in isotonic KCl (below). The holding potential was 
-103 mV, and 250 ms depolarising pulses were applied as shown in the pulse 
protocol above the currents.

(right) The amplitude of the currents shown in the left panel, at the end of the 250 ms 
depolarising pulses, plotted against pulse potential.

To make the investigation of the individual current components or channel types 
easier, the recording solutions were chosen to isolate the component or channel of 

interest. The next two chapters describe Na^ and K^ channels and currents in patches 
from human axons.
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CHAPTER 4

SODIUM CHANNELS



In order to study sodium channel currents, the external (Ringer) solution was 
modified by the addition of 10 mmol/1 tetraethylammonium ion (TEA), since this is 
known to block the major types of voltage-dependent potassium channel in Xenopus 
axons (Jonas et a l ,  1989) and to reduce potassium currents in mammalian axons 
(Roper & Schwarz, 1989). The internal solution was modified by replacing the 

potassium ions by Cs^, which blocks some potassium channels and is impermeant in 

all known potassium channels; in addition, 10 mmol/1 TEA was added to the internal 
solution, since internal TEA blocks most delayed rectifier channels (Hille, 1992). 
The solutions are described fully in Chapter 3.

Sodium currents were found at high density at sites close to the node of Ranvier. 
Peak currents were around 40 - 60 pA. Patches which came from paranodal 
membrane at sites distant from the node contained much smaller number of Na"̂  
channels, and many paranodal and internodal patches had none at all.

It is impossible to be certain whether any patch was made exactly at the node, 
since the nodal gap is probably less than 1 pm wide. It is clear from Figures 2 and 3 
of Chapter 3 that attempts to make patches exactly at the node can result in large 
mixed Na"̂  and currents. This might indicate that these patches came from 
paranodal and not nodal sites, since nodal fast potassium currents are small in human 
axons (see Chapter 6); or that the patches contained a mixture of paranodal and nodal 
membrane.
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1 Single sodium channel currents

Recordings from a patch which probably contained 3 Na"̂  channels are shown in 

Figure 1; both individual records and averages of large numbers of records are 

shown. The averages show kinetics typical of voltage-dependent sodium currents, 

activating near the beginning of the pulse, then inactivating, with both activation and 

inactivation becoming faster with increasing depolarisation. Channel activity in this 

patch could be abolished by adding 300 nmol/1 tetrodotoxin (TTX) to the bath.
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Figure 1
Currents through single sodium channels in an outside-out patch from a swollen 

vesicle (probably paranodal) in a human axon. The pipette contained CsCl internal 
solution and the bath Ringer solution with 10 mmol/1 TEA. The pulse protocol was 
similar to that shown in Figure 2 of Chapter 3. Depolarising pulses, to the 
potentials shown, were applied to the patch after 50 ms prepulses to -133 mV. 
Three individual records are shown at each potential, along with the average from 
all the pulses at that potential which induced channel activity. The number of 
pulses averaged was: -73 mV, 44 pulses; -63 mV, 24 pulses; -43 mV, 74 pulses. 
Records were corrected for leak and capacity currents as described in Chapter 3 
and residual capacity transients were deleted for clarity.

1.1 Sodium channel conductance

Current amplitudes through single sodium channels were measured in six outside- 

out patches, and the single-channel currents are shown plotted against pulse potential 

in Figure 2. The single channel conductance is 13.8 pS and the extrapolated reversal 
potential is close to the equilibrium potential for Na"*" ions, indicating a high 

selectivity for Na"̂  over Cs^ ions.

The inactivation kinetics of the averaged single-channel currents could be fitted 

better with two exponential components than with one. Further analysis of the
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inactivation kinetics of single Na"̂  channels will be presented along with the 

inactivation kinetics of multi-channel Na"̂  currents (see section 2.2.2).

E (mV)

50-100 0-50

-2

Figure 2
The amplitudes of single sodium 
channel currents from six outside-out 
patches. Each symbol type represents 
a different patch. The least-squares 
regression line has a slope equivalent 
to a conductance of 13.8 pS, and the 
extrapolated reversal potential is 
about +55 mV.

(pA)
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2 Multi-channel sodium currents

Recordings from two patches with large numbers of sodium channels are shown on 

the left side of Figure 3. The currents have kinetics similar to the averaged single

channel currents shown in Figure 1, and to the TTX-sensitive current (see Figure 3 of 

Chapter 3). With increasing depolarisation, the Na"*" currents increase and then 

decrease in amplitude, reversing at the most positive potentials. Peak currents from 

this patch and two others are shown plotted against the potential of the depolarising 

pulse in the right panel of Figure 3. The reversal potentials are around
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Figure 3
(left) Na"̂  currents in two outside-out patches originating from near the node in two 

different human axons. The pulse protocol, shown at the top, was similar to that 
used to record the currents in Figure 1. The lower currents are averages from ten 
runs of the same pulse protocol, and the capacitance transients, which were 
unusually large in this patch, have been blanked for clarity.

(right) The amplitude of peak sodium currents from three outside-out patches, 
including the two in the left panel of this Figure, plotted against pulse potential. 
The largest peak current occurs at potentials between -20 mV and -30 mV, and the 
reversal potential is around +60 mV.

+60 mV, close to the equilibrium potential for Na'^ ions, and the largest peak currents 

are seen at potentials around -20 mV or -30 mV. The peak currents of 40 - 60 pA 

correspond to a maximum of 35 - 55 channels simultaneously open in each patch. 

These patches were made with pipettes with bubble numbers of 2 - 3 (Corey & 
Stevens 1983).
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2.1 Activation o f  multi-channel sodium currents

2.1.1 Voltage dependence o f activation

In a rapidly inactivating current like the sodium current, where peak current 

amplitudes are influenced by inactivation as well as by activation, it is difficult to 

analyse the voltage dependence of activation in isolation. One approach is to assume 

that activation and inactivation are independent processes, and to fit the falling phase 

of the current with one or two exponential functions. However, activation and 

inactivation are not independent (Patlak 1991), and such approaches introduce 

model-dependent assumptions which might distort the data.

The voltage dependence of the maximum open probability (Popen) of the Na"̂  
current was therefore assessed instead; this measure includes effects from activation 

and inactivation, but is independent of assumptions about the nature of these 
processes. The peak currents in Figure 3 and the single-channel conductance in 

Figure 2 were brought together to calculate the relative Popen at the peak of the Na"̂  
current, which is shown in Figure 4. The open probability increases in a steeply 
voltage-dependent manner between -60 and -20 mV.

E
I

o _

0 4 —
-100 500-5 0
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Figure 4
Voltage dependence of the open 
probability Popen at the peak of the Na"̂  
currents in the three outside-out 
patches featured in Figure 3 
(represented by the same symbols). 
Popen was calculated by dividing the 
current amplitude in that figure by the 
single-channel current amplitude at 
the same potential in Figure 2. Points 
from each patch were then fitted with 
the Boltzmann function:

/=W (’+“p((̂ o.5-£)A))
and normalised by dividing by /max- 
The values obtained from each fit 
were:
circles, Fq.s = -55.1 mV, k = 4.3 mV; 
squares, Fq.s = -46.8 mV, k = 5.5 mV; 
triangles, Fq.s = -47.0 mV, A = 6.1 mV.
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2.2 Inactivation o f multi-channel sodium currents

2.2.1 Voltage dependence o f inactivation

When a voltage pulse which activates sodium current is preceded by a depolarising 

prepulse, voltage-dependent steady-state inactivation is seen; this is shown in 

Figure 5. The left panel shows the pulse protocol and the currents recorded. Each 

episode began with a 50 ms prepulse to -133 mV, to remove inactivation which may 

be present at the holding potential of -93 mV. This was followed by a 50 ms prepulse 

to potentials between -153 mV and -43 mV, to induce steady-state inactivation. 

Finally, the Na"̂  current which could still be activated was measured with a 50 ms

-93mV
E pre -43mV

50pA

-133mV

25ms

1—63mV

—I —83mV 

L  ,-103m V1

-43mV

pra

20pA

5ms

Figure 5
(left) Effect of a 50 ms depolarising prepulse on sodium currents in response to a test 

pulse to -43 mV. 50 ms hyperpolarising prepulses to -133 mV were given to 
remove resting inactivation; 50 ms prepulses to potentials between -153 mV and 
-43 mV were then applied to induce steady-state inactivation, followed by 50 ms 
pulses to -43 mV to activate the remaining sodium current. Only the episodes with 
prepulses to -103, -83 and -63 mV are shown. No correction has been made for 
leak and capacity currents.

(right) Currents at the beginning of the -43 mV pulse after prepulses between -133 
and -53 mV, after correction for leak and capacity currents.

pulse to -43 mV. The right panel of Figure 5 shows the currents at the beginning of 

the -43 mV test pulse, following prepulses between -133 mV and -53 mV, after 

correcting for leak and capacity currents. The voltage dependence of inactivation is 

shown in Figure 6; it is fitted well by a Boltzmann function.
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Figure 6
Peak currents in Figure 5 during the 

-43 mV test pulse, plotted against the 
potential of the prepulse which induced 
inactivation, and normalised. 20 
measurements were made at each 
potential in one patch (mean ± SEM 
shown). Currents recorded from each 
run of the pulse protocol were divided 
by the current recorded in the same run 
after the pulse to -150 mV; the 
normalised currents were then averaged 
across runs to produce the 
mean ± SEM. Mean currents were then 
fitted with the Boltzmann function:

l = l ^ / { l + e x p ( ( E - E j / k ) )

and then re-normalised by dividing 
all means and SEMs by /max- The 
parameters of the final fit were: 
Eq.5 = -88.0 mV; = 9.32 mV.

2.2.2 Time course o f inactivation

At potentials negative to -13 mV, the inactivation phase of the multi-channel 

sodium current is not fitted well by a single exponential. Figure 7 shows averaged 
multi-channel Na"̂  currents from the patch in Figure 3 (left, lower); the averages are 
smooth enough to allow the quality of the fit to be reliably assessed. Between -43 and 
-13 mV, a good fit is obtained using the sum of two exponentials, but the fit with a 
single exponential is clearly bad. At -3 mV, however, the slower component is much 

smaller, and the fit with a single exponential is reasonably good. The averages of the 

single-channel currents in Figure 1 can also be fitted using either one or two 

exponentials, although it is not easy to assess the quality of the fit.

The time constants obtained from fitting single and double exponential functions 

to the current in multi-channel patches, and to the averaged current from the patch 

with 3 Na"̂  channels in Figure 1, are plotted against pulse potential in Figure 8. 

Measurements from averaged single-channel currents or from multi-channel currents 

produce very similar time constants.
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Figure 7
Inactivation of multi-channel sodium currents fitted with one or two exponential 

terms. The currents are those shown in Figure 3 (left, lower). Time constants of 
single (above) and double (below) exponential fits are shown at three potentials 
(-43, -23 and -3 mV). Dotted lines show the fitted curves.
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Figure 8
Time constants from single exponential fits (left) and double exponential fits (right) to 

the inactivation phase of multi-channel sodium currents in 3 patches (open 
symbols; mean ± SEM shown) and to the averaged single-channel currents from 
the patch in Figure 1 (filled symbols).
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CHAPTER 5

POTASSIUM CHANNELS



Potassium channels and currents were recorded using the standard internal 

(155 mmol/1 KCl) and external (Ringer) solutions, along with a modified external 

solution containing 155 mmol/1 KCl (“isotonic KCl”; see Chapter 3). All external 

solutions contained 300 nmol/1 tetrodotoxin (TTX) to block sodium currents. No 

attempt was made to block chloride channels, which could easily be distinguished 

from K^ channels by their reversal potential of 0 mV in Ringer solution; in none of 

the patches described in this Chapter were chloride channels evident.
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Figure 1
Single K  ̂ channels recorded in an outside-out patch from the intemode of a human 

sensory axon. 250 ms pulses to the potentials shown were applied from a holding 
potential of -103 mV in Ringer, or -100 mV in isotonic KCl. Dotted lines in this 
and other figures indicate the zero current level. All currents in this and other 
figures are shown after correction for leak and capacity currents, unless otherwise 
stated.

(left) Pulses to -63 mV in Ringer solution induce little current. In isotonic KCl 
solution, however, several channels are visible during the -60 mV pulse and in 
“tail” currents (currents following repolarisation to the holding potential). Their 
conductances are around 10 pS (a), 25 pS (b) and 35 pS (c).

(right) Pulses to -3 mV in Ringer soution induce outward current through several 
channels. In isotonic KCl solution, no current is visible during the 0 mV pulse, but 
single channels can be seen in tail currents.

K^ currents activated by depolarisation were found at moderately high density at 

all patch sites, whether near to the node or in the paranode or internode. In patches 

with a small number of channels, several types of voltage-dependent potassium 

channel could be seen (Figure 1). The first problem in analysis was to separate these 

channel types so that their properties could be studied. The method used to separate 
them depended on how many channels were in the patch.
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1 Distinguishing between different potassium channel types

1.1 Single channels

The simplest recordings to interpret were those from patches which contained only 

a small number of channels (for example, the patch shown in Figure 2). Such patches 
were rare, even when pipettes with very small tips (bubble numbers between 2 and 3; 
Corey & Stevens 1983) were used. Still smaller pipette tips created difficulties in 
disrupting the membrane under the pipette while making outside-out patches.

Even when a patch contained a relatively large number of channels, it was 

sometimes possible to block most of them (see Figure 14 and Figure 20), leaving 
identifiable channels of a single type. A problem with this approach is that the 
blocker may also partially block the channels which are to be studied.

The great advantage of patches where single channels could be identified was that 
these channels could be characterised very comprehensively. For example, from the 
patch in Figure 2, the single channel conductance, the voltage dependence of the 
open probability, and the activation and deactivation kinetics could all be determined 
for identified single I channels. Measurements of kinetics and open probability from 

single channels require very stable patches, because pulse protocols must be repeated 
many times.

1.2 Multi-channel currents

Patches which contained a large number of channels had the advantage that 
properties like voltage dependence and kinetics could be studied in relatively short 
recordings. Slow inactivation (t > 1 second), which is very difficult to study at all in 

single-channel patches, could likewise be investigated in multi-channel patches. 
However, these patches had the disadvantage that they almost always contained 
channels of several different types, which could no longer be identified as single 
channels in a large current. One approach to the interpretation of these currents is to 
match current components with known single channels, based on their deactivation 

kinetics during “tail” currents (the currents which are recorded on returning to the 

holding potential after a pulse step) and on their voltage dependence.

Typical patches from human axons contained up to three components of voltage- 
dependent current, deactivating with fast, intermediate and slow kinetics. During 
long depolarising pulses, the current inactivated with at least two time constants. 
For example. Figure 9 shows currents in a patch with a large number of voltage- 
dependent channels. The test pulses are long enough for inactivation of one 

component to be complete, and the tail currents contain two components with
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different kinetics. In Figure 25, shorter pulses were used, and a faster-deactivating 

component could also be distinguished in the tail currents.

2 Classification of voltage-dependent potassium channels

The classification schemes of Dubois (1981&) and Jonas et al. (1989), developed 
for amphibian axons and described in section 3 of Chapter 1, are also appropriate for 

most of the observations of channels in human axons.

Jonas et al. identified three types of voltage-dependent channel, named after 
their rate of deactivation. The F (fast-deactivating) channel appears to correspond to 
the / 2  component of macroscopic conductance described by Dubois; it activates 
over a broad voltage range from -40 mV to +20 mV, inactivates rapidly (within 
seconds) and deactivated with fast kinetics. The I (intermediate) channel shows 
similarities to Dubois’ f i  component of macroscopic current; it activates steeply 
between -70 mV and -40 mV, and deactivates and inactivates more slowly than the F 
channel. The S (slow-deactivating) channel activates at more negative potentials than 
the other two types, and deactivates slowly. Jonas et al. identified this channel with 
the slow macroscopic current described by Dubois.

As described in this chapter, these three types of single channel are also present 
in human axons, and their characteristics are closely similar to those in rat and 
Xenopus axons. Matching single channels with current components in multi-channel 
patches is less straightforward, and the results from single channels and large patches 
will therefore be presented in separate sections.
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3 Single I channels

Figure 2 shows a recording from an inside-out patch which contained five channels 

of one type (channel counting is explained in section 3.2). They were activated by 

depolarisation, and closed again on returning to the holding potential of -80 mV. 

Their selectivity was demonstrated by changing the solution bathing the 
intracellular surface of the patch from the standard internal solution to one containing

5,6 mmol/1 K"̂ . The extrapolated reversal potential shifted to around +60 mV, 

indicating that the channels were K'^-selective (not illustrated).
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Figure 2
(left) I channels in an inside-out patch from the paranode of a human axon, in 

symmetrical 155 mmol/1 KCl. Depolarising pulses of 125 ms duration were 
applied from a holding potential of -80 mV. Currents recorded at -60, -40 and 
+20 mV are shown.

(right) Averaged I channel current (90 pulses at each potential) in the same patch, in 
response to 125 ms pulses to potentials between -80 and +60 mV, in 20mV steps.

Most patches contained K^ channels of this type. They appear essentially identical 

to the I channel in Xenopus (Jonas et al. 1989) and rat (Safronov et al. 1993), and 

will be given the same name in this study.

3.1 Conductance o f  the human I  channel

In patches like that in Figure 2, currents through single I channels could easily be 
measured over a wide range of potentials. In patches with a large number of channels, 

single I channel currents could only be resolved where their open probability was 

small, for example during the late stage of inactivation, where isolated openings and 

closings are again visible (see Figure 8). In this case, it was no longer possible to
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match the conductance of a single channel with its voltage dependence or its 

activation or deactivation kinetics, so the identification of I channels was based on 

the characteristic gating of the channel in its “noisy” mode (see section 3.4), and also 

on its rate of inactivation (see section 3.5).

Amplitudes of currents through single I channels in five patches, including that 

shown in Figure 2, are plotted against potential in Figure 3.
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Figure 3
Current amplitude through single I 

channels in five patches; the patch 
shown in Figure 2 (filled circles), one 
other inside-out patch, and three 
outside-out patches. Each symbol type 
represents a different patch. Filled 
symbols show measurements in 
symmetrical 155 mmol/1 K ,̂ and open 
symbols measurements in Ringer 
solution. The squares indicate a patch 
where all measurements were made 
during the late stage of inactivation (see 
text); in other patches, measurements 
were made during brief depolarising 
pulses or tail currents.

Conductances were estimated by fitting 
linear regression lines, with those in 
symmetrical high constrained to 
pass through the origin. The 
conductances are: in symmetrical
155 mmol/1 K ,̂ inward current 30.5 pS, 
outward current 17.1 pS; in Ringer 
solution, outward current 11.7 pS. The 
extrapolated reversal potential in Ringer 
is about -82 mV, compared to a K"*" 
equilibrium potential of -83.6 mV under 
these conditions.

The conductance in Ringer solution is about 12 pS, and is ohmic over a wide range 

of potentials. The extrapolated reversal potential is close to the equilibrium 

potential, demonstrating high selectivity for K^. In symmetrical 155 mmol/1 K^, the I 

channel shows a small degree of inward rectification, with a conductance for outward 

current about 50% larger than in Ringer solution, and a conductance for inward 

current of around 30 pS.

Some patches contained channels with a conductance for inward current of 

about 40 pS in symmetrical 155 mmol/1 K^. These channels activated at similar 
potentials to the I channel, and deactivated with similar kinetics, but their open state
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was somewhat less noisy than that of the I channel. Other patches contained 25 pS 

channels with similar kinetics and voltage dependence (visible in Figure 1). Frequent 

short re-openings of the 40 pS channels were seen during tail currents (visible in 

Figure 14), a feature which was rarely exhibited by the I channel. All these channels 

were blocked completely by 1 pmol/1 DTX. On the basis of their voltage dependence, 

kinetics and DTX sensitivity, the 40 pS and 25 pS channels can be grouped together 

with the I channel (see also Safronov et al. 1993); however, these similarities do not 

exclude the possibility that they are quite different channels (this is discussed further 

in Chapter 8 ).

3.2 Kinetics and voltage dependence o f  I  channel activation

The I channels in Figure 2 activate at potentials around and positive to -70 mV. To 

calculate the voltage dependence of their open probability, the mean number of open 

channels was determined at the end of 125 ms depolarising pulses to various 

potentials, and divided by the total number of channels in the patch. The number of 
channels in the patch was estimated to be five, by comparing the number of channels 

visible in 990 tails (after pulses to potentials between -40 and +60 mV) with the 

binomial probability distribution. The voltage dependence of the open probability is 

shown in the left panel of Figure 4; it increases steeply between -70 mV and -40 mV, 

reaching a maximum of Popen = 0.44.

0.5-
251

'  '

-80 0 80 
E (mV)

-80 0
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80

Figure 4
(left) The voltage dependence of the open probability of the I channels in the patch 

shown in Figure 2, measured after a 125 ms depolarising pulse. The smooth curve 
is a fit to the Boltzmann function:

P =Popen open max / ( l + e x p ( ( £ „ , - £ ) / * ) )

with F 0.5 = -59.6 mV,^ = 3.5 mV and P,open max = 0.44.
(right) Time to half-maximal activation (t 0 .5) of I channel currents in the same patch, 

plotted against the potential of the depolarising pulse.

Activation of I channels begins after a delay at potentials between -70 mV and 

-50 mV (see averaged current at -60 mV, the slowest, in the right panel of Figure 2).
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At more positive potentials, any delay becomes too short to resolve. The time to half- 

maximal activation is steeply voltage-dependent in the range between -60 mV and 

-10 mV, becoming faster at more positive potentials, and reaching an asymptote of 

about 1 ms at potentials positive to +20 mV (see Figure 4, right panel).

3.3 Deactivation kinetics o f  the I  channel

On returning to a holding potential of -80 mV after a depolarising pulse, the 

deactivation of I channels can be fitted approximately with a single exponential in 

most patches. The time constant in three patches was 22.5 ± 2.1 ms (mean ± standard 

deviaton). Figure 5 (left panel) shows the averaged tail current in the patch from 

Figure 2; in this case, a single exponential fits the decay of the current very well.

-80mV OmV-I -80mV

2pA r=21.3ms

50ms

SpA

100ms

Figure 5
(left) Tail currents in the patch shown in Figure 2, averaged across a total of 990 tails, 

after 125 ms depolarising pulses to between -40 mV and +60 mV. The smooth line 
shows a single exponential fitted to the averaged tail current, with time constant 
X = 21.3 ms.

(right) Tail currents in another inside-out patch, from the paranode of a human 
sensory axon, which contained 7 or 8 I channels. The average of 350 tails after 
5 0 ms depolarising pulses to OmV is shown. The smooth line shows a single 
exponential fit with time constant x = 21.2 ms.

Both recordings were made in symmetrical 155 mmol/1 K .̂

However, in two other patches with small numbers of I channels, a slower 

component of small amplitude appeared to be present in averaged tail currents, and a 

better fit was obtained with two exponential components than with one. The slower 

component is just visible as a slight deviation from the fit in the right panel of 

Figure 5. This phenomenon was investigated further in one of these two patches, as 

described in the next section.
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3.4 Multiple gating modes o f the I  channel

3.4.1 Deactivation kinetics

Tail events in a patch which contained two I channels are shown in Figure 6. Two 

types of tail events were seen in this patch. One type, seen in the second and bottom 

traces in Figure 6, had an amplitude of about 2.4 pA (conductance 30 pS), and was 

characterised by long openings interrupted by very brief closings which could not be 

resolved completely at the filter frequency of 1 kHz used in this recording. This 

produces a “noisy” appearance, which is the typical appearance of the I channel (see 

also Figure 1 and Figure 2). The other type, seen in the top and third traces in

____________-80mV

4pA

.............

50ms

100

T = 24.9ms

0 200
time (ms)

100

Ti = 15.9ms 
T2  = 102ms

2000
time (ms)

Figure 6
(left) Tail events in an outside-out patch from the intemode of a human sensory axon 

in symmetrical 155 mmol/1 KCl. The holding potential was -80 mV, and 50 ms 
depolarising pulses were applied to -8 mV. Two types of gating are visible, termed 
“noisy” (in the second, fifth and bottom traces) and “flickery” (in the top, third and 
fourth traces). These terms are explained further in the text.

(right) Cumulative probability distributions of burst duration from tail events like 
those shown in the left panel. Dotted lines show fits of one (upper) or two (lower) 
exponential functions.
(upper) Burst duration distribution of “noisy” tail events (n = 88)
(lower) Burst duration distribution of “flickery” tail events (n = 73)

Figure 6, showed bursts of shorter openings, with amplitudes about 1.8 pA (22.5 pS).

The closings within each burst were longer than in the “noisy” events and well
resolved, giving these events a “flickery” appearance.

85



It appeared at first sight that this patch contained one I channel, and one channel of 

a different type which was responsible for the “flickery” events. However, in some 
tails where two channels were present, they were both “noisy”, and in other cases, 
both channels were “flickery” (see Figure 6). If the “noisy” and “flickery” gating 
represent distinct channel types, the patch would therefore have to contain at least 
four channels. This is very unlikely: the tail currents after a total of 284 depolarising 
pulses were recorded over a 20 minute period, and about half of them contained one 

or two channels, with none containing more than two. This is in accordance with the 

binomial probability distribution if the patch contained two channels, but if it 

contained four channels, the probability of observing more than two channels in a tail 
would be 0.14, or about 40 of 284 tail currents. It is therefore highly likely that the 
patch contained only two channels, and that switching between different states of the 

channel produced the two modes of gating seen here.

Switching between these two gating modes can occasionally be observed directly 
during a single burst of openings of the I channel (see Figure 7, upper left panel).

When the distribution of the time until the last closing of the channels during tail 
currents (equivalent to the burst duration) is plotted for “noisy” and “flickery” tail 
events, the “noisy” mode of gating produces a distribution with a single time constant 
(upper right panel in Figure 6), close to that which dominates the averaged I channel 
tail current (section 3.3), while the “flickery” mode of gating produces a distribution 
with a prominent slower component (lower right panel in Figure 6). Although the 

faster time constant fitted here is shorter than that in the upper panel, the distributions 
are identical up to 30 ms. In both distributions, the number of very short events is 
under-estimated, since some tail events were too short to be assigned reliably either 
to the “noisy” or to the “flickery” mode, and were excluded.

3.4.2 Voltage dependence and kinetics o f activation

The “flickery” mode appears to have a higher open probability than the “noisy” 

mode at -80 mV: when openings were seen at a holding potential of -80 mV, the great 
majority were in the “flickery” mode. The lower left panel of Figure 7 shows 

spontaneous openings of I channels in the patch from Figure 6; bursts of openings in 
the “flickery” mode are visible, with only a single opening into the “noisy” mode. In 
another patch, with a large number of I channels, the time course of activation in the 
“flickery” mode could be followed at -80 mV, a potential which induced almost no 

openings in the “noisy” mode (Figure 7, right). The rate of activation appears similar 

between “flickery” and “noisy” modes, despite the differences in their rate of 
deactivation and voltage dependence; the time to half-maximal activation of the
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averaged current in the right panel of Figure 7 is about 34 ms at -80 mV, which is 

comparable to the half-maximal activation times shown for the “noisy” mode in the 

right panel of Figure 4.

The nature of this switching is considered in Chapter 8, and a gating scheme which 

describes this behaviour is suggested.

+7mV 

2pA

-80mV

1000ms

-120mV

5pA

I

-80mV

5pA IpA

50ms250ms

Figure 7
(upper left) Switching between the “noisy” and “flickery” gating modes during a 

single burst of openings of an I channel in an outside-out patch from the intemode 
of a human sensory axon. The recording was made at a holding potential of +7 mV 
in Ringer solution.

(lower left) Spontaneous openings of I channels in the “flickery” gating mode in the 
patch featured in Figure 6, at a holding potential of -80 mV in symmetrical 
155 mmol/1 K .̂ A single opening into the “noisy” mode is also visible (bottom 
trace, last opening)

(right) I channels in the “flickery” gating mode in an outside-out patch from the 
paranode of a human sensory axon, in symmetrical 155 mmol/1 K .̂ Currents at the 
beginning of depolarising pulses from -120 mV to -80 mV are shown in the upper 
panel, and the averaged current in the lower panel (n = 52). Activation can be 
described by a single exponential (i = 48.9 ms) with a brief delay.
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3.5 Inactivation o f the I  channel

During long depolarising pulses in patches with small numbers of channels, I 

channel openings were frequent at the onset of the depolarisation and became 

gradually less frequent during the next minute or so. Figure 8 shows a recording from 

a patch which probably contained about 2 0 -2 5  I channels; single I channels are 

visible during the last 30 s of the 45 s pulse.

A detailed analysis of inactivation in this patch is presented in section 4.3.

-50mV
-lO O m V -T

Figure 8
Inactivation of single I channels in an 
outside-out patch from the intemode of 
a human sensory axon. The patch was 
stepped from -100 mV to -50 mV in
symmetrical 155 mmol/1 K .̂

lOpA
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4 The intermediate component in multi-channel patches

4.1 Identification o f  the intermediate component

In large tail currents recorded in symmetrical 155 mmol/1 KCl, the deactivation 

process could be fitted with the sum of two or three exponential functions. In each 

patch, all the tail currents at a given holding potential were averaged, and a sum of 

exponential functions fitted to the averaged tails, using the CLAMPFTT module of 

pClamp.

This procedure is illustrated in Figure 9, where the tail current can be divided into 

two components. A third, faster component is sometimes present in tail currents (see 

Figure 25), but it is absent here because the long depolarising pulse inactivates the 

channels responsible (see section 8.2, page 107). The slow and fast components of 

multi-channel K'*' currents are described in later sections (see sections 6, page 98, and 

8, page 106).
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-100mV
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Figure 9
(left) currents in an outside-out patch from the paranode of a human sensory axon, 

in symmetrical 155 mmol/1 K .̂ Depolarising pulses of 1 s duration were applied 
from a holding potential of -100 mV.

(right) Averaged tail currents in this patch at -100 mV, plotted on semilogarithmic 
axes, with two exponential components fitted; intermediate (x = 14.7 ms) and slow 
(x = 90 ms).

In almost all of 30 patches, the largest component in tail currents had a 

deactivation time constant comparable to that of the I channel (section 3.3); it will 

therefore be termed the intermediate component in this study. In patches with a total 

tail current amplitude of 50 - 400 pA, the intermediate component accounted for 

about 50 - 75% of the current in most patches, and virtually all the current in some 

patches. The deactivation time constant of this component was measured in one patch 

over a range of potentials, and these measurements are shown in Figure 10, along 

with single measurements from six other patches at either -80 mV or -100 mV. The
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time constants of I channel deactivation, measured in three patches at -80 mV, are 

included for comparison (filled circles). At a holding potential of -100 mV, the 

intermediate component deactivated with a time constant of 7 .6 - 16.8 ms, and at 

-80 mV, of 10.7 - 31.0 ms. In all cases, it was blocked completely by 1 pmol/1 DTX 

(7 patches).

OmV

—100mV
—70mV

20mV

200pA

200ms

5 0 -

-120 - 8 0
E (mV)

Figure 10
(left) Tail currents in the patch shown in Figure 9, in symmetrical 155 mmol/1 K"̂ , 

showing the time-course of deactivation at potentials between -120 mV and 
-70mV. Currents were activated by a 500ms pulse to OmV from a holding 
potential of -100 mV.

(right) Voltage dependence of the deactivation time constant of the intermediate 
component in large tail currents in this patch (open squares). Single measurements 
in six other outside-out patches at -80 mV or -100 mV are also shown (all symbols 
represent the same patches as in Figure 11). Filled circles show the deactivation 
time constants measured from single I channels in 3 patches.

4.2 Activation o f  the intermediate component

To measure the voltage dependence of activation of the intermediate component in 

each patch, all tail currents at -100 mV after depolarising pulses to a given potential 

were selected and averaged, and fitted with sums of exponential components. The 

time constants were fixed at the values previously measured from all the tails in that 

patch at -100 mV (section 4.1), and only the amplitude was allowed to vary. In some 

patches, the holding potential was -80 mV instead of -100 mV, but the procedure was 

otherwise the same. This approach produced good fits, except in two patches where 

large tail currents were measured with high-resistance pipettes, causing a series 

resistance error which distorted the tail current. Recordings from these patches were 

rejected.

The voltage dependence of activation of the intermediate component was measured 

in seven outside-out patches, and is shown in the left panel of Figure 11. It is
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indistinguishable from that of the single I channel, described in section 3.2 

(Figure 4). The voltage dependence of I channel activation is shown for comparison 

in Figure 11 (filled circles).

1.0 It»
-80 80
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-80 0
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Figure 11
(left) Voltage dependence of activation of the intermediate component in seven 

outside-out patches with large currents, measured from the amplitude of 
exponential components in tail currents which deactivated with intermediate 
kinetics (see Figure 10). Each patch is indicated with a different open symbol, and 
each symbol indicates the same patch as in Figure 10. Measurements were 
normalised by fitting the Boltzmann function:

/ = / „ ,/(l+exp((£o.5-£)A))
to the current amplitudes in each patch, and dividing each point by /max- Values 
obtained from the fits (mean ± standard deviation) were: Fq.s =-55.3 ± 6.8 mV; 
k = 5.9±  1.4 mV. The filled circles show the open probability of the I channel 
(Figure 4), and the smooth line the fit to the Boltzmann function from that figure.
Measurements from Figure 4 were normalised by dividing by P,open  max = 0.44.

(right) Voltage dependence of time to half-maximal activation (fo.s) of currents in four 
outside-out patches whose currents were dominated by the intermediate 
component. The open symbols in this panel refer to the same patches as in the left 
panel. The line shows the equivalent measurements for the I channel (from 
Figure 4).

The rate of activation of the intermediate component was measured in three 

outside-out patches whose currents were dominated by the intermediate component. 

These measurements are shown in the right panel of Figure 11. The values obtained 

are virtually identical to the corresponding measurements in single I channels.

4.3 Time course o f  slow inactivation

In patches with large currents, the inactivation process has both fast (complete 

in around 1 - 5 seconds) and slow (complete in around 1 minute) components. This is 

visible in the upper right panel of Figure 12, which shows that the slower component 

can be fitted very well with a single exponential. The faster component here had a 

time constant of 2 s and comprised about 30% of total current at -40 mV; it is
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discussed further in section 8.2 (page 107). The slower component of inactivation in 

this patch had a similar time course to the inactivation of the I channel shown in 

Figure 8.

Although single I channels were often visible during inactivation in the patch in 

Figure 8, the currents were large enough to allow the time constant of inactivation to 

be measured at several potentials. Inactivation of the current in this patch is 

shown in the left panel of Figure 12, at potentials between -60 mV and +60 mV.
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Figure 12
(left) current inactivation in an outside-out patch from the intemode of a human 

sensory axon, in symmetrical 155 mmol/1 K .̂ The patch probably contained about 
20 - 25 I channels. The smooth lines are single exponential functions fitted to the 
decay of the current. The time constants of these fits are shown in the lower right 
panel.

(upper right) In a different patch, with a much larger number of channels, the slow 
phase of inactivation at -40 mV is well fitted by a single exponential. A faster 
phase of inactivation is also visible. Outside-out patch, from the paranode of a 
human sensory axon, in symmetrical 155 mmol/1 K .̂

(lower right) Time constants of single exponential fits to slow inactivation in three 
outside-out patches. The filled circles correspond to the fits shown in the left 
panel.

Slow inactivation in these currents is fitted with a single exponential, and the time 

constants of these fits in this and two other patches are shown in the lower right panel 
of Figure 12. Inactivation becomes slower at more positive potentials, and it is not 

complete during the 80 s pulse applied at the most positive potential of +60 mV. At
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these large positive potentials, single I channels in this and other patches often 

remained active for several minutes.

4.4 Voltage dependence o f inactivation o f the intermediate component

When the holding potential applied to a patch was changed from around -100 mV 
to less negative potentials, the currents induced by depolarisation were reduced 
due to inactivation. The voltage dependence of this inactivation was followed in one 

patch, whose currents were dominated by the intermediate component; the recordings 
are shown in Figure 13. Most of the current in this patch inactivated at -40 mV 
with a time constant of 12.3 s, consistent with the slow component of inactivation 
described in the previous section. Like the patch featured in the upper right panel of 
Figure 12, this patch also contained a small fast-inactivating current component 
(of the order of 10% of the total current) which is discussed further in section 8.2.

The holding potential was changed from -100 mV (-103 mV in Ringer solution) to 
potentials between -90 mV and -40 mV. Each holding potential was maintained for at 
least three minutes, long enough to allow the slow component of inactivation to reach 
its steady state (see section 4.3). Depolarising pulses of 250 ms duration were applied 
at 2-second intervals to potentials between the holding potential and +60 mV. Steady- 
state inactivation was measured at each potential by measuring the amplitude of 
currents during each depolarising pulse (both at the beginning and the end of the 
pulse), and expressing this as a fraction of the current amplitude during the same 
depolarising pulse from a holding potential of -100 or -103 mV; this fraction was 
then averaged across all the depolarising pulses from a given holding potential. The 
fraction of current which could still be activated is shown, plotted against holding 
potential, in Figure 13. The maxima of the fitted Boltzmann functions are around 5% 
greater than the current at -100 or -103 mV, implying that only a small fraction of the 

current is inactivated at this potential. About half of it is inactivated at -80 mV.

The possibility that the rains of depolarising pulses themselves inactivated some of 

the current was tested by comparing the voltage dependence of inactivation 
measured from pulses to 0 mV (9th pulse in the train when E hold was -100 mV) or to 
+60 mV (15th pulse in the train). No difference in the degree of inactivation was 
evident.

Measurements made at the beginning and end of the 250 ms depolarising pulses 

also give identical estimates of the voltage dependence of inactivation (the two 

smooth curves in Figure 13), despite the fact that fast inactivation is evident during 
the pulses (it is especially noticeable in the uppermost current trace in Figure 13). 
This suggests either that the contribution of the fast-inactivating component to the
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measurement of voltage dependence was negligible, or that the voltage dependence 

of inactivation of the two components was similar. In either case, the measurements 

shown in Figure 13 are a good estimate of the voltage dependence of inactivation of 

the intermediate component.
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Figure 13
(left) currents elicited by 250 ms depolarising pulses to potentials up to +60 mV, 

from holding potentials {E hou) of -103 mV and -73 mV in Ringer solution, and 
-40 mV in isotonic KCl. Outside-out patch from the intemode of a human sensory 
axon.

(right) Voltage dependence of inactivation of the K  ̂ current in this patch. Currents 
elicited from each holding potential were averaged across all the depolarising 
pulses (10 - 16 pulses, depending on E hold)̂  These averages and the corresponding 
SEMs were normalised, with the currents from a holding potential of -1(X) or 
-103 mV represented by a value of 1. Current amplitudes were measured 25 ms 
into the pulse (circles) and at the end of the pulse (squares), in Ringer solution 
(open symbols) and isotonic KCl (filled symbols). The smooth curves are fits of 
the Boltzmann function:

I= L J { l+ e x p { ( E - E j /k ) )

with the values: (25 ms into pulse) Fqs =-79.8 mV, A: = 6.9 mV; /max =1.05; 
(end of pulse) Eq.s = -79.1 mV; k = 6.9 mV; /max = 104.
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5 Single S channels

Figure 14 shows a recording from an outside-out patch which had large 

currents. Addition of 1 pmol/1 DTX blocked almost all of the current (left panel, 

lower trace). The remaining channels are shown at higher gain in the right panel. 

Some had a large conductance and opened briefly during the depolarising pulse, and 

very briefly in tails (right panel, top trace). These will be described later (section 7).
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Figure 14
(left) currents in an outside-out patch from the paranode of a human sensory axon, 

in symmetrical 155 mmol/1 K ,̂ before (above) and after (below) the application of 
1 pmol/1 DTX. Almost all the current was blocked by DTX. Before DTX 
application, re-openings of 40pS channels (see section 3.1, page 81) are visible 
during tail currents.

(right) Currents in the same patch at higher gain; S channels, and occasionally F 
channels (section 7, page 102), are visible during the depolarising pulses and in 
tail currents.

Most of the channels which remained visible in this patch in the presence of DTX 

had a small conductance, were activated by pulses to -80 mV and more positive 

potentials, and deactivated at -100 mV with a time constant about four times as long 

as that of the intermediate component. In tail currents recorded in symmetrical 

155 mmol/1 K^, the conductance of this channel type for inward current was around 

10 pS. It is no longer visible in Ringer solution at -60 mV or -100 mV, demonstrating 

its selectivity (see channel “a” in Figure 1). It seems to be the channel which has 

been named the S channel in Xenopus and rat axons (Jonas et al. 1989, Safronov et 

al. 1993), and will here also be called the S channel.
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5.1 Conductance o f the S channel

Single S channel current amplitudes measured from four patches are shown in 

Figure 15. Two of the three channels in the patch in Figure 14 had a smaller single

channel current than the other S channels in this and the other three patches, and their 

conductance has been fitted separately.
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Figure 15
Current amplitudes through single S 

channels in four outside-out patches in 
symmetrical 155 mmol/1 
Measurements made in the presence of 
1 |imol/l DTX are shown as open
symbols, and without DTX as filled
symbols; the circles indicate the patch
shown in Figure 14. The straight lines
are linear regression lines constrained 
to pass through the origin, and indicate 
conductances of 10.5 and 6.8 pS.

It is difficult to measure the conductance of the S channel except in a narrow range 
near the holding potential, because it activates rapidly during large depolarising 

pulses, and it rarely shows the short closings between bursts which are characteristic 
of the I channel. The measurements in Figure 15 were made either in the potential 

range where activation is relatively slow, or in tail currents.

5.2 Voltage dependence o f  S channel activation

In the patch shown in Figure 14, most tail events contained two S channels, some 

one or three and a few none. No tails contained more than three channels. This is in 

accordance with the prediction of binomial statistics for a patch containing three S 

channels, with relatively high open probability.

The S channels which were open at the beginning of tail currents after 250 ms 

pulses to various potentials were counted, and the open probability derived, assuming 

that the patch contained three channels. 4 - 5  tail currents were analysed at potentials 

positive to -80 mV, and 32 at -80 mV. The open probability is shown plotted against 

potential in the left panel of Figure 16. Like I channels, it appears that the open 

probability of S channels never reaches 1. Their activation is steeply voltage 

dependent over the range of potentials from -80 mV to -50 mV, although the voltage 

dependence is less steep than that of the I channel.
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5.3 Deactivation kinetics of the S channel

The deactivation kinetics of the S channel at the holding potential can be measured 

in the same way as for the I channel (section 3.3), by averaging tail currents. S 

channel deactivation is fitted well by a single exponential, with a time constant of 

41.7 ms at -100 mV (Figure 16, right panel).
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Figure 16
(left) Open probability of the S channels in the patch shown in Figure 14, measured 

after 250 ms pulses to potentials between -80 mV and +40 mV, from a holding 
potential of -100 mV. The smooth line is a fit of the Boltzmann function (see
Figure 4) with the following values: E q_s = 68.1 mV; k -  7.2 mV; P,open  max = 0.62.

(right) Averaged tail events (n = 38) in the patch shown in Figure 14, in symmetrical 
155 mmol/1 K ,̂ in the presence of 1 pmol/1 DTX. The smooth line is a single 
exponential, with a time constant of 41.7 ms.
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6 The slow component of multi-channel current

In several patches with large currents, a fraction of the tail current deactivates 

more slowly than the intermediate component described in section 4. The time course 

of deactivation of this slow component is often similar to that of the averaged S 
channel tail currents in section 5.2, but occasionally much slower; its voltage 

dependence is often similar to that of the S channel, but sometimes much less steep. 

In most patches, it accounted for a small fraction (up to 25%) of the total current.
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Figure 17
(left) currents in an outside-out patch from the paranode of a human sensory axon, 

in symmetrical 155 mmol/1 K .̂ 1 pmol/1 DTX (final concentration) was added to 
the bath. Most of the remaining current activated and deactivated more slowly than 
the intermediate component. A fraction of the intermediate component can still be 
seen, probably because of incomplete mixing of DTX in the bath solution.

(right) Voltage dependence of the deactivation time constant of the slow component in 
five outside-out patches (open symbols). Symbol types represent the same patches 
as in Figure 18. For comparison, the filled circles show the time constants of 
deactivation of single S channels at -100 mV (from Figure 16) and of the 
“flickery” mode of the I channel at -80 mV (from Figure 6).

In one patch with an unusually large slow component, application of 1 pmol/1 DTX 

(see section 5) revealed a slow multi-channel current, which is shown in the left 
panel of Figure 17. This recording was too short to measure accurately the time 
constant of the tail currents, but it was probably around 60 ms.

6.1 Deactivation kinetics

Deactivation time constants of the slow component measured from long tail 

currents (0.5 - I s )  in five outside-out patches are shown in the right panel of 

Figure 17. They appear to fall into two groups. Most of the patches had a slow 

component which deactivated with a time constant around -40 ms at -100 mV, similar
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to that of the S channel (Figure 16). In one patch the deactivation was much slower, 

with a time constant of about 90 ms at -100 mV and a little over 100 ms at -80 mV. 

The nature of the slow component in this patch was investigated further (see section 

6.3).

6.2 Voltage dependence o f activation

The amplitude of the slow component of multi-channel current was measured 

after depolarising pulses to various potentials, as described for the intermediate 

component (section 4.2), and the voltage dependence of its activation derived. This is 
shown in Figure 18. In three of five patches, the voltage dependence of activation
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Figure 18
Voltage dependence of activation of the slow component of multi-channel current in 

five outside-out patches. Measurements are shown in two groups for clarity, with 
those from single S channels for comparison (filled circles with fitted Boltzmann 
function from Figure 16, normalised by dividing by Popen xmx = 0.62). Each symbol 
represents a separate patch, and the same symbols have been used for each patch 
as in Figure 17. Measurements were normalised by fitting the Boltzmann function 
in Figure 11 to the tail current ampltude, then dividing each amplitude by /max-

(left) In three patches, the voltage dependence of activation (open symbols) matches 
closely that of single S channels. Values obtained from fits of the Boltzmann 
function were (mean ± standard deviation): Fog = -62.6 ±5.8 mV;
k -  5.6 ±1.3 mV.

(right) In two further patches, the activation of the slow component is much less steep.
A Boltzmann function (see Figure 11) is fitted to each set of points. The following 
values were obtained from the fits: F 0.5 = -46.3 mV, k = 13.8 mV; E 0.5 = -39.7 mV, 
k=  13.2 mV.

was virtually identical to that of the S channel (left panel of Figure 18). In at least one 

case, this resemblance is probably coincidental; the open squares in this figure, and in 

Figure 17, represent the patch featured in Figure 19, where S channels contributed 
little if anything to the slow component (see section 6.3).

In the other two patches investigated, the voltage dependence of activation of the 
slow component was much less steep. These measurements are shown in the right
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panel of Figure 18. The fitted Boltzmann functions in these two patches are very 
similar. The time course of deactivation in these two patches did not differ from that 
in the other two which form a cluster around 40 - 50 ms in Figure 17.

6.3 Which channels make up the slow component?

In two of five patches where both the deactivation rate and the voltage dependence 
of activation of the slow component were measured, these properties could be 
accounted for by the properties of single S channels. In two further patches, the 
deactivation rate is similar to that of the S channel, but the voltage dependence of 
activation is much less steep and shifted to more positive potentials (right panel of 

Figure 18); in these patches, it was not possible to identify single channels 

consistently in tail currents.

In the fifth patch, the slow component deactivated much more slowly than in the 
other patches (open squares, right panel of Figure 17). The time constant in this patch 
was the same as that measured from closings of the I channel in its “flickery” mode 
at -80 mV (filled circle at -80 mV in Figure 17; see also section 3.4 and Figure 6). 
The channels underlying the slow component in this patch were therefore 
investigated further, to see if it could be accounted for by “flickery” I channels. 
Currents from this patch, already seen in Figure 9, are shown at high gain in 
Figure 19.

- 4 0 m V
- l O O m V

- 8 0 m V

- 8 0 m V

- 4 0 m V

Figure 19
Currents in the patch shown in Figure 9, 

in symmetrical 155 mmol/1 K ,̂ at high 
gain. Pulses to -80 mV (above) elicit 
only openings o f I channels in 
“flickery” mode. Pulses to -40 mV 
(below; the current during the 
depolarising pulse is too large to show) 
elicit large inward currents and tail 
currents. From about 55 ms into the tail 
current after the -40 mV pulse, activity 
of “flickery” I channels is visible.

5 0 0 m s

The patch contained a large number of I channels which were gating in “flickery” 
mode. Small depolarising pulses opened “flickery” I channels, but induced hardly any 
openings in the “noisy” mode (upper panel of Figure 19; compare with the lower left
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panel of Figure 7). These channels deactivated with a time course similar to that 

described in section 3.4. After larger depolarising pulses (lower panel of Figure 19), 
activity resembling that of “flickery” I channels is visible from around 55 ms into the 
tail current, with some brief closings already reaching almost the zero current level; 
this makes it unlikely that the patch contained large numbers of S channels, which 
produce long uninterrupted openings. It is therefore very likely that the “flickery” I 

channels in this patch, and not S channels, produced the slow component of the 
multi-channel current.
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7 Single F channels

Currents recorded from an outside-out patch with a large current are shown in 

Figure 20. After application of 1 pmol/1 DTX, channels became visible which had a 

large conductance, showed very brief openings during depolarising pulses to -50 mV, 

and became more active at more positive potentials. The channels opened at the 

beginning of the depolarising pulse, but then inactivated during the pulse. The 

openings were somewhat less noisy than those of the I channel in its “noisy” mode, 

and similar to those of the 40 pS channels mentioned above (section 3.1). The 

channel deactivated very rapidly in tail currents at -100 mV, and showed occasional 
re-openings during tails. This channel type appears identical to the F (fast- 

deactivating) channel in Xenopus and rat (Jonas et al. 1989, Safronov et al. 1993), 
and will also be called the F channel here.
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4** I ...................I 500ms
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Figure 20
(left) currents in an outside-out patch from near the node in a human sensory axon, 

in Ringer solution with 300nmol/l TTX (top), in symmetrical 155 mmol/1 
(middle) and in symmetrical 155 mmol/1 in the presence of 1 pmol/l DTX 
(bottom). The holding potential was -100 mV (-103 mV in Ringer solution), and 
depolarising pulses (250 ms in Ringer solution. I s  in isotonic KCl) were applied, 
to potentials between -80 and +60 mV (Note the different time scales in Ringer 
and in isotonic KCl).

(right) Currents in isotonic KCl with 1 pmol/1 DTX, during depolarising pulses to the 
potentials shown. F channels are visible in all traces.

The F channel was rarely seen; in only two of 7 patches where large intermediate 
K^ currents were blocked by 1 pmol/1 DTX were F channels revealed (currents in the
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other one are shown in Figure 14), and they were never seen in single-channel 

patches.

7.1 Conductance o f the F  channel

The amplitudes of currents through single F channels in two patches are shown in 

Figure 21. The conductance of the F channel is about 50% larger than that of the I

I (pA)

-100 100 
E (mV)

- 3 -

- 6 ->

Figure 21
The amplitudes of currents through 

single F channels in two outside-out 
patches, recorded in symmetrical 
155 mmol/1 in the presence of 
1 pmol/1 DTX. One patch was from the 
paranode, and the other from close to 
the node, both in human sensory axons. 
Linear regression lines constrained to 
pass through the origin reveal 
conductances of 49.7 pS for inward 
current, and 28.9 pS for outward 
current.

channel, and like the I channel (Figure 3), it shows a slight degree of inward 
rectification in symmetrical 155 mmol/1 solutions. No recordings were made of 
this channel in Ringer solution containing DTX.

7.2 Activation and deactivation o f  the F channel

Currents in the patch shown in Figure 20, in the presence of 1 pmol/1 DTX, were 

averaged to show the characteristics of the current through F channels; the average 
current is shown in the left panel of Figure 22. Although only two pulses at each 
potential were averaged, making the currents noisy, the general form of the current is 

clear. Activation is rapid at the beginning of the depolarising pulse, and currents 
during the pulse are much larger at positive than at negative potentials. Deactivation 
on returning to the holding potential is very fast. The tail currents, averaged across 24 

tails, deactivate with a time constant of about 1.4 ms at -100 mV (right panel in 

Figure 22).

The F channel activates in the potential range between -40 mV and +40 mV, with a 

voltage dependence which is much less steep than that of the I and S channels. The 

voltage dependence of F channel activation is shown in Figure 23; it was derived 
from the currents shown in the left panel of Figure 22. Deactivation is too fast for
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individual closing transitions to be resolved with certainty, so the number of channels 
open at the end of each depolarising pulse was estimated from the amplitude of the 

tail currents and the F channel conductance of 49.7 pS derived in Figure 21.

+ 7 0 m V
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Figure 22
(left) Currents in the patch shown in Figure 20, in symmetrical 155 mmol/1 with 

1 pmol/1 DTX, in response to 25 ms depolarising pulses to between -80 and 
+70 mV. The average of two pulses at each potential is shown.

(right) Tails from the averaged currents shown in the left panel; tails after pulses to 
between -40 mV and +70 mV were averaged (a total of 24 episodes). The smooth 
line shows a fit of a single exponential function, with time constant T = 1.4 ms.
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Figure 23
(left) Voltage dependence of activation of F channels in the patch shown in Figure 20. 

Tail amplitudes were measured from the two-pulse averages shown in Figure 22, 
and the number of open channels N,,pen obtained from these amplitudes using the 
single-channel conductances in Figure 21. The smooth line is a fit of the 
Boltzmann function:

= ,̂,p™™,«/(l + exp((£„5 - £ ) A ) )  

with the values: £ 0.5 = +2.8 mV; k=  17.9 mV; V,open max = 2.4.
(right) Voltage dependence of the time to half-maximal activation (r 0 .5 )  of F channel 

currents in the same patch, measured from averaged currents during either 25 ms 
or 1 s pulses.
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The patch contained at least 3 F channels, but the maximum number 
simultaneously open was 2.5; so, as in the case of the I and S channels, the open 

probability of the F channel probably does not reach 1, at least at potentials up to 

+80 mV. However, it is not clear from Figure 23 that the maximum Popen was reached 

with pulses up to +80 mV, so it is possible that the open probability reaches 1 at more 

positive potentials.

The rate of activation, shown in the right panel of Figure 23, is steeply voltage- 

dependent in the range between -40 and -20 mV; the values obtained are similar to 
those from the I channel at potentials around 20 mV more negative (see Figure 4).

7.3 Inactivation o f the F channel

The single F channel currents shown in Figure 20 inactivate during 1 s pulses to 

positive potentials. This inactivation was investigated in the same patch, during a 
recording in which a large number of pulses to +80 mV had been applied. Averaging 

of the currents induced by these pulses shows that inactivation takes place with a 
time constant of 46 ms at +80 mV, but that inactivation is not complete during the 
250 ms pulses applied here. Some openings of single F channels are visible 

throughout the depolarising pulses in the upper part of Figure 24.

+80mV

-lOOmV

5pA

Figure 24
(upper traces) F channels in the patch 

shown in Figure 20, in symmetrical 
155 mmol/1 during 250 ms
depolarising pulses to +80 mV. These 
recordings are not leak-corrected, 

(bottom trace) Averaged F channel 
currents from 21 pulses to +80 mV. The 
smooth line shows a single exponential 
function (x = 46 ms) fitted to averaged 
F channel inactivation.

5pA

T  = 46.0ms

100ms
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8 Fast component of multi-channel current

Recordings in some patches containing a large number of channels displayed 

two features similar to F channels; they showed a rapid phase of inactivation, and 

there was evidence of a fast component in the tail current.

8.1 Fast tail current

Occasionally, fits of sums of exponential functions to multi-channel tail currents 

showed a fast-deactivating component with a time constant of 1 - 2 ms. However the 

amplitude was too small in most patches to allow characteristics of this component, 
such as its voltage dependence of activation to be measured.

One patch, shown in Figure 25, had a fast component with comparable amplitude 
to the intermediate component in the same patch, and this was analysed in detail.

+60mV
-80mV

Fast
T = 2.35ms

25pA

50ms

Intermediate 
T = 11.7ms

Slow 
T = 100ms

Time (ms)

Figure 25
(left) currents in an outside-out patch from the paranode of a human axon, in 

symmetrical 155 mmol/1 K .̂ Depolarising pulses of 125 ms duration were applied 
from a holding potential of -80 mV.

(right) Averaged tail currents in this patch, plotted on semilogarithmic axes, fitted 
with the sum of three exponential functions; fast (x = 2.35 ms), intermediate 
(x = 11.7 ms) and slow (x= 100 ms; this was not included in the analysis of the 
slow component in section 6, because of the short tail current recording).

Most of this fast component appeared to activate at potentials between -40 mV and 
+70 mV. In order to investigate whether its voltage dependence was consistent with 

that of the F channel, it was assumed that none of the current was active at -40 mV, 

and the tail currents after pulses to -40 mV were subtracted from those after pulses to 

more positive potentials (upper left panel of Figure 26).
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The current resulting from this subtraction is shown in the lower left panel of 

Figure 26. It is a fast-deactivating current, with a time constant of 2.4 ms at -80 mV, 

and its amplitude is about 30 pA, about half of the total tail current in the patch. The 

amplitude of this fast tail current was measured by fixing the time constant at 2.4 ms 

in exponential fits to tail currents after depolarising pulses to potentials between -30 
and +70 mV. The resulting voltage dependence of activation is shown in the right 

panel of Figure 26. It is indistinguishable from that of the F channel shown in 
Figure 23.
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Figure 26
(left) Tail currents in the patch shown in Figure 25, in symmetrical 155 mmol/1 K .̂ 

The upper trace shows tails after pulses to -40 mV and +70 mV. A fast tail current 
component is apparent at +70 mV which is not present at -40 mV, while the 
intermediate component is already fully activated at -40 mV. The lower trace 
shows tail currents after pulses to -20, 0 and +40 mV, after subtraction of the tail 
current after the -40 mV pulse. The smooth curve shows a single exponential 
function fitted to the current after the +40 mV pulse; it has a time constant 
T = 2.4 ms.

(right) Voltage dependence of activation of the 2.4 ms tail current shown in the lower 
left panel. The amplitudes of the 2.4 ms tails were normalised by fitting the 
Boltzmann function in Figure 11, then dividing each point by /max- The values 
obtained from the fit were: F 0.5 =-4.0 mV; k=  15.1 mV. The filled circles and 
smooth curve show the voltage dependence of the F channel from Figure 23, 
normalised by dividing each point by Vmax = 2.4.

8.2 Fast inactivation

The most noticeable feature in multi-channel currents that shows similarities to the 
F channel is the fast component of inactivation. A fast-inactivating component of the 

current was visible in about half of all patches, but in only 4 of 30 patches was it 

large enough to measure its amplitude and time course. It can be seen clearly in 

Figure 9, and the currents from this patch are shown expanded in Figure 27. A fast
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component of inactivation is present, increasing greatly in amplitude between +20 

and +60 mV.

Fits of a single exponential function to the fast inactivation process in four patches 

produced a time constant which was steeply voltage dependent, from around 500 ms 

at -40 mV to around 100 ms at +60 mV. However, the quality of the fit was bad at 

potentials positive to about +10 mV, and a better fit was obtained with two time 
constants, one below 50 ms and one around 500 ms.

The longer of these two time constants is too fast to be accounted for by the slow 

inactivation process (section 4.3, page 91), but it is often present even at potentials as 

negative as -40 mV. For example, in the patch shown in Figure 27, the K'*’ current at 

-40 mV shows substantial inactivation, with a time constant (x) around 0.5 - 1 s (the 

1 s pulses were too brief for an accurate estimate of x). In two patches where pulses 
of several seconds’ duration were applied at -40 mV (the current in one of them is 
shown in the upper right panel of Figure 12) slow inactivation was preceded by a 
large fast-inactivating component, with a time constant of about 2 s. It is interesting 
and curious that the amplitude of the fast-inactivating conductance present at -40 mV 
did not increase at more positive potentials, in contrast to the voltage dependence of 
the F channel already described.
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Figure 27
(left) currents in the patch shown in Figure 9, in symmetrical 155 mmol/1 K ,̂ 

during 1 s pulses to -40, +20, +30, +40, +50 and +60 mV, The current in response 
to the -40 mV pulse is fitted with a single exponential function (dotted line) with a 
time constant x = 406 ms.The current at +60 mV is fitted with the sum of two 
exponential functions (smooth line), with the slower time constant fixed at 406 ms 
(dotted line).

(right) Time constants of the faster of these two inactivation processes, measured 
from the currents shown in the left panel (open squares) and in three other outside- 
out patches (other open symbols). The time constant of F channel inactivation at 
+80 mV (Figure 24) is shown for comparison (filled circle).
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These observations suggest that there may be two components of fast inactivation, 

one about an order of magnitude faster than the other, and that the apparent voltage 
dependence of the rate of inactivation at potentials positive to +10 mV (becoming 

faster at more positive potentials) may be due to the voltage dependence of the 
amplitude of the faster component (which becomes larger at more positive 
potentials).

Accordingly, the currents in these four patches at -40 mV were fitted with a single 

exponential function, producing a time constant of around 0.5 - I s ,  and this time 
constant was fixed when subsequently fitting the sum of two exponential functions to 
currents at more positive potentials. The resulting fits were much improved over 
those with only a second exponential, and the faster time constant was insensitive to 
changing the slower one between 0.5 and 2s. This faster time constant of inactivation 
is plotted in the right panel of Figure 27. It is close to that measured for the F channel 
(section 7.3, page 105), and shows no clear voltage dependence..

The fast-inactivating current is therefore probably the sum of two currents. The 
faster component of inactivation, with a time constant around 30 - 50 ms at a wide 
range of potentials, can be accounted for by the F channel. The slower, with a time 
constant of 0.5 - 2 s at -40 mV, is probably associated with a conductance which is 
already fully activated at -40 mV. It may be a fast component of I channel 
inactivation, or it may result from other channels (perhaps the 25 pS and 40 pS 
channels mentioned in section 3.1, page 81) which have similar voltage dependence 
to the I channel. This question is considered further in Chapter 8.
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CHAPTER 6

VOLTAGE-CLAMP RECORDINGS FROM 
HUMAN AXONS



1 Methods

Specimens of human peripheral nerve were collected in sterile tissue culture 

medium as described in section 3.1 of Chapter 2. Nerves were transported to Queen 
Square by taxi, arriving within 1 hour of removal from the patient, and single 

myelinated nerve fibres were dissected out as described below. Eleven nerve fibres 
were isolated from nerves from four patients. Three of the patients (aged 28, 35 and 
53 years) were undergoing graft surgery due to accidents, and one (aged 18) was 
undergoing amputation because of von Recklinghausen's syndrome. Two ulnar nerves 
and two medial cutaneous nerves were used. (See footnote on page 117.)

1.1 Dissection and mounting

The dissection procedure is shown in Figure 1 and Figure 2. It was based on that 
previously described for frog nerve (Stampfli & Hille 1976) and since modified for 
rat nerve, although the density and strength of the connective tissue made the 
dissection of human nerve fibres much more difficult than in frog or rat. Satisfactory 
recordings were obtained only when the nerves were fresh, within about six hours of 
removal from the patient. The later deterioration was probably not due to rundown of 

ionic gradients: desheathed human fascicles show virtually no change in action 
potential amplitude during much longer periods (see Chapter 2, section 3.1.1). It was 
perhaps due to weakening of the axons in storage, making them more vulnerable to 
the physical trauma of the dissection procedure. Fibres were mounted in the 
recording chamber (see Figure 3) and action potentials and membrane currents were 
recorded in the usual way (Nonner 1969).

1.2 Voltage clamp o f the node o f Ranvier

In principle, the Nonner voltage clamp amplifier uses negative feedback to hold 
the inside of the nerve fibre at the same potential as the earthed pool B, which is in 
contact with the outside of the internode (see Figure 3, page 114). The potential 
inside the fibre is measured through the internode which is cut in pool C, and current 

is injected through the other internode which is cut in pool E. The potential across the 

nodal membrane is therefore the inverse of the potential in pool A, which is in 
contact with the outside of the node, with respect to earth. To depolarise the nodal 

membrane, pool A is made more negative. However, in practice, when the internodes 
in pools C and E  are cut, the true potential inside the fibre cannot be determined 
because of junction and Donnan potentials (see Marty & Neher 1995). The standard 
procedure (Nonner 1969) is to use the voltage dependence of Na^ current inactivation 

as an index of absolute membrane potential.
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Figure 1
Dissection of single fibres from human nerve.
(upper) The nerve fascicle is spread with two sewing needles (upper left, lower right) 

to form a “fan”. The fibre to be dissected is already free for some distance in the 
middle of the fan.

(lower) The other fibres are pulled away with the sewing needles, and cut with fine 
scissors. A single fibre is now free over a length of three internodes. Two nodes 
were present in this part of the fibre; one, which was stretched during dissection, is 
just visible as a slight constriction to the upper left of the picture, while the other, 
which is in good condition, is almost invisible.

Darkfield optics, magnification 36x.
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Figure 2
The intact node from the fibre dissected in Figure 1. Darkfield optics, magnification 

360x.

The holding potential E hold was adjusted to inactivate about 30% o f the peak Na^ 

current (corresponding to hoc = 0.7 in H odgkin-H uxley-type models; see Chapter 7). 

The absolute membrane potential at which exactly 30% o f the peak Na"̂  current was 

inactivated was measured in two experiments as -87 mV and -89  mV, after 

superfusing the node with isotonic KCl (see section 1.4 for solutions) and assum ing  

the equilibrium potential Ek to be 0 mV.

During the experim ents, all potential steps applied to the node were defined in 

relation to Ehold, and converted after the experiment to absolute membrane potentials. 

The conversion was done in two ways. After the experim ents in Ringer solution had 

been com pleted, the node was usually superfused with isotonic KCl, and depolarising  

pulses applied to activate K^ currents. The amplitude o f the pulse needed to reach the 

reversal potential o f  the K^ currents activating during the pulse was measured, and 

Ehoid assumed to be the inverse o f this. Ehoid measured in this way ranged in 5 axons 

from -77 mV to -91 m V (mean ±  SEM = -84.4 ±  2.6 mV). If isotonic KCl was not 

applied to the node, the conversion to absolute potentials was based on the voltage 

dependence o f inactivation o f the Na^ current, assuming that 30% o f the current was 

inactivated at -88 mV, as measured in two fibres (see above).
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1.3 Recording

Voltage clamp pulses were generated by pClamp software (Axon Instruments, 

Foster City, CA, USA), using an MC-DAS data acqusition board (also from Axon 

Instruments) in an IBM PS/2 computer. Stimulus pulses were generated either by 

pCIamp or by a laboratory-made pulse generator. Currents were filtered with a 4-pole 

Butterworth filter at 50 kHz and sampled using pCIamp at 100 kHz (in the first four 

experiments, filtered at 20 kHz and sampled at 50 kHz). Action potentials were 

sampled at 100 kHz without filtering. In voltage-clamp mode, the output of the 
amplifier was assumed to be proportional to membrane current through the node, and 

currents were calculated by dividing the amplifier output by the intemodal resistance 

(between points E  and D  in Figure 3). The value of this resistance was assumed to be

14.4 as in rat axons (unpublished results of Neumcke, Schwarz & Stampfli; 
cited in Schwarz & Eikhof 1987). Tetrodotoxin (TTX; 300 nmol/1) was used to 
isolate the Na"̂  current for quantitative analysis, assuming it to be identical with the 
TTX-sensitive current. In one experiment the Na"̂  current was partially blocked with 
3 nmol/1 TTX to reduce the effect of series resistance (Neumcke et al. 1987; see 
Figure 7 and Chapter 7).

1 mm

<5>

D

Figure 3
(left) The chamber used for the recordings. The fibre was mounted across the Perspex 

partitions in the middle of the chamber, and sealed with grease applied from a 
syringe. A and B are pools filled with Ringer solution, C and E are pools filled 
with isotonic KCl (see section 1.4 for solutions), and F is an air gap.

(right) Equivalent circuit of the axon mounted in its chamber, with the amplifier in 
voltage-clamp mode. The letters A, B, C and E correspond to the pools in the left 
panel, and D indicates the inside of the axon at the node. The pulse generator RG 
is connected between the A (nodal) pool and earth. From Nonner (1969).

The first four experiments were done at room temperature (25 ± 1°C), and the 
remaining seven with a temperature of 20°C in the nodal pool (pool A). A
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temperature-controlled block surrounded the recording chamber, and the solution 
perfusing the nodal pool flowed first through a coil of tubing inside the block. The 
block temperature was controlled by cooling it using iced water. The flow of iced 
water was switched on and off using a solid-state relay which operated a pump; the 

relay was controlled by a simple resistor bridge circuit, connected to a thermistor in 

the block. This system was probably insensitive to small changes in room 

temperature and in the flow rate of the solution superfusing the node, because the 
temperature difference between the block and the nodal pool was less than 1 °C.

1.4 Solutions

The solutions used were designed to be as similar as possible to those which had 
been used in voltage-clamp studies on rat axons (Roper & Schwarz 1989) and to 
those which had been used to patch clamp the human axons (Chapter 3). Ringer 
solution and isotonic KCl solution were exactly the same as those used in the patch- 
clamp experiments, except that Mĝ "̂  was omitted. Their compositions were (in 
mmol/1):

Ringer solution: NaCl 154, KCl 5.6, CaCli 2.2, HEPES (4-(2-hydroxyethyl)-l- 
piperazineethanesulphonic acid 5.46, NaHEPES 4.54. pH = 7.4 at 25°C.

Isotonic KCl solution: KCl 160, CaCh 2.2, HEPES 5.46, NaHEPES 4.54. 
pH = 7.4 at 25°C.

“Axoplasmic” solution: The solution in the end pools (C and E) of the chamber 
was a nominally Ca^^-free isotonic KCl solution: KCl 155, NaCl 5, HEPES 5.46, 
NaHEPES 4.54. pH = 7.4 at 25°C.

All solutions were made up from stock solutions as described in Chapter 3. 
300 nmol/1 TTX was included in isotonic KCl solution and added, if required, to 
Ringer solution, by dilution from a 300 pmol/1 aqueous stock solution. 
Tetraethylammonium chloride (TEA) and 4-aminopyridine (4-AP) were added as 
required to the recording solutions from 1 mol/1 stock solutions. The 4-AP stock 
solution was made up in 1 mol/1 HCl, which avoided a change in pH when it was 
diluted in Ringer solution or isotonic KCl. A stopcock was used to switch between 

the solutions perfusing the nodal pool.

Correction for the junction potential between Ringer solution and isotonic KCl was 

made as described in Chapter 3, section 1.2.5.
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2 Action potentials in human nodes

In most of the eleven human nerve fibres which were studied, the action potential 

amplitude was small in comparison with those reported in rat (Brismar 1980; 

Schwarz & Eikhof 1987) and frog (Huxley & Stampfli 1951; Frankenhaeuser 1957) 

axons.

In one fibre (upper left panel of Figure 4), an action potential with an amplitude of 

120 mV was recorded, comparable to that described in other species. The duration of 

about 2 ms at about 25°C was somewhat longer than that reported in rat at 20°C 

(Schwarz & Eikhof 1987).When this node was later voltage clamped, it revealed a 

smaller leak and more positive Na"̂  reversal potential {Enc)  than any other fibre (see 

the left panel of Figure 5 and the upper left panel of Figure 6). The smaller action 
potential amplitudes observed in the other ten fibres were presumably due to damage 
during dissection, causing internal Na"̂  accumulation or increased leak current or 
both.

50mV 50mV

1ms 20ms

50mV 50mV

1ms 20ms

Figure 4 (See footnote on page 117.)
(upper left) Action potential from a human node of Ranvier, recorded at room 

temperature (fibre B2916).
(lower left) Action potential and subthreshold response in a different human node 

(fibre 92D18), recorded at 20°C.
(right) Two examples of repetitive activity in response to a long depolarising current 

stimulus (fibre B2916).

When a long-duration depolarising current stimulus was applied to this fibre, 

repetitive activity resulted (right panel of Figure 4). The number of action potentials
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was never more than about 3 - 4 ,  and repetitive activity appeared only within a 
narrow range of stimulus currents. The inter-spike intervals were variable, but they 
always became progressively longer during a stimulus pulse until the repetitive 
activity died out. The second action potential always had a smaller amplitude than the 

first, but then the amplitudes increased until the end of the train.

An action potential from a different node is shown in the lower left panel of 
Figure 4. The amplitude is smaller than that of the action potential in the upper left 
panel, about 94 mV. The node was probably in good structural condition, judging 
from its small capacitance, small leak and large Na'^ currents (see the right panel of 
Figure 5 and the upper right panel of Figure 6). Its small action potential amplitude 
was probably due to its rather negative This fibre had a high threshold which 

may have been due partly to a larger leak than in the other fibre featured in Figure 4, 
but probably also to a hyperpolarising current which was applied during recording; 
this current was intended to counteract any depolarisation caused by rundown of 
ionic gradients, but it could have hyperpolarised the fibre beyond its normal resting 
potential.

No channel blocking drugs were applied in current-clamp mode, so it is not 
possible to conclude anything from these recordings about, for example, the roles of 
fast and slow channels in repolarisation and accommodation. These questions 
were explored with a mathematical model developed from the voltage-clamp 
recordings (see Chapter 7).

Footnote:

An ulnar nerve from a patient with von Recklinghausen's syndrome provided the 
material for recordings shown in Figures 4, 5 and 6 (Fibre B2916), and Figures 12 
and 13 (Fibres C2916 and E2917) of this Chapter, and Figures 5 (Fibres C2916 and 
E2917) and 8 (Fibre B2916) o f Chapter 7. Some measurements used to describe the 
time constants o f the slow K'*' current were made in axons from this patient (see 
Figure 5 o f Chapter 7).

Von Recklinghausen's syndrome is a peripheral neurofibromatosis. The possibility that 
this disease may have affected the behaviour of the axons should be borne in mind (in 
particular, fibre B2916 was the only one to show repetitive activity). However, no 
differences were discernible in channel kinetics between these fibres and fibres from 
other patients. Single action potentials in a fibre from this patient (B2916) could be 
modelled using information which had mostly been derived from fibres from other 
patients.
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3 Currents in voltage-clamped human nodes

When the nodal pool (pool A in Figure 3) was superfused with normal Ringer 
solution, and a holding potential of around -85 mV was applied (see section 1.2), 

depolarising pulses induced currents consisting of an early transient inward current, 
and a small, fast-activating, sustained outward current. Voltage-clamp currents from 
two fibres are shown in Figure 5. These are the same two fibres whose action 

potentials are shown in Figure 4. The early inward current could be blocked by TTX,

- 1 3 8 m V

+ 8 2 m V

- 9 8 m V
- 1 2 8 m V

+ 5 2 m V

- 8 8 m V

2 0 n A

5 m s

2 0 n A

5 m sFigure 5 (See footnote on page 117.)
(left) Currents recorded in a human node (fibre B2916) at room temperature. 12 ms 

pulses to between -98 mV and +82 mV are shown, preceded by 50 ms prepulses to 
-138 mV. The holding p o t e n t i a l w a s  -98 mV.

(right) Currents in a different human node (fibre 92D18) at 20°C, in response to the 
same pulse protocol as in the left panel (but using 10 ms pulses). Experiment 
92D18; Ehotd = - 8 8  mV. The top trace shows currents in Ringer solution, and the 
middle trace currents in Ringer solution containing 300 nmol/1 TTX. The 
TTX-sensitive current in this node, obtained by subtraction of the currents in the 
middle and upper panels, is shown in the bottom trace.

and was assumed to be a Na^ current, while the late outward component was found, 
on changing the bathing solution to isotonic KCl, to be selective for ions (see 
Figure 12, page 125). These currents were superimposed on an almost linear, time- 
independent “leak” current, the nature of which was not investigated.
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The small amplitude of the nodal current during short pulses is a feature shared 

with other mammalian species (Chiu et a l  1979, Brismar 1980), and contrasts with 

currents in amphibians (Frankenhaeuser 1962).

Current-voltage relationships for the three components - peak early inward current, 
sustained outward current, and “leak” - are illustrated for four axons in Figure 6. In 

some fibres, the fast current was large (lower left and lower right panels); in these 

fibres, a slow capacitative current was also present, indicating that the fibres had

-1 0 0 100 
E (mV)

— 50

-100 100 
E (mV)

—50

100 
E (mV)

-100

‘- - 5 0

-100 100 
E (mV)

—50
Figure 6 (See footnote on page 117.)
Current-voltage relations in four human axons. Filled symbols: peak early current 

(mostly Na'̂  current); open symbols: current at the end of a 10 ms pulse (K"̂  
current and leak). The leak, extrapolated from hyperpolarising pulses to around 
-130 mV, is shown as a straight line. Fibres B2916 (upper left), 92D18 (upper 
right), C2916 (lower left), A2D18 (lower right).

probably been stretched during dissection so as to expose intemodal axonal 

membrane. This would imply that, as in other mammalian species (Chiu & Ritchie 
1981, Roper & Schwarz 1989), fast potassium channels are present in high density 
under the myelin, immediately adjacent to the node. This is in agreement with 

observations from patch-clamp recordings in human axons (see Chapter 3).
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3.1 Sodium currents

3.1.1 Isolation o f the sodium current

The sodium current was isolated in two experiments by subtracting currents in 
Ringer solution containing 300 nmol/1 TTX from those in Ringer solution (Figure 5, 
lower right). In one fibre which was used for quantitative analysis, the effect of series 
resistance (see Chapter 7) was minimised by reducing the Na"̂  current with 3 nmol/1 

TTX. Sodium currents from this axon are shown in the left panel of Figure 7. The 
total current in this axon, and the current in 300 nmol/1 TTX, have already been 
presented in Figure 5.

The peak sodium currents, in normal Ringer and in the presence of 3 nmol/1 TTX, 
are shown plotted against pulse potential in the upper right panel of Figure 7. An 
ohmic conductance, as measured for single Na"̂  channels between -70 and +20 mV 
(see Chapter 4, Figure 2), does not fit the measurements at potentials positive to the 

Na"*" equilibrium potential Enu- Currents at potentials near E^a can be fitted with the 
Goldman-Hodgkin-Katz (GHK) current equation (Chapter 7, Equation 3), but 
rectification is stronger than that of the GHK equation at potentials more than about 
20 mV positive to E^a- The GHK equation was used in the quantitative analysis in 
Chapter 7, although it does not correspond to any likely physical model of ion 
permeation (Hille 1992), because it is a better empirical approximation to the data 
than an ohmic conductance.

The Na"̂  equilibrium potential shifted between the two sets of recordings in the left 
panel of Figure 7. It is likely that some Na"̂  which had accumulated during dissection 
was gradually lost again, following the cutting of the internodes in pools C and E  in 
“axoplasmic” solution with low [Na^]. Et̂ a before applying TTX was +19 mV, 
corresponding to [Na"̂ ]i = 72 mM; after applying TTX, about 12 minutes later, E^a 
was +32 mV, corresponding to [Nsf]i = 43 mM.

3.1.2 Voltage dependence o f activation

As explained in Chapter 4 (section 2.1.1), attempts to separate the activation and 
inactivation processes impose model-based assumptions on the data. This will be 
done explicitly in Chapter 7, but here, as for the Na"̂  currents in large multi-channel 

patches, the voltage dependence of the peak Na"̂  current will be used to derive the 

voltage dependence of activation. The peak currents in the upper right panel of 

Figure 7 were divided by the Na^ driving force {E - E^a), to obtain the Na'  ̂
conductance at the peak of the current. The maximum Na"̂  conductance in this node 

was 833 nS, corresponding to 64,000 open channels. The voltage dependence of
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activation is shown in the lower right panel of Figure 7, and can be compared with 
those in Figures 3 and 4 of Chapter 4, which show the same measurements in multi
channel patches. This comparison will be explored in detail in Chapter 8.
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F i g u r e  7

(upper left) Na^ current in a human axon (from Figure 5). Fibre 92D18.
(lower left) Na"̂  current in the same axon, reduced by the addition of 3 nmol/1 TTX. 

Note that Ehoia was adjusted from - 8 8  mV (upper) to -81 mV (lower) between 
these recordings; the pulses relative to Eh„id were the same.

(upper right) Amplitudes of peak Na"̂  currents in the same axon, plotted against the 
potential of the test pulse. Filled circles: peak currents in Ringer solution (currents 
in the upper left panel); open circles: peak currents after the addition of 3 nmol/1 
TTX (currents in the lower left panel).

(lower right) The voltage dependence of the peak Na'̂  conductance, calculated by 
dividing the peak currents in the upper right panel by the driving force E - Ê a- The 
smooth lines are fits to the Boltzmann function:

^  Na ^  Na max / ( l  +  e x p ( ( £ „ 5 - £ ) / i ) )

where Ĝ amax is the total nodal Na"̂  conductance. The values obtained from the 
currents in the presence of 3 nmol/1 TTX were: F 0.5 = -45 .3  mV; = 5.5 mV. 
Gsamzx without TTX was 833 nS. Filled and open circles have the same meaning as 
in the panel above.

The Na^ current activates much more steeply in the absence of TTX than in 
3 nmol/1 TTX. In other axons, activation was even steeper. This phenomenon can be
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completely explained in terms of the resistance in series with the node, and will be 

explored in Chapter 7.

3.1.3 Voltage dependence o f inactivation

Depolarising prepulses of 50 ms duration produced voltage-dependent steady-state 

inactivation of the sodium current (left panel of Figure 8). A test pulse to around 

-10 mV, immediately following the prepulse, was used to measure the remaining Na"̂  

current. The peak amplitude of the remaining Na"̂  currents (normalised to that found 

with complete removal of inactivation) is shown for 4 axons in the right panel of 

Figure 8. Measurements in some axons show a deviation from the fitted Boltzmann

-8mV

pre

lOnA

2ms

I
z

OH-------------r -

—150 —100 - 5 0 0

E (mV)

Figure 8
(left) Na"̂  currents elicited by a pulse to -8 mV, following 50 ms prepulses to between 

-118 and -48 mV {E pre) to inactivate the Na"̂  current. Fibre 92D18, in Ringer 
solution containing 3 nmol/1 TTX.

(right) Voltage dependence of steady-state inactivation in 4 fibres, measured from 
currents like those in the left panel. The points were normalised by fitting the 
Boltzmann function:

/  — I
Na Na max

and dividing all points by Î a max- The following values were obtained from the fit: 
Eos = -80.6 mV; A: = 9.2 mV. In two axons, where the absolute potential was 
measured in isotonic KCl, the potentials where 30% of the Na"*" current was 
inactivated were -87 mV and -89 mV. Points from these axons are shown at their 
actual potential. The points from the other two axons were fitted to the Boltzmann 
function above, and the potential adjusted so that I^a /  max = 0.7 at -88 mV. 
Fibres 92D18, A2D18 and B2916 (symbols as in Figure 6) and D2N02 (stars).

equation at the most negative potentials, which is identical to that found by Brismar 

(1980), and was explained by him as being due to the removal of slow inactivation by 

extreme hyperpolarisation. Assuming this to be the correct explanation, these points 

were ignored in the Boltzmann fit so that it would represent only fast inactivation.
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This figure can be compared with Figures 5 and 6 of Chapter 4, which show Na"̂  

channel inactivation in multi-channel patches.

3.1.4 Time course o f inactivation

At potentials more than about 25 mV positive to the holding potential, the time 

course of inactivation was measured from the falling phase of the Na"̂  current during 

a depolarising pulse. At some potentials, two exponential functions rather than one 

were needed to describe Na"̂  current inactivation during a depolarising pulse. The 

slower component was larger at more negative potentials, and disappeared at 

potentials positive to 0 mV. Similar behaviour has already been described in multi

channel sodium currents (see Chapter 4). The faster component of inactivation was 
eliminated by adding a low concentration of TTX (3 nmol/1) to the Ringer solution 
superfusing the node. The time constants resulting from fitting two exponential 

functions to the decay of Na^ currents in one node are shown in Figure 9.

- 5 0 500

Figure 9
Slow (open circles) and fast (filled 

circles) time constants of Na"̂  current 
inactivation during depolarising pulses. 
The decay of the currents was fitted 
with the sum of two exponential 
functions. Fibre 92D18.

E (mV)

The time course of development of Na"̂  current inactivation at potentials near to 
the holding potential was measured using the three-pulse protocols illustrated in 

Figure 10. A 50 ms hyperpolarising pulse was used to remove inactivation, followed 

by a pulse of variable duration to induce inactivation, and a depolarising pulse to 

determine how much Na"̂  current could still be activated (Figure 10, left panel). The 

dependence of the peak Na"̂  current on the duration of the second pulse (the pulse 
which induced Na"̂  inactivation) could be fitted with a single exponential function of 

time. An analogous pulse protocol was used to measure the time course of removal of 
inactivation (Figure 10, right panel).

3.1.5 Time course o f  activation and deactivation

Na"̂  current activation followed a sigmoid time course at most potentials, and 
could be described by a single exponential preceded by a delay. The delay became 

shorter at more positive potentials, reaching zero at potentials around 0 mV. This is
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the opposite of the potential dependence for this delay found in most preparations 

(Patlak 1991); the discrepancy could be due to an imperfect voltage clamp at the 

onset of the Na"̂  current in the present study, or to a difference between human axonal 

and other Na"̂  channels. The first seems more likely. The time course of Na"̂  current 

activation is therefore not considered further here; in the quantitative analysis, it was 

derived from the time to peak of the Na"̂  current, and not from the current during the 

first few milliseconds of the pulse (see Chapter 7).
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Figure 10
(left) Time course of the onset of Na"̂  current inactivation at -92 mV. Following 50 ms 

prepulses to -142 mV to remove inactivation, pulses of various durations to 
-92 mV were applied followed by brief pulses to -12 mV to measure the amount of 
Na"̂  current which could still be activated. Fibre 92D18.

(right) Time course of the removal of Na"̂  current inactivation at -92 mV. The pulse 
protocol was identical to that in the left panel, except that the -92 mV pulses were 
preceded by 50 ms prepulses to -52 mV, to fully inactivate the Na"̂  current.

The time course of deactivation of Na'^ currents at potentials near the holding 
potential was measured from “tail currents”, when the membrane was stepped to 

various negative potentials after a short depolarising pulse to maximally activate the 

sodium current (Figure 11).

-12mV
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-52mV
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Figure 11
Na"̂  “tail” currents; deactivation of Na"̂  

currents at potentials between -102 mV 
and -52 mV, following activation by
0.2 ms pulses to -12 mV. Fibre 92D18.

124



3.2 Potassium currents

As already noted, fast currents were small in intact nodes (see Figure 5) and 
larger in nodes which had a large slow capacity current, indicating that they had 

probably been stretched during dissection. The maximum fast conductance in 

Ringer solution ranged from 14 to 240 nS (Figure 6).

currents were recorded in isotonic KCl solution to facilitate the separation of 

currents into their components (Dubois 19816). Figure 12 (top trace) shows 
currents recorded in a human node which had probably been stretched during 
dissection, and had large currents. As in other species (Dubois 19816, Roper & 
Schwarz 1989), the current in human nodes contains a slow component along 

with the fast one; the deactivation of the tail currents in this figure can be described 
by the sum of two exponentials.

+ 3 5 m V
- 7 5 m V

2 5 n A

2 5 n A

2 5 n A

5 0 m s

Figure 12 (See footnote on page 117.)
(top) Potassium currents recorded in 

isotonic KCl solution, in response to 
50 ms depolarising pulses from a 
holding potential of -75 mV. This fibre 
had probably been stretched during 
dissection, exposing large currents. 
Fibre C2916.

(middle) K* currents in the same fibre, in 
the presence of 1 mmol/1 
4-aminopyridine (4-AP).

(bottom) The 4-AP-sensitive current in 
this fibre, obtained by subtraction of the 
currents in the two panels above.

Addition of 1 mmol/1 4-AP removed most of the fast component, leaving a slow 
current (middle trace in Figure 12). The block of the fast component by 4-AP had a 
slow onset, consistent with that reported by Ulbricht & Wagner (1976) and Pappone 
and Cabal an (1984). Subtraction reveals a 4-AP-sensitive current (bottom panel of 
Figure 12) which activates rapidly and deactivates with a time constant of about 

4 ms, and corresponds roughly to the fast conductance. Its voltage dependence 
was not quantified, because the effect of 4-AP is itself voltage-dependent (Ulbricht & 
Wagner 1976); consistent with this, the 4-AP-sensitive current in Figure 12 begins to 
decline at the most positive potentials.
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3.2.1 Fast potassium currents

Two exponential components were fitted to tail currents recorded in isotonic KCl, 

in the same way as already described for K^ currents in multi-channel patches 

(Chapter 5, section 4). The amplitude of the fast-deactivating component of the 

conductance in three axons is plotted against potential in Figure 13.
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Figure 13 (See footnote on page 117.)
(left) Voltage dependence of activation of the fast K  ̂ conductance in three human 

nerve fibres, measured in isotonic KCl (filled symbols). The smooth lines are fits 
to the Boltzmann function:

^ K f l  ~  ^ K f l  max / ( l + e x p ( ( £ „ 5 - £ ) / / : ) )

where Gk/i max is the fast K  ̂conductance which can be activated with depolarising 
pulses to potentials negative to -20 mV. The values obtained from the Boltzmann 
fits were:

Circles: Fq.s = -52.9 mV; k = 9.4 mV; Gkp max = 73 nS. Fibre 92D18.

Triangles: £ 0.5 =-52.5 mV; A: = 6.0 mV; Gk/j max = 200 nS. Fibre C2916, fitted 
between -60 and -20 mV.

Semicircles: £ 0 5  = -63.5 mV; A: = 7.0 mV; GAyymax = 83 nS. Fibre E2917, fitted 
between - 6 6  and -26 mV.

The open symbols show the fast K'*’ current in two of the three axons after subtraction 
of the fitted Boltzmann curves. These points are also fitted with a Boltzmann 
function (smooth line):

^Kf2 ~ ^A:^max/( '̂^®^P((^0.5 ~ ^ )A ))
where G^fi max is the additional fast K  ̂ conductance which can be activated with 
pulses positive to -20 mV. The values obtained from the Boltzmann fit were: 
£ 0.5 = +19.4 mV; k = 16.3 mV; Ĝ yzmax = 43 nS.

(right) Time to half-maximal activation (tos) of fast K"̂  currents in the same three 
fibres.

In both rat and frog axons, fast K^ currents are composed of two components (/} 

and / 2 ) with different voltage dependence. Fast and intermediate K^ current
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components related to the I and F channels, which have many characteristics in 

common with the / ;  and / 2  currents, are evident in patches in human axons (see 
chapter 5). An obvious question to be investigated was therefore whether the 
macroscopic fast current in human axons could also be separated into f j  and fz  

components.

Most of the current in these three fibres activated in the range between -80 mV and 
-40 mV, corresponding to the I channel or intermediate component in patches and to 

the f i  component in rat and frog axons. A single Boltzmann function describes the 
voltage-dependence of the fast currents in one of the three fibres in Figure 13 
(squares; fibre 92D18). In the remaining two fibres, more than one component 
appears to be present; there is a “bend” in the conductance-voltage curve around 
-20 mV. If a single Boltzmann component is fitted to the points between -66 and 
-20 mV (smooth lines in the left panel of Figure 13) and subtracted from the total 
current, the remaining current activates less steeply, and at more positive potentials 

(open symbols). The voltage dependence of this residual current is similar to that of 
the F channel in patches (Chapter 5) and the fz  component in frog and rat axons. It 
seems plausible that a macroscopic / 2  conductance also exists in human axons.

There are several differences between the two fibres which appeared to have an / 2  

component, and the one fibre in which none was visible. Both the fibres with an fz  
component came from the same ulnar nerve in the same patient, and in both of them 
there was a large slow capacity current, indicating probable stretching and exposure 
of paranodal axonal membrane. The fibre without an / 2  component was from a 
sensory nerve in another patient, and its node was intact.

3.2.2 Slow potassium currents

A  recording from an axon which had a large slow current is shown in 
Figure 14. The fast current was blocked with 1 mmol/1 4-AP. The slow 

component of the tail current deactivates with a time constant of 40 - 70 ms at 

holding potentials around -80 mV (right panel of Figure 15).

In most axons in this study, recordings in isotonic KCl were made using only 

depolarising pulses, with tail currents recorded at around -80 mV; however, in frog 
(Dubois 19816) and rat (Roper & Schwarz 1989) axons, a large proportion of the 
slow K^ current, about 30%, is already activated at this potential. If this is also true of 

the human slow current, the total conductance would be underestimated by using 

only depolarising pulses. This was confirmed in one axon where hyperpolarising 

pulses were also used, and the slow K^ conductance at potentials negative to Ehoid 
was assessed from the steady-state current at the end of the tail currents at each
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potential, after subtracting the leak conductance extrapolated from the steady-state 

currents at potentials negative to -115 mV. The left panel of Figure 15 shows the 
voltage dependence of the slow conductance in this axon.
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Figure 14
Currents in a human axon recorded in 

isotonic KCl, in response to 500 ms 
depolarising pulses from a holding 
potential of -79 mV. Fast K  ̂ currents 
have been blocked with 1 mmol/1 4-AP. 
Fibre E2N02.
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Figure 15
(left) Voltage dependence of activation of the slow K  ̂ conductance in one axon. The 

smooth line is a fit to the Boltzmann function:

Ĝ ., = G ,,.„y (l + ex p ((£ „ ,-£ )A ))

where Gkswhx is the total slow K  ̂ conductance in the node. The values obtained 
from the Boltzmann fit were: £ 0.5 = -58.6 mV; k = 19.8 mV; GKsmzx = 169 nS. Fibre 
92D18.

(right) Time constant of deactivation o f the slow K  ̂conductance in two human axons; 
fibres 92D18 (circles) and E2N02 (diamond).
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3.3 Leak current

The nature of the leak current was not analysed in detail. It appeared to be nearly 
linear over a wide range of potentials. The leak was estimated using depolarising 
pulses in Ringer solution containing 300 nmol/1 TTX, following a 50 ms prepulse to 
around -120 mV. Currents at the beginning of the depolarising pulse, before any 

activation of the fast current was visible, could be fitted with a voltage- 

independent leak conductance, along with a small outwardly rectifying component, 

whose amplitude was less than 5% of that of the linear component. This outwardly 
rectifying component could result from residual activation of the slow current at 
the end of the 50 ms prepulse (see the time constants of deactivation in the right 
panel of Figure 15). The leak current itself was therefore assumed to be perfectly 
linear, and is represented by a straight line on the current-voltage plots in Figure 6. 
The leak conductance tended to increase during an experiment, and it ranged from 
30 nS to about 110 nS in the four axons plotted in Figure 6.
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CHAPTER 7

QUANTITATIVE DESCRIPTION OF ACTION 
POTENTIALS AND MEMBRANE CURRENTS



1 Recordings used for the quantitative analysis (See footnote on page 117.)

The quantitative analysis was based on recordings from six of the eleven nerve 
fibres which were isolated. Three axons were excluded because no recordings were 

made either in isotonic KCl or in Ringer solution containing tetrodotoxin (TTX), 
thereby making a full quantitative analysis impossible, and two were rejected because 
the quality of the current recordings was not satisfactory.

All of the recordings used in the quantitative analysis were made at 20°C, with the 
exception of one recording of the slow current (fibre C2916) which was made at 
room temperature (about 25°C). The time constants measured in this fibre were 
increased using an arbitrary Qio of 3 (see section 2.3.2, page 143).

2 Analysis of membrane currents

The total membrane current was assumed to be: 

àE

where
I is the total current through the nodal membrane (inward current

negative);
/, is the ionic current through the nodal membrane;
E is the membrane potential (of the inside relative to the outside);
Cm is the membrane capacitance of the node;
t is time.

The ionic current was assumed to be composed of:

A = 4a + + 4 ,  + (2)

where
Inü is the current carried by Na"̂  ions;
I k  is the current carried by K  ̂ions;
Ikj and Iks are the fast and slow components of the K  ̂ current;
II is the “leak” current.

2.1 Sodium current

Quantitative analysis of sodium currents was done on recordings from two nerve 

fibres (92D18 and A2D18). In one of these fibres (92D18), the Na"̂  currents were 
reduced by adding 3 nmol/1 TTX to the Ringer solution bathing the node, in order to 

reduce the voltage-clamp error caused by series resistance. The Na'^ current was 
defined as the current which was blocked by 300 nmol/1 TTX (see Chapter 6).
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2.1.1 Pulse protocols

The holding potential {Ehoid) was set so that about 30% of the Na"̂  current was 
inactivated; the degree of Na"̂  inactivation was checked at intervals of about five 

minutes, and E hold was adjusted as necessary. Each adjustment of E hold was followed 

by a run of pulse protocol 2 (below). In most experiments, Ehoid was about -84 mV 
(see Chapter 6). The following pulse protocols were used to measure Na"̂  currents:

1. 50 ms prepulses to around -125 mV were applied to remove resting inactivation 
of the Na"̂  current, followed by 10 ms pulses to potentials between -85 and 4-105 mV 
at 10 mV intervals (5 mV intervals between -70 mV and -5 mV). At potentials 

between -70 and -45 mV, the duration of the test pulses was increased from 10 to 
50 ms, in order that the full time course of inactivation could be followed.

2. 50 ms prepulses to between -135 and -15 mV at 10 mV intervals, followed by 
10 ms pulses to -15 mV to allow steady-state inactivation of the Na"̂  current to be 
measured.

3. 0.2 ms pulses to -5 mV followed by 50 ms pulses to between -135 and -45 mV 
at 10 mV intervals, to allow the time course of deactivation of the Na"̂  current to be 
measured.

4. 50 ms pulses to -135 mV, followed by pulses of various durations to between 
-85 and -45 mV and a constant test pulse to -15 mV, to allow measurement of the 
time course of the development of Na"̂  inactivation during the second pulse.

5. 50 ms pulses to -45 mV, followed by pulses of various durations to between 
-135 and -85 mV and a constant test pulse to -15 mV, to allow measurement of the 
time course of the removal of Na"̂  inactivation during the second pulse.

132



2.1.2 Model o f the Na^ current

The Na'^ current was analysed using the following model (Frankenhaeuser & 

Huxley 1964, Schwarz & Eikhof 1987):

3 E F H N a \-[N a ^l^x^{E F /R T )
Na ^  V «m ax l~exp(EF/RT) (3)

(4)

%  = a ,( l - / t) -p ,( / t ) (5)

a ,  = A{E  -  B )/{ \ -  exp((P -  E)/c)) (6)

P . = A{B -  E)/[\  -  exp((E -  5 )/c)) (7)

a , =  A { B -  E)j  (l -  exp((E -  5 )/c)) (8)

p, = A/(l + exp((B-P}/c)) (9)

where
m and h are parameters of Na"̂  current activation and inactivation;
Pyva max is the Na"̂  permeability of the node;
F, R and T are Faraday's constant, the gas constant and the absolute

temperature;
[Na' ]̂o and [Na^]i are the concentrations of Na^ outside and inside the node;
a„ and are voltage-dependent rate constants;
A, B and C are constants, whose values are given in Table 1.

To facilitate the calculation of and two intermediate variables were first 
defined, and (Hodgkin & Huxley 1952):

"1-= « » / ( « „ + P„) (10)

t„  = l/(a™ + P j  (11)

where
m„ is the steady-state value of m at a given potential;
Tm is the time constant with which m changes after a step change

in potential.

Similar variables, hoo and Xh, were defined for the calculation of an and p^:

)» -= «* /(“ *+ P») (12)

''/, = l/(a* + P j  (13)

where
/loo is the steady-state value of A at a given potential;
Xh is the time constant with which h changes after a step change

in potential.
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2.1.3 Analysing the Nà^ current

The program FTTPEAK was written (in Microsoft QuickBasic 4.5) to analyse the 

sodium currents, because manual analysis with pClamp would have been too slow. 

FTTPEAK carried out fits of equations 14 and 15 (below), returning values of Inü max, 

Xm and Xh at each potential.

The first step in the analysis, using Na"̂  currents in response to pulse protocol 1 

(section 2.1.1, page 132), was to fit a single exponential function:

(14)

where
^Na max is the Na"̂  current which would be produced by full activation 

in the absence of inactivation.

to the falling phase of the current. The beginning of the fit region was set to 1.5 times 

the time to peak of the Na"̂  current, to exclude the activation process.

The time constant of activation, Xm, was derived by fitting the time to peak of the 
expression:

f { t )  = (l -  exp(-f/T„)/ exp(-r/t, ) (15)

to the time to peak of the measured current, with Xh fixed at the value derived from 
Equation 14. This method, which was introduced in rat nodes by Neumcke and

—1 mV
(nA)

—56mV r 5 0

#*4 ;6 o o o

-100 100 
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lOnA

■ —50

2msFigure 1
(left) Na^ currents recorded in a human node in Ringer solution containing 3 nmol/1 

TTX, with fits (smooth lines) based on Equations 14 and 15. Pulse protocol 1, 
pulses to -56, -41, -31, -21, -11 and -1 mV shown. Fibre 92D18.

(right) Inu nm. derived from the currents above using Equation 14, plotted against pulse 
potential. The smooth curve is derived from Equation 3, with m and h set to 1.

Stampfli (1982), gave a better fit to the fast rising phase of the current than a simple 
least-squares fit using an equation of the same form. A sample fit produced by 
FITPEAK, using Equations 14 and 15, is shown in Figure 1.
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The exponent of m was set to 3 to make the model comparable to that of Schwarz 
and Eikhof (1987) in rat nodes. No great importance was attached to the value of this 

exponent, since it probably has no physical significance (Patlak 1991). In preliminary 

analyses an exponent of 2 or even 1 sometimes produced a better fit than an exponent 

of 3 to the fast rising phase of the current at potentials positive to -20 mV. This could, 
however, have been due to shortcomings in the voltage clamp at the beginning of the 
test pulse, rather than to a genuine property of the Na’*' channels (see Chapter 6).

At potentials near the holding potential, where Na’*' currents are very small, other 

methods were used to derive Tm and X/j. To derive x^, the time course of deactivation 

of the Na’*’ current was measured with pulse protocol 3 (section 2.1.1, page 132; see 
Chapter 6, Figure 11), and the "tail" currents during deactivation were fitted with a 
single exponential function, from which was derived according to the following 
equation:

Â/« = ^/v,oexp(-3f/x„) (16)

where
Ino 0 is the Na"̂  current at the beginning of the tail.

To derive Xh near the holding potential, the peak values of the Na'*’ currents in 
response to pulse protocols 4 and 5 (section 2.1.1) were plotted against the duration 
of the second of the three pulses (see Chapter 6, Figure 10), and single exponential 
functions were fitted to the onset of or recovery from inactivation of the current.

Currents in response to pulse protocol 2 (Figure 8 of Chapter 6) were used to 

derive h^, by using equation 14 to derive max, plotting hamax against the 
membrane potential E  during the prepulse, and fitting the parameters max. Eh and k 
in the following Boltzmann function:

f ( E )  = m axl{l + cxp {{E -E ^)/k ))  (17)

The values of I^a max were then divided by max, to obtain the Na'*' current inactivation 

parameter hoc. Values of hoo were fitted with the Boltzmann function:

h ,= ] /{ l  + C K p{{E-E ,)/k)) (18)

where:
Eh is the potential where Na’̂ current inactivation is half-maximal;
k is a slope factor, the voltage shift in mV for an e-fold

change in h„.

To derive the steady-state activation parameter moo, the values of /yvamax derived 
from the fits of Equation 14 were plotted against membrane potential (see Figure 1,
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right panel), and the points within ±20 mV of the Na"̂  reversal potential Enü were 
used to fit the parameters P^amax and [Na^]i in Equation 3, with m and h set to 1. The 

solution to Equation 3 was then calculated at each membrane potential E, using the 

fitted values of Pnu max and [Na^Ji (smooth line in the right panel of Figure 1). Each 

estimate of I  Na max from Equation 14 was divided by the solution to Equation 3 at the 
same potential, to give an estimate of wl\ the cube root of this, which corresponds to 
a first estimate of m, was then plotted against E, and used to fit the parameters max, 
Em and k  in the Boltzmann function:

f i E )  = m axj{l+exp[{E^-E)lk)) (19)

The first estimates of m were divided by max to obtain estimates of moo, which were 
fitted with the Boltzmann function:

= y (l+ ex p ((£ „ -£ :)/i))  (20)

where:
Em is the potential where m is half-maximal;
k is a slope factor, the voltage shift in mV for an e-fold change in

moo.

The values of moo, derived from currents in one axon in the presence of 3 nmol/1 TTX 
(see Chapter 6, Figure 7) and of %m, derived from all measurements in the two axons 
used for this part of the study, are shown in the left panel of Figure 2. The values of 
hoo and T* from both axons are shown in the left panel of Figure 3.

The next step was to calculate the voltage-dependent rate constants a^, pm, OLh and 
Ph at each potential E  from the measured values of Tm and Xh and the fitted Boltzmann 
functions for moo and hoo, using the following equations, which are re-arranged from 
Equations 10 - 13:

^m = ^oohm (21)

P™ = ( ! - '« - )A™ (22)

^h~^oohh  (23)

P . = 0 - * - ) A .  (24)

The values of pm, oc/j and p^ were plotted against potential E, and the constants 
A, B and C in Equations 6 - 9  were then fitted to the appropriate points (see Figure 2, 
Figure 3 and Table 1, page 148). Fits to am, pm and p^ were made using least-squares 
approximations to the logarithm of the rate constants, and not to the rate constants 

themselves. This was done because the rate constants vary over six orders of 

magnitude, ranging from less than lO"̂  ms * to more than 10  ̂ms'*; a least-squares fit

136



would be dominated by the larger values. In the case of an, however, the logarithmic 

fit overestimated the rate constant in the important range near the midpoint of the hoo 
curve, resulting in an overestimate of the proportion of the Na"̂  current activated near 

the holding potential. The fit was therefore made to a/,, and not to its logarithm; this 

did not introduce a visible error when plotted on logarithmic axes.
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Figure 2
(left) m«, (filled circles), measured from the Na^ current in the presence of 3 nmol/1 

TTX in one axon, and (open symbols), measured from the Na"̂  current in two 
axons. The smooth curves are calculated according to Equations 10 and 11, from 
the curves fitted to and |3„ in the right panel. Fibres 92D18 (circles) and A2D18 
(triangles; the same symbols are used for each fibre in all Figures).

(right) a„ (open symbols) and (filled symbols), estimated from the Boltzmann 
function fitted to and the measured shown in the left panel; the smooth lines 
are fits to Equations 6 and 7, with the constants A, B and C given in Table 1. Points 
between -68.5 and -48.5 mV have been omitted from the fits, because of the 
distortion caused by series resistance (see section 4.4, page 152).

2.1.4 Series resistance errors

An advantage of plotting the rate constants on logarithmic axes is that it 

immediately becomes obvious that some values of and cannot be fitted with 

the curves from Equations 6 and 7, because these curves have only a single bend. 

This deviation can be accounted for by the fact that the measured values of Tm in this 

voltage range are very long. A preliminary analysis (a detailed version of which is 
presented in section 4.4, page 152) suggested that these very long time constants are 

caused by a voltage-clamp error resulting from the resistance in series with the node. 

In making the final fits of the parameters A, B and C in Equations 6 and 7, 

measurements of between -68.5 and -48.5 mV were therefore excluded.

An additional effect of series resistance is to make the slope of moo steeper (see 

section 4.4). For this reason, only Na"̂  currents recorded in the presence of 3 nmol/1 
TTX were used to estimate moo (see Figure 2); these currents show a voltage
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dependence of activation which is similar to that found in patches, where the effect of 

series resistance is negligible (see Chapter 8, Figure 1).

The voltage dependence of inactivation, hoo, was assumed to be unaffected by 

series resistance, since virtually no Na"*" current flows during the prepulses which 

were used to induce or remove inactivation (pulse protocols 2, 4 and 5, section 2.1.1, 

page 132). Although analysis with the model showed that the time course of 

inactivation might be distorted by the series resistance error when large Na"̂  currents 

flow, distortion was not obvious in measurements of T/, from either of the two axons 

used in the quantitative analysis. All measured points were therefore used in the 

analysis of inactivation.

r I O  10-1

â  ^  10"^-

J  w 1 0 ' 5 -

- 0
100-100 0 100 -100 0 

E (mV) E (mV)
Figure 3
(left) hoo (filled symbols) and t* (open symbols), measured from the TTX-sensitive 

current in in two axons. The smooth curves are calculated according to Equations 
12 and 13, from the curves fitted to and p* in the right panel. Fibres 92D18 and 
A2D18; symbols as in Figure 2.

(right) Uf, (open symbols) and p  ̂ (filled symbols), estimated from the Boltzmann 
function fitted to hoo and the measured the smooth lines are fits to Equations 8 
and 9, with the constants A, B and C given in Table 1.
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2.2 Fast potassium current

Quantitative analysis of fast potassium currents was done on recordings from four 

nerve fibres. Time constants of activation were fitted to currents recorded in two 

nodes in Ringer solution containing 300 nmol/1 TTX, using pulse protocol 1 (section 
2.1.1). Because the pulse duration here was too short to activate the currents fully 
near their threshold potential, the voltage dependence of activation was determined 
from the amplitudes of tail currents recorded in three fibres in isotonic KCl, after 
long (>50 ms) depolarising pulses. The change from Ringer to isotonic KCl probably 
shifts the voltage dependence of activation of the fast K^ current (Safronov & Vogel 
1995); this was ignored for the purpose of modelling action potentials, but it is likely 
that the fast K^ current in the resulting model activates at potentials about 10 mV 
more negative than is the case in the real axon in Ringer solution.

For simplicity, fast K^ currents were analysed assuming a single component, 
corresponding to the f j  component; the / 2  component was not analysed quantitatively 
since it was so small (see Chapter 6, section 3.2.1). The/y component was modelled 
as an ohmic conductance, because single channel recordings show that the 
conductance of the I channel, which is probably the channel being modelled here, is 
ohmic in Ringer solution over the potential range concerned (see Chapter 5, 
Figure 3). The delay in K^ current activation was better fitted by an exponent of 4 for 
the activation variable n than by the exponent of 2 used by Frankenhaeuser & Huxley 
(1964); better fits to some currents were obtained with the exponent set to 8, 
especially when depolarisations were preceded by hyperpolarising pulses.

2.2.7 Model o f the fast iC  current

The model used was:

If.f = n Gfrj max (  ̂

= (26)

a , = A (£ -B )/( l-e x p ((B -£ )/c ))  (27)

P„ = A (B -£ )/( l-e x p ((£ -B )/c ))  (28)

where
n is a parameter of fast K  ̂current activation;

is the fast K  ̂conductance of the node;
Ek is the equilibrium potential for K  ̂ions, determined from the

Nemst equation;
a„ and p„ are voltage-dependent rate constants;
A, B and C are constants, whose values are given in Table 1.
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To facilitate the calculation of a„ and p„, two intermediate variables were first 
defined, «œ and x„, as described in section 2.1.2 for the Na"̂  current:

«- = « „ /(« „ + P ,) (29)

T. = l / k  + P .) (30)

where
fioo is the steady-state value of n at a given potential;

is the time constant with which n changes after a step change 
in potential.

2.2.2 Analysing the fast iC  current

Leak-corrected currents recorded using pulse protocol 1 in Ringer solution 

containing 300 nmol/1 TTX were fitted with the equation:

2*: = /K „„(l-exp(-t/'c„))‘' (31)

where
/A: max is the fast current which activates during the voltage pulse.

to derive T„. /^max at the most positive potentials was used to derive the fast 
conductance in Ringer solution.

The voltage dependence of activation was estimated using tail currents recorded in 
isotonic KCl. Tail currents were fitted with the sum of two exponential components, 
and the 4th root of the amplitude of the fast component was plotted against 
membrane potential. These 4th roots were normalised by fitting the Boltzmann 
function:

/{ £ )  = /m a /(l+ ex p ((£ „ -£ )/t))  (32)

to the points between -80 mV and -30mV, and dividing by max to obtain estimates of 
«00, which were fitted with the Boltzmann function:

n . = l/(l+exp((£„-£ ) /* ) )  (33)

where:
En is the potential where n is half-maximal;
k is a slope factor, the voltage shift in mV for an e-fold change in

«00.

The values of a„ and p„ were calculated from the measured values of and the
fitted Boltzmann function for noo as described for the variables and p^ of the Na"̂  
current (section 2.1.3). Equations 27 and 28 above, for a„ and p„ in terms of the 

constants A, B, C and potential E, were then fitted (using the logarithms of the rate
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constants, as described in section 2.1.3), in order to derive the constants shown in 

Table 1.

The values of and T„ are shown in the left panel of Figure 4, and a„ and p„ in 

the right panel of Figure 4. The applicability of this model is limited by the lack of 

recorded points negative to -60 mV, but this is not likely to be important in modelling 

action potentials because of the small size of the fast current in this voltage range.

5

E

0 0
-100 1000

lOi

E

|-5 .

-100 0 100
E (mV) E (mV)

Figure 4
(left) «oo (filled symbols) measured from tail currents in isotonic KCl in three axons 

(Fibre C2916, triangles; Fibre E2917, semicircles; and Fibre 92D18), and T„, 
measured from the onset of currents in Ringer solution containing 300 nmol/1 TTX 
in two axons ((open symbols; Fibres 92D18 and A2D18). The smooth curves are 
calculated according to Equations 29 and 30, from the curves fitted to a„ and P„ in 
the right panel.

(right) a„ (open symbols) and p„ (filled symbols), estimated from the Boltzmann 
function fitted to and the measured T„; the smooth lines are fits to Equations 27 
and 28, with the constants A, B and C given in Table 1.
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2.3 Slow potassium current

Quantitative analysis of the slow current was done using recordings of the 

voltage dependence of activation in four axons, and the time constant of activation 

and deactivation in three axons. One of these axons was recorded at room 
temperature; its time constants were increased to correspond to those recorded at 

20°C, using an arbitrary Qio of 3, based on that measured for the fast current 
(Frankenhaeuser & Moore 1963). A model based on that of Dubois (19816), with a 
single open state and a single closed state, was used for the slow current. 
However, the expressions used to derive the voltage-dependent rate constants and 
Pj were the same as those used for the fast current, because these gave a better fit 
to the measurements than the simpler expressions used by Dubois. Because the 

model simulates a channel with only one open and one closed state, the current 
activates and deactivates with a single exponential time course in response to voltage 
steps.

2.3.1 Model o f the slow iC  current 

The model used was:

= (34)

%  = a ,( l - i ) - |3 ,( s )  (35)

a , = 4 (£ -B ) /( l-e x p ((S -E ) /C ))  (36)

P, = A (B -£ :) /( l-e x p ((£ -B )/c ))  (37)

where
s is a parameter of slow current activation;
G/f̂ max is the slow conductance of the node;
CLs and pj are voltage-dependent rate constants;
A, B and C are constants, whose values are given in Table 1.

To facilitate the calculation of % and pj, two intermediate variables were first 
defined, 5oo and T̂ , as described in section 2.1.2 for the Na'^ current:

*- = “ 7 ( “ , + P j  (38)

''. = !/(“ . + P.) (39)

where
is the steady-state value of 5 at a given potential;

Ti- is the time constant with which s changes after a step change
in potential.
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2.3.2 Analysing the slow iC  current

The time constant was obtained at potentials positive to Ehoid by fitting the 
activation phase of currents in response to depolarising pulses with a single 

exponential:

 ̂ ŝtart + hs  act “  exp(~r/x , )) (40)

where
Istart is the total current at the start of a depolarising pulse;

act is the amount of slow current that activates during the pulse.

The influence of the fast current was excluded from these measurements by using

currents recorded in the presence of 4-aminopyridine (4-AP).

In one fibre, at potentials near and negative to E hold was obtained by fitting “tail” 
currents following depolarisations to around Ek with the single exponential function:

/  = (41)

where
Iks tail is the amount of slow current which deactivates during the

tail;
I final is the steady-state current at the end of the tail, made up of leak

and the fraction of the slow K'*' conductance which remains 
active.

The fit region was chosen to exclude the deactivation of the fast current.

The steady-state slow conductance at potentials at and negative to the holding 
potential was estimated in the same fibre from Ifmai in Equation 41. The leak was 
estimated by fitting a straight line to the values of Ifmai at potentials negative to 
-115 mV (assuming the slow current to be completely deactivated at these potentials), 

and the remaining conductance at more positive potentials was assumed to be the 
slow conductance.

The steady-state value of the slow conductance at potentials positive to Ehoid 

was calculated using the value of IksuiW (Equation 41) from tail currents aX Ehoid, after 
long depolarising pulses (at least 500 ms) to various potentials. The slow 

conductance active at Ehoid was added to these values, to obtain the total slow 
conductance at each potential.

In the other three fibres, where tail currents were recorded only at E hold, the total 
slow conductance was obtained by adding the fraction of the conductance active 
at E hold in the one fibre in which it was measured.
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Measurements of the slow conductance in each fibre were normalised by fitting 

the Boltzmann function:

/ ( £ )  =  /n a ï / ( l+ e x p ( ( Ê ,- £ ) /À : ) )  (42)

and dividing by max, to obtain estimates of 5oo which were fitted with the Boltzmann 

function:

(43)

where:
Es is the potential where slow current activation is half- 

maximal;
k is a slope factor, the voltage shift in mV for an e-fold change in

1̂00*

The rate constants % and were calculated from the measured values of and 
the fitted Boltzmann function for Soo as described for the m parameter of the sodium 

current. The equations above for % and pj in terms of the constants A, B  and C and 

potential E  were fitted (using the logarithms of the rate constants) to derive the 

constants shown in Table 1 (page 148). Fits are shown in Figure 5.
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Figure 5 (See footnote on page 117.)
(left) Joo (filled symbols), measured from tail currents in isotonic KCl in four fibres 

(Fibre E2N02, diamonds; Fibres 92D18, C2916 and E2917, symbols as in 
Figure 4), and x, (open symbols), measured during depolarising pulses or from tail 
currents in isotonic KCl in three of these axons (Fibres 92D18, C2916 and 
E2N02). The smooth curves are calculated according to Equations 38 and 39, from 
the curves fitted to and p̂  in the right panel.

(right) as (open symbols) and p, (filled symbols), estimated from the Boltzmann 
function fitted to and the measured x,; the smooth lines are fits to Equations 36 
and 37, with the constants A, B and C given in Table 1.
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2.4 Leak current

The leak current was modelled as a time-independent ohmic conductance with the 
following equation:

= (44)

where:
Ĝ max is the leak conductance;
El is the reversal potential o f the leak current
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3 Construction of the model

The model program HUMAN94 was written in QuickBasic. The values from 

Table 1 are read from a text file which also provides the voltage pulse protocol or 
current stimulus to be used, and the time step tstep for integration. All rate constants 
and moo, ĥ o, Moo and Soo are calculated at the starting membrane potential, then at each 
time step the following procedure is followed:

Update time:

t  =  ‘ + i ,u p  (45)

Update rate constants:

a„ = A { E -  B ) /  (l -  exp((B -  £}/c)) (6)

P„ = A (B -£ )/(l-ex p ((£ -B } /c ))  (7)

and similarly for tt/,, a„, p„, % and p  ̂(Equations 8, 9, 27, 28, 36 and 37).

Update m, h, n and s:

= (4)

and similarly for h, n and s (Equations 5, 26, and 35).

(46)

and similarly for h, n and s.

Update conductances or permeabilities and obtain currents:

_ , EF nN a*l-[N a*\exp{EFlR T)
RT 1 -exp(B F/B r)

^ K f ~  ”  max ~  )  ( 2 5 )

/x,=^Gxxm.x(£-£x) (34)

Il = G , ^ J e - E ,)  (44)

= ^ N a  +  Ks + h  (2)
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update membrane potential:

I f  in voltage clamp mode:

Check the command potential Ec„mmand and modify it for any series resistance

E  series’

E  = “  hKries (47)

I f  in current clamp mode:

Update E  based on the current which has flowed through the nodal 

capacitance Cnode, adding any stimulus current Istimuius or holding current

I  holding’

= + 4 ,mute + Îwldmg (48)

^  = (49)

Loop to the point ''Update time:"' above

The integration used exactly the equations above, that is to say the Euler method. 
All variables were single precision real numbers. The accuracy of the integration can 
be tested with the model in voltage clamp mode, since the exact value of the 
parameters being integrated, m, h, n and s, can be calculated at any time (Hodgkin & 
Huxley 1952; this assumes a perfect voltage clamp). When this was done, the 
currents calculated with the Euler integration were indistinguishable from those 
calculated with the exact parameters, as long as the time step was not so long that it 
made the integration unstable. Instability appeared when the time step was more than 
half of the shortest time constant (about 0.01 ms). The time step can be made very 
much shorter than this without changing the action potential visibly, and it had to be 

reduced to 0.5 ns (2.5 x 10'^ times the shortest time constant) before visible changes 
appeared, presumably due to rounding errors. With this time step, modelling a period 
of 1 ms took about 1 hour (Compaq 486DX2, 50 MHz).

The Euler integration was assumed to be accurate when the time step was short 

enough to allow action potentials to be modelled without the integration becoming 

unstable. In most cases a time step of 0.001 ms or 0.0025 ms was used.
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Table 1 Parameters for calculation of action potentials and currents 

Standard model

Ion concentrations (in mmolA): [Na'^]o 154; [Na'^h 35; [ ^ ] o  5.6; [/T^]i 155.

Conductances or permeabilities: PNamax 3.52 x 10'^ cm^s ^ GK/max 15 nS;

G k s  max 30 nS; Gl max 30 nS.

Other parameters: Cm 14  pF; E i -85 mV; temperature 20°C.

Rate constants: The constants A, B and C below were used with the appropriate 

equations (6 - 9, 27, 28, 36 and 37) to calculate the rate constants.

Rate constant A (ms" ) RfmV) C(m V)

Ot/n 1.86 -18.4 10.3

Pm 0.086 -22.7 9.16

a* 0.0336 -111 11.0

2.30 -28.8 13.4

Ot/i 0.00798 -93.2 1.10

Pn 0.0142 -76.0 10.5

% 0.00122 -12.5 23.6

P. 0.000739 -80.1 21.8

Qio values: If the model was to be run at a temperature other than 20°C, the rate 
constants were modified using the following gio values (Schwarz & Eikhof 1987, 

Frankenhaeuser & Moore 1963): a^andpm , 2.2; a/j and p/i, 2.9; a„ and p„, 2.2; 
% and pj, 2.2.

Fibre B2916

The values above were used, but the simulation was run with a temperature of 
24°C.

Fibre 92D18

The values above were used, with three changes: [Na% 90 mmol/1; G l max 40 nS; 

holding +0.3 nA. The simulation was run with a temperature of 20°C.
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4 Application of the human node model

4.1 Voltage clamp currents

The currents produced by the model using the parameters given for Fibre 92D18 in 
Table 1, with the Na permeability reduced by 60% to simulate the effect of a low 
concentration of TTX, are shown in the upper right panel of Figure 6. They match 
closely the currents recorded in the real node in 3 nmol/1 TTX (upper left panel of 

Figure 6). The output of the model with the Na"̂  permeability set to zero is shown in 
the middle right panel of Figure 6, beside the recorded current in the presence of 
300 nmol/1 TTX. The bottom right panel shows the modelled Na"̂  current, and the 
bottom left panel the TTX-sensitive current in the real node.

+ 5 9 m V + 5 9 m V

- 1 2 1 m V - 8 1 m V - 8 1 m V

2 0 n A 2 0 n A

5 m s  5 m s

Figure 6
(left) Currents in a human node; Fibre 92D18.

(top) Total currents in Ringer solution containing 3 nmol/1 TTX; (middle) currents 
in Ringer solution containing 300 nmol/1 TTX; (bottom) the TTX-sensitive 
component o f the current in the top panel.

(right) Currents simulated by the human node model (Table 1, Fibre 92D18).
(top) with the Na"̂  permeability reduced to 40% of its normal value; (middle) with 
the Na"̂  permeability set to zero; (bottom) with the Na"̂  permeability reduced to 
40% of its normal value, and all other conductances set to zero.

This fibre was recorded at 20°C, and it featured in the analysis of all the current 
components in the model. Currents in the same node without TTX (Figure 10, right; 
page 155), and in another node recorded at room temperature (Figure 10, left; fibre 
B2916), are reproduced well if series resistance is added to the model. The node
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recorded at room temperature, fibre B 2916, did not feature at all in the quantitative 

analysis used to develop the model; the only values derived from it were the [Na^], 

and leak conductance (Table 1, Fibre B 2 9 16). The fact that the m odel can simulate 

accurately its current and action potential suggests som e degree o f  consistency  

between axons, and that in the temperature range between 20°C  and about 25°C  the 

estim ates o f  Q,o from rat (Schwarz & Eikhof 1987) and frog (Frankenhaeuser & 

M oore 1963) are also valid for human axons.

Figure 7 (right panel) show s the output o f  the m odel when all the conductances 

apart from the slow  and leak conductances are set to zero, and when the external 

[KT in the model is raised to 160 mmol/1. The left panel show s the slow  current 

in a human node, recorded in isotonic KCl containing 1 mmol/1 4-AP.

2 0 n A

+ 7 1 m V + 7 1 m V

- 7 9 m V - 7 9 m V

2 0 n A

2 5 0 m s 2 5 0 m s

Figure 7
(left) Slow and leak currents in a human node in isotonic KCl. Fast currents 

were blocked with 1 mmol/1 4-AP. Fibre E2N02.
(right) Currents simulated by the human node model (Table 1, Fibre 92D18) with 

[K^lo set to 160 mmol/1, and the Na'̂  permeability and fast conductance set to 
zero.

4.2 Single action potentials

Two action potentials generated by the m odel are shown in Figure 8, superim posed  

on recorded action potentials from two fibres. The upper left panel show s the action 

potential generated by the model with the values given for Fibre B 2916  in Table 1, 

along with the real action potential from that fibre. To m odel the action potential 

shown in the lower left panel, only the leak conductance, the internal [Na" ]̂ and the 

holding current were changed (Table 1, Fibre 92D 18). W hen the fast potassium  

current is removed from the model, the effect on the repolarisation phase o f  the
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action potential is small (dotted line in the upper left panel of Figure 8); this is 

similar to the behaviour observed in other mammalian species when 4-AP is applied 

to the node (Schwarz & Eikhof 1987), and indicates that activation of nodal fast 

potassium channels is not necessary for repolarisation in human axons. The slow 

current also has very little effect on the single action potential; its effect is 

indistinguishable from that of the same amount of leak conductance.

50mV

fN

1ms

50mV

slow (nS)
1 0 -

50mV

1ms

50mV

20ms

Figure 8 (See footnote on page 117.)
(upper left) Action potential recorded from a human axon (noisy curve; Fibre B2916), 

superimposed on the action potential simulated by the human node model (smooth 
curve; Table 1, Fibre B2916). The dotted line shows the modelled action potential 
with the fast conductance set to zero.

(lower left) Action potential and subthreshold response in another human node (noisy 
curves; Fibre 92D18) superimposed on the action potential simulated by the model 
(smooth curve; Table 1, Fibre 92D18).

(right) Repetitive activity simulated by the model with a long-duration current 
stimulus (Table 1, Fibre B2916; top). During the train of action potentials, the slow 

conductance activates in a stepwise fashion (middle). When the slow 
conductance is set to zero, the model produces a prolonged train of virtually 
identical action potentials which lasts as long as the stimulus (bottom).

Both inactivation and deactivation of the Na"̂  current are important for 

repolarisation. Repolarisation proceeds in two stages, one faster than the other; these 

two stages are visible in the lower left panel of Figure 8, where the reduced action 

potential amplitude has slowed inactivation. Inspection of the m  and h parameters
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during this action potential shows that the first, slower, stage is due to inactivation 
and the second, faster, stage to deactivation. The two stages are more clearly 

separated in the right panel of Figure 12 (Page 157).

4.3 Repetitive activity

When a long “stimulus” is added to the model, it simulates a train of action 
potentials; these have characteristics which are similar in many ways to the trains of 
action potentials recorded on applying a long current stimulus to a real node (upper 
right panel of Figure 8; compare with Chapter 6, Figure 4). The amplitude of the 
second action potential is smaller than that of the first, but the remaining action 
potentials in the train have successively larger amplitudes. The interval between the 

action potentials increases until the repetitive activity dies out. The slow current 
shows a stepwise activation during the train, because it activates relatively quickly 
during action potentials.

If the slow current is removed from the model, a long “stimulus” produces 
sustained repetitive activity (Figure 8, lower right panel), which is similar to that 
produced in rat spinal roots by tetraethylammonium (Baker et al. 1987).

Although the model is able to simulate repetitive activity, which is limited by the 
slow current, this behaviour is very sensitive to small changes in the voltage- 
dependent parameters of the sodium currrent. A shift of the voltage dependence of hco 
by 1 mV in the hyperpolarising direction (leading to more of the Na"̂  current being 
inactivated at the resting potential) is sufficient to abolish repetitive activity; the same 
shift in the other direction makes the model so “excitable” that an increase in the 
“stimulus” will simulate prolonged repetitive activity, despite the presence of the 
slow current in the model. It appears that the limit on the duration of repetitive 
activity is more robust in the real node than in the model: in the model, an increase in 

the stimulus current can greatly prolong the train of action potentials, while in the 
real node no more than 3 - 4  action potentials were observed when the stimulus was 
varied over a wide range. The slow current is probably not the only mechanism 
limiting repetitive activity in the human node; other channels, for example the 

Na^-activated channel (Koh et al. 1994; see Chapter 1), are also likely to play a 

part.

4.4 The effect o f series resistance

Command potentials are applied not only across the nodal membrane, but also 
across any resistance in series with it. Rat and frog axons are known to have a 
resistive element which appears to be located just outside the node (Neumcke &
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Stâmpfli 1982), and this distorts the potential which is actually applied across the 

nodal membrane according to the relation:

^  -  ^com m an d ~  h ^ s e r i e s  ( ^ 7 )

An inward current therefore makes the transmembrane voltage more positive than 

the command potential. With a series resistance of 0.5 typical for rat axons 

(Neumcke & Stâmpfli 1982), a current of 50 nA, such as may be seen at the peak of 
the Na"*" current, produces a voltage error of 25 mV. If a similar series resistance 
exists in human axons, measurements which are made at potentials where large 
currents flow - for example, the voltage and time dependence of activation of the Na"̂  
current, and the time course of inactivation during depolarising pulses - could be 
seriously distorted by voltage errors. Measurements of the voltage dependence of Na"̂  
current inactivation, and of the time course of inactivation at potentials near the 
resting potential, would be little affected because little current flows during the 
prepulses involved in these measurements.

Neumcke & Stâmpfli (1982) used a small concentration of TTX to partially block 
the Na"̂  current in order to reduce this problem; they estimated the size of the series 
resistance by assuming that the currents in TTX were recorded without distortion, 
and modelling currents using series resistance to match the kinetics to the currents 
recorded without TTX. The same approach is used here, not to measure the size of 
the series resistance, but to identify those measurements which are likely to be most 
seriously distorted by it so that they can be rejected.

4.4.1 Distortion o f voltage-clamp currents caused by series resistance

Figure 9 shows the current-voltage relation of the peak early current in the four 

axons shown in Figure 6 of Chapter 6, along with the current-voltage relation of the 
peak sodium current from the human node model with series resistance between 0 

and 1 M il. The most obvious effect of series resistance is to make the activation of 
the sodium current more steeply voltage-dependent (see also Figure 7 of Chapter 6). 
The steepness of the voltage dependence of activation in the real axons corresponds 

to a series resistance in the model between 0.5 and 1 M il. These estimates are of the 
same order of magnitude as in rat axons (around 0.5 M il; Neumcke & Stâmpfli 

1982).
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Figure 9
(left) Normalised current/voltage relation of the early inward current in the four 

human axons shown in Chapter 6, Figure 6 (symbols as in that Figure).
(right) Normalised current/voltage relation of the Na"̂  curents simulated by the human 

node model, with R series between zero (curve (a)) and 1 MQ (curve (b)).

Figure 10 shows the currents simulated by the human node model with series 

resistance added, along with currents recorded from two human nodes. It is clear that 
few of the voltage steps produce small sodium currents (compare with Figure 6, 

simulating currents in one of these axons without series resistance). Some Na"̂  

currents, just above threshold, have a disproportionately large amplitude; they always 

activate very slowly, and inactivate quickly (curves marked (a) in Figure 10). The 
time constant of activation is normally substantially faster than that of inactivation, 
and currents like this which seem to activate and inactivate at much the same rate 
have an anomalous appearance. Such currents are regularly seen in voltage-clamped 
human nodes, and can be simulated very well by adding series resistance to the 
model (lower panels of Figure 10).

These anomalous currents are produced in the model by a positive feedback 

mechanism. A small depolarisation produces inward Na"̂  current, which depolarises 

the membrane further and increases the Na"̂  current; this relatively slow regenerative 
increase in the Na"̂  current continues until inactivation begins to reduce the current. 

As the Na"̂  current declines and the membrane returns towards the command 

potential, deactivation combines with inactivation to produce a fast decay of the 

current.

4.4.2 Effects o f series resistance on the quantitative analysis

If the series resistance is ohmic, the distortion it produces is predictable and easily 

modelled using Equation 47. Correcting the recorded currents to remove its effects 
would be more difficult, though possible in principle, and has not been attempted 

here. This part of the analysis was intended instead to identify those measurements 

worst affected by series resistance, so that they could be omitted from the
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development of the model. It was done first using a preliminary version of the model, 
and as a result of the analysis an improved model was derived, omitting those 
measurements likely to be worst affected by series resistance. The improved model is 
that presented in section 3 (page 146), and it has been used to do the illustrative 

analysis presented here.

- 1 3 8 m V

2 0 n A

+ 8 2 m V

- 9 8 m V

+ 5 2 m V

- 1 2 8 m V

2 0 n A

- 8 8 m V

5 m s
5 m s

Figure 10
(upper panels) Currents in two human nodes, in Ringer solution without TTX. 

“Anomalous” currents, caused by voltage-clamp errors, are visible in both 
recordings (currents marked “a”; see text). Fibres B2916 (left), 92D18 (right), 

(lower panels) Currents simulated by the model, with parameters from Table 1 for the 
two fibres whose currents are shown in the upper panels. A series resistance of 
1 MQ was incorporated into the model to generate these currents.

Currents produced by the model, with a series resistance up to 1 MQ incorporated 
in the calculation, were analysed using the same FITPEAK program which had been 
used to analyse the real currents (see section 2.1.3, page 134). With a series resistance 
of zero, the reliability of FITPEAK could be verified; it generated perfect fits, with 
parameters indistinguishable from those used to model the currents, except that small 

deviations were visible near Ehoid where currents were very small (these deviations 
are visible in the lower left panel of Figure 11).

The variables Woo and x^, as determined in these modelled currents using 

FITPEAK, are shown in Figure 1 1 for / ?  .vfne.v = 0 and 0.5 M^l. The R series is, the 
steeper becomes, and the less easy it becomes to fit a Boltzmann function to m«>. 
With a series resistance of 1 MH, “anomalous” currents (explained in the previous 
section) make it impossible to calculate Na^ activation by extrapolating the
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inactivation process to the beginning of the pulse. The time constant of inactivation, 

T/i, is also distorted in the range where anomalous currents are found.
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Figure 11
(upper left) Amplitudes of fully activated Na"̂  currents, /̂ amax (see section 2.1.3, 

page 134) derived by FITPEAK from currents simulated by the human node 
model. In all panels in this Figure, circles indicate values from currents simulated 
without series resistance, and diamonds values from simulations with 
R series = 0.5 MQ. The smooth lines are derived from Equation 3, fitted in the 
region of Ê a-

(upper right) The Na"̂  current activation parameter m„„, calculated from the values of 
iNamax in the left panel, with R series = 0  and 0.5 MO. The smooth lines show fits of 
the Boltzmann function (Equation 20) with the following values:
0 MO: Fo.5 = -51.2 mV,A: = 10.0 mV; 0.5 MO: £ 0.5 -  -58.7 mV,A: = 4.5 mV.

(lower left) Values of calculated by FITPEAK from the time to peak of the 
simulated currents, with R series = 0  and 0.5 MO.

(lower right) The rate constants and calculated from nioo and derived from 
simulated currents with R series = 0.5 MO. The smooth lines show fits of Equations 
6  and 7, ignoring points between -70 and -40 mV.

The rate constants and were determined in the usual way for currents which 

had been modelled using a series resistance of 0.5 MO, and are shown in the lower 
right panel of Figure 11, with fits generated from Equations 6 and 7. It is clear that 

some points cannot be fitted with equations of this form, because the curves they 

produce have only one bend; these points were excluded from the fits in Figure 11. 

Measurements of Xm, «m and p̂ » in real axons (see Figure 2) also show such deviant
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points between -68.5 and -48.5 mV, and these points were rejected when deriving the 

final form of the model from the real axons.

If the Na permeability is reduced in the human node model to about 40% of its 

original value, to simulate the effect of adding 3 nmol/1 TTX, the effects of series 

resistance are greatly reduced. The most obvious effect which remains is the 

prolongation of Tm in the region where Wœ is steeply voltage dependent; smaller 

effects on moo and T/, are also apparent.

4.4.3 Ejfects o f series resistance on the calculated action potential

To investigate the effect of the slope of moo on the resulting modelled action 

potential, the rate constants and were calculated using the fitted Tm from real 
axons (smooth line in the left panel of Figure 2) and values of m^ derived from the 

human node model with = and 0.5 MQ. The constants A, B  and C thus 
derived were inserted into the model and used to calculate the action potentials 

shown in Figure 12. As m^ becomes steeper because of series resistance, the point 

during repolarisation at which the Na"̂  current starts to deactivate becomes more 
negative. A delay in repolarisation appears, becoming longer the steeper m« becomes.

50mV

1ms

50mV

1ms

Figure 12
Two action potentials generated by the human node model, using values for and p*, 

derived from simulated currents with /?j^„„ = 0.2MQ (left) and 0.5 M il (right). 
The action potential generated with parameters from Table 1 (Fibre B2916) is 
shown for comparison (dotted line in both panels). The only difference between 
the parameters used to calculate these action potentials was the voltage 
dependence of m̂o (see text).

This delay in repolarisation produces what is described as a “knee” by Schwarz & 

Eikhof (1987) and a “hump” by Hodgkin & Huxley (1952); it was present in the 

modelled action potentials in both these papers, although hardly visible in the 

recorded rat and squid action potentials.
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The slope of nice is steeper in the Schwarz & Eikhof model in rat axons (A = 7.6 in 
Equation 20) than in the human model presented here {k = 9.9). When the human 
model is calculated using k = l,6  (R series = 0.2 MQ) a “knee”, like that in the 
Schwarz-Eikhof model, appears (Figure 12, left panel). When the slope of moo is 

steeper (/: = 4.5; R series = 0.5 MQ), the “knee” becomes an extreme delay during the 
repolarisation phase. In rat nodes, where TTX was used in low concentration to 

reduce the size of the Na"*" current (Neumcke et al. 1987), the slope of moo became 
much less steep (k = 9.2, measured manually from Figure 5 of that paper), and closer 

to that in the human model. The slope of moo is also similar in squid (k= 9.6, 
Hodgkin & Huxley 1952) and Xenopus {k = 9.3, Frankenhaeuser & Huxley 1964). It 
can be concluded that the voltage dependence of activation of rat, frog, squid and 
human axonal sodium channels is similarly steep, and that the “knee” which is 

visible during the repolarisation phase of some modelled action potentials results 

from the use of Na"̂  currents affected by series resistance to derive the models.
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CHAPTER 8

DISCUSSION



The preceding five chapters have presented results from two widely-used methods 
for studying ion channel properties, applied for the first time to human axons. Single
channel patch clamping has revealed Na'  ̂ channels and three types of channel, 

which correspond to those already identified in Xenopus and rat axons (Jonas et al. 
1989, Safronov et a l  1993, Hermsteiner et al. 1991). Analysis of multi-channel Na'^ 

and currents in large patches shows that most, but not all, of the properties of 
these currents can be explained by the properties of identified single channels. 
Voltage clamping of the node of Ranvier has allowed recording of action potentials 
and macroscopic Na"̂  and currents; a mathematical model of the space-clamped 
node, based on these currents, reproduces the recorded single action potential and 

repetitive activity, as well as allowing conclusions to be drawn about the roles of 
some of the ionic currents in shaping this activity.

It now remains to bring the results from these methods together, and to explore the 
similarities and differences between the measurements which have been made. This 
will allow human axonal ion channels to be compared with published descriptions of 
those in amphibian and rat axons. The conclusion which emerges from this 
comparison is that human axons contain ion channels which are indistinguishable 
from those in rat and amphibian axons. They probably also contain ion channels or 
currents which have not been described in other species, but it is not safe to conclude 
that this represents a species difference.

The question posed at the beginning of this study - how can the differences in 
excitability and electrotonus between rat and human axons in vivo be explained? - 
remains open. The possibility that the species difference rests on differences in the 
molecular properties of voltage-dependent Na^ and channels can be decisively 
rejected. It is also unlikely that it is caused by gross differences in ion channel 

distribution in the immediate vicinity of the node. Approaches other than patch 
clamping and nodal voltage clamping are required to clarify the differences which 
have been observed; the last section will reconsider the evidence for the species 
difference and suggest what might underlie it.
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1 Ion channels in human axons - from single channels to macroscopic currents

Both methods which have been used in this study are subject to artefacts. Although 

patch clamping allows very direct access to single ion channels, with defined 
environments on either side of the membrane, it is a very invasive technique which 

involves possibly damaging enzyme treatment, and removal of the patch of 

membrane from the cytoplasm and cytoskeleton. Voltage clamping of intact nodes of 
Ranvier is less damaging to the integrity of the tissue than patch clamping, but the 
conditions are correspondingly less clearly defined; the internal ion concentrations 
are hard to control, E hold cannot be measured directly, the current amplitude can only 

be assessed as the voltage drop across the intemodal resistance, the nature of the leak 
conductance is controversial, and command pulses are applied across a substantial 
resistance in series with the node.

Several studies have shown that measurements of ion channel properties made in 
isolated patches differ systematically from those made in whole cells: voltage- 
dependent properties appear shifted along the voltage axis in the hyperpolarising 
direction in patches compared with whole-cell recordings, and the difference may be 
tens of millivolts. These differences can be explained largely by the Donnan potential 
which develops during whole-cell recordings (Marty & Neher 1995, Fernandez et al. 
1984). Systematic differences between measurements in isolated patches and in intact 
cells may also result from the removal of cytoplasmic factors (Ruppersberg et al. 
1991, Mitrovic et al. 1993). In order to establish the properties of ion channels in 
human axons, it is necessary to compare the measurements which were made in 
isolated patches with those in intact axons, to identify the differences, and to explain 
any unexpected similarities.

1.1 Sodium channels and currents

The Na"̂  current is carried by a channel of about 14 pS conductance, which 
activates and inactivates rapidly during depolarising pulses and is blocked by 
tetrodotoxin (TTX). The voltage dependence of its activation and inactivation, and 

the time course of its inactivation, were measured in patches with large Na"̂  currents 

and in voltage-clamped nodes of Ranvier. The time course of inactivation was also 
measured in patches with identifiable single Na"̂  channels.

The left panel of Figure 1 shows the voltage dependence of activation of the Na"̂  
current recorded in three multi-channel patches from human axons, and in one human 
node in the presence of 3 nmol/1 TTX; the measurement made in the node is 
indistinguishable from those made in two of the three patches. The right panel of the

161



same Figure shows the voltage dependence of inactivation of the Na"̂  current, 

measured in one patch and in four human nodes. The slope of the curves is the same, 

but Eo .5 in the patch is 7.5 mV more negative than in the macroscopic currents. A 

similar apparent shift in the voltage dependence of inactivation was noted in excised 

patches from rat axons by Wilson and Chiu (1990; see section 2.1, page 169).
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Figure 1
(left) Voltage dependence of activation of Na"̂  currents in three patches from human 

axons (filled circles) and in one human node of Ranvier, in the presence of 
3 nmol/1 TTX (open circles). Fits of the Boltzmann function (Chapter 4, Figure 4) 
are shown separately for each patch (full lines) and the node (dotted line).

(right) Voltage dependence of inactivation of Na^ current in one patch from a human 
axon (filled circles) and in four human nodes of Ranvier (open circles). Fits of the 
Boltzmann function (Chapter 4, Figure 6) are shown for the patch (full line) and 
for the four nodes (dotted line).

Data from Chapter 4, Figures 4 and 6, and Chapter 6, Figures 7 and 8. The values of 
Eo s and k for the Boltzmann fits are given in the legends to these Figures.
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Figure 2
(left) Time constant of slow inactivation of the Na"̂  current, in one patch with 

identifiable Na"̂  channels (filled squares), three patches with multi-channel Na"̂  
currents (filled circles; mean ± SEM), and one node of Ranvier (open circles), 

(right) Time constant of fast inactivation of the Na"̂  current; symbols as in the left 
panel. Data from Chapter 4, Figure 8 and Chapter 6, Figure 9,

Figure 2 shows the time course of inactivation of the Na"̂  current in single Na"̂  
channels, multi-channel Na'*’ currents and macroscopic Na"*" currents. When two 

exponential functions are fitted to the decay phase of the current, the time constants
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are similar in all three types of measurement. It is possible that the time constant of 
slow inactivation is slightly faster in the intact node than in excised patches (left 
panel); the resolution of the measurements is limited, however, because the currents 

in patches are small and relatively noisy. The time course of fast inactivation in 

patches and in the intact node is similar (right panel of Figure 2).

Comparison of Figure 6  of Chapter 6  with Figure 3 of Chapter 4 shows that the 
outward Na"̂  current in the patch-clamp recordings is very much smaller, relative to 
the inward current, than that in intact axons. This perhaps reflects a very strong 
dependence of the outward Na"̂  current on internal [Na^], apparently stronger than 

that predicted by the GHK current equation.

1.2 Potassium channels and currents

1.2.1 1 channel, intermediate component and fI macroscopic current

The I channel is the channel which occurs most frequently in patches from 
human axons. Patches with large currents are dominated by a current component 
with almost identical properties, which has been termed here the intermediate 
component (see Chapter 5, sections 3 and 4). In intact human nodes, most of the 

current activates rapidly, and in a similar range of potentials to that in which the I 
channel activates (Chapter 6 , section 3.2.1). The simplest explanation for these 
observations is that the I channel underlies both the intermediate component in 
excised patches and the/; component of macroscopic current.

The left panel of Figure 3 shows the voltage dependence of activation of the I 
channel and of the / ;  component. The voltage dependence of activation of the 
intermediate component, identical to that of the I channel, has been omitted for 
clarity (see Chapter 5, Figure 11). Comparison of the measurements shown in this 
Figure, and the values of E  0 .5  and k obtained from fits of the Boltzmann function (see 
Chapter 5, Figures 4 and 11, and Chapter 6 , Figure 13), shows that the voltage 
dependence of activation of the I channel, the intermediate component in patches, 
and the / ;  macroscopic current are virtually the same. The single I channel has a 

steeper voltage dependence (A:=3.5mV) than any of the recordings of the 

intermediate component or the / ;  macroscopic current. The potential for half- 

maximal activation E 0 .5 of the intermediate o r / ;  components shows some spread 
within a range of about 7 mV in either direction from the value found for the I 
channel. This behaviour is to be expected if the intermediate and / ;  components 
emerge from the behaviour of large numbers of I channels, with similarly steep 
voltage dependence of activation, but with values of £ 0 .5  spread over a 10 - 15 mV
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range. Such a range of E  0 .5  values is conceivable, considering the range of published 

values in Xenopus I channels (see section 2.2.1, page 172).

The right panel of Figure 3 shows the time to half-maximal activation (fo.s) of the I 

channel, the intermediate component, and the macroscopic current. The 

macroscopic current in two of the three fibres shown here contained a substantial fz 

component (see Chapter 6, Figure 13); nevertheless, the measurement here probably 

reflects primarily the f i  component, which activates at more negative potentials than 

the / 2  component. The rate of activation is virtually the same for the single I channel, 

the intermediate component of multi-channel current and the macroscopic/} current.
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Figure 3
(left) Voltage dependence of activation of the I channel in one patch (filled squares) 

and of the /} component of macroscopic current in three nerve fibres (open 
circles). The smooth lines are fits of the Boltzmann function (see Chapter 5, 
Figure 11) to the points from the I channel (full line) and from the three /} 
components (dotted lines).

(right) Time to half-maximal activation of the I channel in one patch (filled squares), 
the intermediate component in four patches (filled circles) and the macroscopic 
current in three nerve fibres (open circles).

Data from Chapter 5, Figure 11 and Chapter 6, Figure 13.

The rate of deactivation, however, is very different in excised patches from that in 
intact axons. I channels and the intermediate component of current in excised 

patches deactivate with a time constant of around 10 - 20 ms at -80 mV (see 

Chapter 5, Figure 10). The fast macroscopic current, composed largely of t h e /  

component, deactivates with a time constant of around 4 ms at -75 mV (see 

Chapter 6, Figure 12). This difference has also been noted in Xenopus and rat axons 

(Jonas et al. 1989, Safronov et al. 1993). No manoeuvre has yet been reported which 
removes this discrepancy or alters this behaviour.
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1.2.2 F  channel, fa st component and f2 macroscopic current

In a few patches where the dominant intermediate component was blocked with 

1 pmol/1 dendrotoxin (DTX), a channel with large conductance (the F channel) 

could be recorded, which activated rapidly during large depolarisations, inactivated 

within seconds and deactivated very rapidly (Chapter 5, section 7). Behaviour 

corresponding to this channel could be recorded in multi-channel currents (Chapter 5, 

section 8); however, some of the fast-inactivating component of multi-channel 

currents appeared to be due to a channel which was already fully activated at much 

more negative potentials than the potential range of F channel activation. A 
component of the fast macroscopic current in human axons activates in the same 

potential range as the F channel and the fast component of current in multi-channel 

patches. The voltage dependence of these currents is compared in Figure 4.

o _

-80 0 80
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Figure 4
Voltage dependence of activation of the F 

channel in one patch (filled squares), 
the fast component of multi-channel 
current in one patch (filled circles) and 
the macroscopic / 2  component in two 
axons (open circles). The lines show 
fits of the Boltzmann function 
(Chapter 5, Figure 11) to the F channel 
(full line) and the / 2  components (dotted 
line). Data from Chapter 5, Figures 23 
and 26, and Chapter 6, Figure 13.

In all cases, the points are rather scattered, limiting the accuracy of the comparison, 
but within the scatter the measurements are indistinguishable. The only systematic 

difference is that the voltage dependence of activation of the fast component in 

excised patches, and of the ^  component, appear slightly steeper than that of the F 

channel because the currents in the voltage range -40 to 0 mV are smaller. This is 
probably illusory, however, resulting from the method used to separate the multi

channel and macroscopic currents. The conductance at -40 mV (fast component in 

patches) or about -20 mV (^ component in voltage-clamped axons) was defined as 
zero, and the currents at more positive potentials derived by subtraction; however, the 

open probability of the F channel is about 15% of its maximal value at -40 mV (full 

line in Figure 4), so that to subtract the current at -40 mV or -20 mV leads to an 

underestimate of the current amplitude in this potential range. The time constant of 

deactivation in patches, about 1.4 ms at -100 mV and 2.4 ms at -80 mV, corresponds 
well with the macroscopic time constant of 4 ms at -75 mV. It can be concluded that
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the F channel is able to account for the properties of the fast-deactivating current 

component in large patches, and of the / 2  component of macroscopic current.

1.2.3 S channel, slow component and slow macroscopic iC  current

In other patches treated with 1 pmol/1 DTX, a channel with small conductance (the 

S channel) was observed, activating at potentials slightly more negative than the 

activation range of the I channel, and deactivating with a time constant of about 

40 ms at -100 mV (Chapter 5, section 5). In patches with large currents, a slowly 

deactivating current component was recorded which in some cases corresponded 

exactly to the properties of the S channel. However, the voltage dependence of 
activation of the slow component was sometimes considerably less steep than that of 
the S channel, and in one patch, where deactivation was very slow, it emerged that 

the slow component probably resulted from activity of the I channel in an unusual 

mode of gating (Chapter 5, sections 6.2 and 6.3).
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Figure 5
(left) Voltage dependence of activation of the slow component of macroscopic 

current in one axon (open circles; data from Chapter 6, Figure 15). The dotted line 
is a fit of the Boltzmann function (Chapter 5, Figure 11) to these points. The full 
lines show Boltzmann fits to the voltage dependence of activation of the S channel 
and of the slow multi-channel current in those patches where the voltage 
dependence of the slow component differed from that of the S channel (data from 
Chapter 5, Figure 18; the symbols from that Figure are omitted for clarity). The 
dashed line is a double Boltzmann function made up of equal proportions of the 
two Boltzmann components fitted to currents from excised patches.

(right) Time constants of deactivation of the S channel in one patch (filled square), the 
slow component of multi-channel current in 4 patches (filled circles), and the 
slow macroscopic current in two nerve fibres (open circles).

In intact axons, a current component with slow kinetics was recorded. Its 

voltage dependence of activation was very flat, with about 30% of the total 
conductance already active at holding potentials around -80 mV, and it deactivated 
with a time constant of around 40 - 70 ms at -80 mV (Chapter 6, section 3.2.2).

166



The voltage dependence of activation of the slow macroscopic current is shown 

in the left panel of Figure 5, along with that measured for the S channel and for the 
slow component of current in the two patches where its voltage dependence 
differed from that of the S channel. Neither of the two slow components measured in 
patches can account for the slow macroscopic current. However, if the two 
components from patches are added (dashed line in the left panel of Figure 5), the 
resulting current would have a voltage dependence somewhat more similar to that of 

the slow macroscopic current.

The deactivation kinetics of the S channel, the slow multi-channel current and 
the slow macroscopic current are shown in the right panel of Figure 5. The 

kinetics appear to be the same.

1.3 Conclusions

In some cases, there is a very good correspondence between the characteristics of 
ion channels in excised patches and macroscopic currents in intact axons. The Na^ 
channel and the macroscopic Na"̂  current have almost identical properties; the / /  
macroscopic current has very similar properties to the I channel; and the ^  
component to the F channel. An exception is the rate of deactivation of the I channel, 
which is up to 5 times slower in excised patches than in intact axons; there may also 
be a difference of a few millivolts in the voltage dependence of inactivation of the 
Na"̂  channel. The slow macroscopic current cannot easily be linked to any one 
channel type.

A difference is often found between voltage-dependent properties of ion channels 
measured in excised patches and in intact cells. Channels in whole-cell recordings 
appear to open or inactivate at more positive potentials than in excised patches 
(Marty & Neher 1995; Fernandez et al. 1984). This difference is absent from this 
study, and this requires some explanation.

The differences between patch-clamp and whole-cell recordings are thought to 

arise because small, freely diffusing ions in the cell equilibrate within less than a 
minute with those in the patch pipette, while large, slowly diffusing anions in the cell 

cytoplasm remain in place for a relatively long time; a Donnan equilibrium forms, 
making the cell interior negative (by up to about 1 0 -1 5  mV) with respect to the 
patch pipette, and the freely diffusing ions are at a different concentration in the cell 

and in the patch pipette. Because the Donnan potential at the cell/pipette junction 
adds to the membrane potential, the apparent reversal potential of ionic currents no 

longer depends on the intracellular ionic concentrations, but only on those in the 

patch pipette and bath. This Donnan distribution remains in existence until the slowly
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diffusing ions also move out of the cell into the patch pipette (Marty & Neher 1995). 

The same process happens during the formation of an outside-out patch, but in this 

case the slowly-diffusing ions disappear from the cytoplasmic face of the patch 

within a very short time, so the effect is usually not noticed.

Diffusion potentials, akin to Donnan potentials, also exist in macroscopic voltage- 
clamp recordings, because both small, freely diffusing ions and large, slowly 
diffusing ions are present. The difference between this situation and whole-cell patch 

clamping is probably that the Donnan equilibrium is never established during the 

time scale of a voltage-clamp experiment, because the cut intemode is up to 0.5 mm 
long, much longer than a typical cell. The mean time taken by a potassium ion in 
aqueous solution to diffuse 0.5 mm is about 10 min, and in axoplasm, the rate of 
diffusion is probably about one tenth of this (Hille 1992). [K^]i at the node therefore 
probably does not change substantially during an experiment. If the node is 
superfused with isotonic KCl, the resulting membrane potential will therefore be very 
close to 0 mV. If Na^ current inactivation is measured directly before the change to 
isotonic KCl, and Ek directly afterwards, these two measures of membrane potential 
can be directly related without being distorted by the slowly changing diffusion 
potential. Both the measurements in excised patches and those in intact nodes are 
therefore probably unaffected by Donnan potentials.
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2 Comparisons between human, rat and amphibian axonal ion channels

Comparative studies of the properties of ion channels and of macroscopic currents 
in frog and rat axons show no species difference (Safronov et al. 1993, Neumcke et 
al. 1987). In this section, rat and human axonal ion channels and currents will be 
compared, in those cases where the rat data is available in the literature. Otherwise, 

data from amphibian axons will be used for comparison.

2.1 Sodium channels and currents

One explicit comparison of Na"̂  channels in patches from human and rat axons has 
been published. Mitrovic et al. (1993), investigating the dependence of the 
biexponential decay of Na'*’ currents on the oxidative state of the axon, found that the 
fast and slow time constants of Na'*' current inactivation in excised patches from rat 

and human axons were indistinguishable.

The single-channel conductance of human axonal Na^ channels is about 14 pS 
(Chapter 4, Figure 2); a similar conductance was measured in rat axons under the 
same conditions (Wilson & Chiu 1990). These authors also measured the voltage 
dependence of activation and inactivation of rat axonal Na^ channels, but found large 
voltage shifts between their measurements and those from intact axons, which they 
explained as being due to the omission of Câ '*' from their Ringer solution. The 
comparison between these properties in human and rat Na'*’ channels is therefore 
better made using macroscopic currents.

In one study (Neumcke et al. 1987), rat and frog macroscopic nodal Na'*’ currents 
were compared under virtually identical conditions to those used here, using a small 
concentration of TTX to partially block the Na'*’ current and minimise the distortion 
causes by series resistance. These authors showed that the properties of rat and frog 
Na'*' channels are indistinguishable; for simplicity, therefore, only human and rat Na’*' 

channels will be compared here. Neumcke et al. based their analysis on a model of 

the Na'*’ current essentially identical to the one used in Chapter 7, and most of their 
measurements are directly comparable to those in that Chapter.

Figure 6 shows the characteristics of macroscopic Na'*’ currents in human nodes, 
measured in this study (Chapter 7), and in rat nodes as measured by Neumcke et al. 
(1987). They are strikingly similar. The top panels show the voltage- and time- 

dependent behaviour of the Na'*’ current activation parameter m, and the lower panels 

the voltage and time dependence of the inactivation parameter h. To allow easy 

comparison between rat and human axons, all measurements of membrane potential 
in this Figure are relative to the holding potential Ehoid, with membrane potential
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V=  OmV at Ehoid (the convention used by Neumcke et a l  1987). The human data 
from Chapter 7 has been converted by defining V = 0  mV as the potential where 
hoo = 0.7 {E = -88 mV). It is impossible to be sure whether the absolute potential 
where V = 0 mV differs between the two species.

Peak Na^ currents in human nodes are about twice as large as those in rat nodes 
(40 - 45 nA, this study; 20 - 25 nA, Schwarz & Eikhof 1987). However, the current 

amplitude depends on the value which is chosen for intemodal resistance. This was 

assumed to be the same as in rat axons, but it is possible that the human axons had a 
larger intemodal resistance, and that this, rather than a difference in the tme currents, 
underlies the different amplitudes measured. All conductances appeared to be larger 
in human than in rat axons.

It can be concluded from this comparison that the voltage-dependent properties of 
human and rat Na"̂  channels are indistinguishable, except that their position on the 
voltage axis is subject to uncertainty.
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Figure 6
(upper left) The Na'̂  current activation parameter, m» (see Chapter 7), as measured in 

a human axon (open circles) and in 12 rat axons (filled circles). The dotted lines in 
all panels in this Figure are calculated from Table 1 of Chapter 7 for human axons; 
the full line here is a fit of the Boltzmann function (Equation 20 in Chapter 7) to 
the rat data, with the following values: = 32.9 mV, k -  9.2 mV. The
corresponding values in the human axon are: = 33.5 mV,A: = 9.9 mV.

(upper right) The time constant of Na'̂  current activation, measured in two human 
axons (open circles) and in 12 rat axons (filled circles). Neumcke et al. used an 
exponent of 1 for m in the voltage range V = -40 to +24 mV; their measurements 
have therefore been multiplied by 3 in this Figure to allow comparison with the 
human model, where an exponent of 3 was used throughout.

(lower left) The Na"̂  current inactivation parameter, /i»», measured in two human axons 
(open circles) and in 12 rat axons (filled circles). The fiill line is a fit of the 
Boltzmann function (Equation 18 in Chapter 7) to the rat data, with the following 
values: V/, = 6.2 mV, k -  6.4 mV. The corresponding values in the human axon are: 
Vh = 7.6 mV,A: = 7.2 mV.

(lower right) The time constant of Na^ current inactivation, i/,, measured in two 
human axons (open circles) and in 12 rat axons (filled circles).

Rat data from Neumcke et at. (1987); m« and measured from Figure 5, Xm and T/, 
from Table 2. Human data from Chapter 7, Figures 2 and 3. Note that the potential 
scale (denoted by V instead of E in this Figure) is in mV from the potential where 
/loo = 0.7; it is therefore shifted by +88 mV from the scale in Figures 2 and 3 of 
Chapter 7.
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2.2 Potassium channels and currents

2.2.1 I  channel and the f i  component

The conductance of the I channel is almost identical in human and rat axons. For 

inward current in isotonic KCl, the human I channel has a conductance of 30.5 pS 

(Chapter 5, section 3.1), and the rat 33 pS (Safronov et al. 1993). For outward current 

in isotonic KCl, the corresponding conductances are 17.1 pS (human) and 18 pS 

(rat), and for outward curent in Ringer 11.7 pS (human) and 10 pS (rat).

Safronov et al. measured the voltage dependence of I channel activation from the 

intermediate component in multi-channel patches. This measurement is shown in the 

left panel of Figure 7, along with the corresponding data for the intermediate 

component in human axons. The data presented by Safronov et al. are somewhat 

towards the negative end of the range of the measurements in human axons. Any 

difference in the voltage dependence of activation between human and rat axons is 

small compared to the range of the published measurements in Xenopus axons: £ 0 .5  

in this preparation ranges from -62 mV or -47.5 mV (both from Koh & Vogel 1996), 
to -35 mV (Jonas et al. 1989). Human and rat I channels therefore probably have 
identical voltage dependence of activation.
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Figure 7
(left) Voltage dependence of activation of the intermediate component of K"̂  current in 

human axons (open symbols and dotted line; data from Chapter 5, Figure 11), and 
in rat axons (full line; Boltzmann function with E 0.5 = -64.2 mV and k = 4.8 mV, 
from Safronov et al. 1993).

(right) Voltage dependence of activation of the f j  component of macroscopic K  ̂
current in human axons (open symbols and dotted lines; data from Chapter 6 , 
Figure 13), and in rat axons (full line; Boltzmann function with F 0.5 = -54.1 mV 
and k = 5.2 mV, fromCorrette et al. 1991).

A similar comparison is made in the right panel of Figure 7 between the / ;  
component of macroscopic K^ current in voltage-clamped human axons, and the
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corresponding data from rat nodes of Ranvier (Corrette et al. 1991). Again, the 

voltage dependence is indistinguishable.

Quantitative data on the kinetics of I channel activation are not given by Safronov 

et al. (1993), but Koh and Vogel (1996; Figure 3B) present data for the Xenopus I 
channel at 13 - 15°C which corresponds to that in Figure 4 of Chapter 5. When 
allowance is made for the effect of the temperature difference, the time for half- 
maximal activation is similar (at -60 mV, human 22 ms, Xenopus 49 - 80 ms; at 
4-40 mV, human 1 ms, Xenopus 1.6 ms). The kinetics of deactivation of the I channel 
at -80 mV are the same in rat and human axons (human: T = 22.5 ms; rat: 

T = 20.4 ms, Safronov et al. 1993), while the fast macroscopic K^ current deactivates 

with a time constant of 2 ms in rat (Corrette et al. 1991) and 4 ms in human axons 
(Chapter 6). The apparent slowing of deactivation in excised patches compared to 
intact axons was also observed by Jonas et al. (1989) in Xenopus axons, but remains 
unexplained.

A “flickery” gating mode in the Xenopus I channel, like that reported for the 
human I channel in Chapter 5 (section 3.4), is mentioned briefly by Koh and Vogel 
(1996). These authors argue that the I channel may be related to the K v l.l channel, 

which shows a similar gating mode. They did not comment on the deactivation 
kinetics of the Xenopus I channel in its “flickery” mode, nor did they report 
biexponential deactivation kinetics as was found in the human I channel in this study. 
However, it is interesting in this connection that Dubois (19816) observed a dual
exponential time course for the deactivation of the f i  component of macroscopic K^ 
current in intact frog axons, with one time constant about four times longer than the 
other.

Inactivation of the Xenopus I channel, like that in human axons, is fitted well by a 
single exponential function, with a time constant of 23.6 s at 4-40 mV and 13 - 15°C 
(Koh & Vogel 1996). The corresponding value for the rat I channel at room 
temperature is 7.4 s (Safronov et al. 1993). These values are somewhat faster than 

those of 30 - 50 ms measured in the human I channel at the same potential 

(Chapter 5, Figure 12). In patches from human axons, the time constant of I channel 

inactivation increased with increasing depolarisation, being about twice as long at 

4-40 mV as at -40 mV. The same behaviour has been reported in the Xenopus I 
channel (Koh and Vogel 1996), and th e /; component of macroscopic K^ current in 
Xenopus nodes (Schwarz & Vogel 1971).

The only study which has investigated the voltage dependence of inactivation of 

axonal K^ currents is that by Schwarz & Vogel (1971) in Xenopus. These authors 

found that about half of the slowly-inactivating component of the K^ current was
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inactivated at a potential about 5 mV positive to the holding potential (the potential at 

which 30% of the Na"̂  current was inactivated). In human axons, almost exactly the 

same is true: the potential for half-maximal inactivation of the intermediate 

component of current was about -80 mV (see Chapter 5, Figure 13), and 30% of 

the Na"̂  current is inactivated at - 8 8  mV (Chapter 6 , section 1.2).

The amplitude of the /y conductance appeared larger in the one intact human node 

in which it was measured (Chapter 6 , Figure 13; 73 nS) than in rat nodes (12 nS; 

Corrette et al. 1991). This measurement is, however, subject to uncertainty because 

the measured current amplitude depends on the value used for intemodal resistance, 

which was assumed to be the same as in rat axons (see section 2 . 1 ).

2.2.2 F channels and the f 2 component

The single-channel conductance of the F channel, like that of the I chtinnel, is 
virtually the same in human and rat axons. In patches from human axons, the 
conductance of the F channel in isotonic KCl was 49.7 pS for inward current and 

28.9 pS for outward current. The corresponding values in the rat F channel were 
55 pS and 30 pS (Safronov et al 1993).

The voltage dependence of activation of the human F channel is indistinguishable 
from that in the rat (Figure 8 ), and the voltage dependence of the human ^  
component (shown in Figure 4) is also very similar. The macroscopic / 2  component in 
rat axons was reported to activate at a more negative potential {E 0 .5  = -22.4 mV; 
Corrette gf a/. 1991).

Figure 8
Voltage dependence of activation of the F 
channel in human axons (open symbols 
and dotted line; data from Chapter 5, 
Figure 23) and in rat axons (full line; 
Boltzmann function with
E 0.5 = +4.6 mV, k = 20.4 mV, from 
Safronov etal. 1993).
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The deactivation time constant of the F channel and the fast component of multi

channel current in excised patches from human axons (1.4 - 2.4 ms; Chapter 5, 

Figures 22 and 26) are a little slower than that reported in rat axons (0.95 ms; 
Schneider et al. 1993). The time course of F channel inactivation in the two species is 
similar, but may be somewhat faster in human than in rat axons (x = 143 ms in rat 
axons at +40 mV, Safronov et al. 1993; compare with Chapter 5, Figure 27, where 
time constants are in the range 40 - 80 ms).
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The absolute amplitude of the / 2  conductance in human nodes cannot be compared 
to that in rat nodes because it was only measured in two apparently demyelinated 
human axons. The proportion of current contributed by the / 2  component or the F 
channel may be smaller in human than in rat axons, although the evidence pointing in 

that direction is circumstantial. The component accounted for about 30% of the 

total current in two human axons, and none in a third axon; this contrasts with about 
46% in rat nodes (Corrette et al. 1991). F channels were rarely seen in patches from 
human axons, although they represent the major population of ion channels in rat 
axons in the presence of 1 pmol/1 DTX (Safronov et al. 1993). In no patch from 
human axons did the fast component of multi-channel current contribute more 

than half of the total current; in rat axons, in contrast, a number of patches have a 
current which is dominated by the fast component (Schneider et al. 1993).

2.2.3 S channels and the slow components o f multi-channel and macroscopic 
currents

Rat S channels have a conductance of 10 pS (Safronov et al. 1993); in human 
axons, two distinct conductances were found, one almost the same as that in rat 
(10.5 pS), and one smaller (6 . 8  pS).

The measurements of the voltage dependence of the open probability (Popen) of the 
S channel in both rat and human axons have the drawback of small sample size. 
Safronov et al. measured Popen in a patch which contained one channel, and the pulse 
protocol was applied nine times. In the human S channel, Popen was measured in a 
patch which contained 3 channels, and each pulse was applied five times, equivalent 

to 15 trials. The voltage dependence of Popen of the human and rat S channel are 
shown in the left panel of Figure 9; the difference in E 0 .5  about 8  mV is probably too 
small to be measured reliably with such a small sample size. The slow component of 
multi-channel current in excised patches has not been described in rat or frog 
axons, so no comparison with the human data in this study is possible. No mention 
has been made of a second slow channel in these species with a voltage dependence 
different from that of the S channel, which might correspond to the current in patches 

from human axons described in section 6  of Chapter 5.

The voltage dependence of activation of the macroscopic slow current in 

voltage-clamped human axons is compared to that in rat axons in the right panel of 
Figure 9. No difference is apparent.

The time constant of deactivation of the human S channel, the slow component of 
multi-channel current in patches and the slow macroscopic current in intact 

nodes are all very similar, about 40 - 70 ms at potentials between -80 and -100 mV. In
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rat, the S channel deactivates with a time constant of 129 ms at -100 mV (Safronov et 

al. 1993), while the time constant of deactivation of the slow macroscopic current 

in rat nodes was between 45 and 180 ms in one fibre (Figure 3 of Roper & Schwarz 

1989) and around 20 - 22 ms in three other fibres (Figure 10 of the same paper). The 

time constants measured in human axons are therefore within the rather wide spread 

of values measured in rat axons.

Human nodes appear to contain more slow conductance than those in rat: the 

conductance for inward current in isotonic KCl is 169 nS in human nodes (Chapter 6, 

Figure 15) and 20 nS in rat (Roper & Schwarz 1989). This measurement is subject to 

uncertainty, however, because it depends on the intemodal resistance which was 
assumed to be the same in human as in rat fibres (the same problem has already been 
encountered in sections 2.1 and 2.2.1). The proportion of human nodal 

conductance which is accounted for by the slow current is about 70% in isotonic 

KCl (Chapter 6, Figures 13 and 15), similar to the value of 80% in rat (Roper & 
Schwarz 1989).
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Figure 9
(left) Voltage dependence of activation of the S channel in a patch from a human axon 

(open symbols and dotted line; data from Chapter 5, Figure 16) and from a rat 
axon (hill line; Boltzmann function with Fo.s =-76.3 mV, A: = 6.0 mV, from 
Safronov etal. 1993).

(right) Voltage dependence of activation of the slow component of macroscopic 
current in a human axon (open symbols and dotted line; data from Chapter 6, 
Figure 15) and in a rat axon (full line; Boltzmann function with  ̂-  -59.6 mV, 
k=  18.2 mV, from Roper & Schwarz 1989).
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3 Which ion channels are present in human axons?

3.1 Na^, 1, F and S channels

The Na"̂  current appears to be responsible for the rapid depolarisation during the 
action potential in human axons. It is carried through a TTX-sensitive channel with 
identical voltage- and time-dependent behaviour to those in rat and frog axons.

The bulk of the delayed current, corresponding to the intermediate component 

which dominates the current in multi-channel patches and the f i  component which 
forms most of the macroscopic current in human nodes, can be accounted for by 
the I channel. The I channel has identical properties to that in rat axons. As well as 
the intermediate component of multi-channel current, the I channel in its 
“flickery” gating mode produces a slowly deactivating current component.

Smaller fractions of current are carried by the S and F channels. These are also 

very similar to the corresponding channels in rat axons. The F channel accounts for 
the fast tail current seen in multi-channel patches, for some of the fast component of 

current inactivation, and for the / 2  component of macroscopic current. The S 
channel accounts for one of the three slow components of multi-channel current 
in excised patches; another component has similar deactivation kinetics to the S 
channel but a less steep voltage dependence; a third has a similar voltage dependence 
to the S channel but slower kinetics, and can be explained by “flickery” gating of the 
I channel (see above).

3.2 Ca^^-activated BK channels and chloride channels

Two other channel types were observed during this work but not investigated in 
detail; the Ca^'^-activated channel (“BK”, described in Scholz et al. 1993), and a 
Cl channel, which was further characterised by Strupp et al. (1991) in patches from 
human axons in a preparation modified from that described in Chapter 2.

3.3 Other DTX-sensitive potassium channels, and the third component o f  

potassium current inactivation

At the single-channel level, two types of DTX-sensitive channel were observed 

in addition to the I channel. One (see Chapter 5, Figure 1) had a conductance of about 
25 pS, and otherwise apparently similar properties to the I channel; however, it could 
not be studied in detail in the presence of large numbers of I channels. The other had 
a conductance of about 40 pS, and was frequently observed to re-open during tail 

currents (see Chapter 5, Figure 14). It deactivated rapidly, apparently faster than the I 

channel but slower than the F channel. Its open state was less “noisy” than that of the
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I channel. A similar channel was described in rat axons by Safronov et a l  (1993) and 

classified as an I channel; however, these authors found that its sensitivity to 

tetraethylammonium (TEA) was much lower (50% block with 6 - 1 0  mmol/1 TEA) 

than that of the I channel (50% block with 0.6 mmol/1 TEA).

The finding of more than one type of DTX-sensitive channel in human axons is 

not surprising, in the light of the study by Wang et a l  (1993), who found that the 
K v l.l and Kvl.2 channel a-subunits are co-localised in the paranodal region of 
myelinated nerve fibres, and that these a-subunits are capable of forming 
heteromultimers in vivo. Both the K v l.l and the Kvl.2 homomultimers are blocked 
by nanomolar concentrations of DTX (Grissmer et a l  1994). The similarities 
between the K v l.l homomultimer and the I channel have been noted (Jonas et a l  
1989, Safronov et a l  1993), as has the similarity between K v l.l and the I-like type I 
channel in rabbit Schwann cells (Baker & Ritchie 1996).

The re-openings during tail currents displayed by the 40 pS channel are 
characteristic of the “ball-and-chain” mechanism of inactivation, where a part of the 
channel (the “ball”) is tethered to the channel (by a “chain” sequence), but can move 
relatively freely in the cytoplasm. The “ball” appears to bind to a site on the channel, 
blocking the pore (Hille 1992). The “ball” is at the NHz-terminal end of the channel, 
and this mechanism is therefore called “N-type inactivation” (Pongs 1992); N-type 
inactivation is usually faster than the other mechanism, “C-type inactivation” . In 
Shaker H4 K^ channels, it appears that the “ball” can only bind to the open channel, 
and must unbind before the channel can close, giving N-type inactivation in this 
channel several of the characteristics of open-channel block - notably that channels 
re-open during recovery from inactivation. This induces a “tail” current whose 
apparent deactivation kinetics actually correspond to the time course of recovery 
from inactivation (Demo & Yellen 1991). The indication that the 40 pS K^ channel 
shows N-type inactivation raises the question of how its inactivation fits into the 
scheme of multiple inactivation kinetics described in patches from human axons 

described in Chapter 5.

K^ current inactivation in axons is known to proceed in at least two phases, fast 

and slow (Schwarz & Vogel 1971, Jonas et a l  1989, Safronov et a l  1993). In this 

study, however, the fast component of inactivation in multi-channel currents in 
patches was better fitted by two time constants than by one, making three phases in 
all. One of these is slow (x> 10 s) and associated with the I channel, one is fast 
(t  < 200 ms) and asssociated with the F channel, and one has kinetics between the 

other two processes (x around 2 s), and cannot be linked with one of the three major 

K^ channel types. It appears to result from a channel which is fully active at -40 mV
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and is blocked by 1 pmol/1 DTX (see Chapter 5, Figure 20). The 40 pS channel 
would therefore be a good candidate for the channel underlying this phase of 

inactivation.

3.4 Channels underlying the slow component o f macroscopic potassium current

The multi-channel current in large excised patches from human axons contains 

three slow components, one associated with the S channel, one with the “flickery” 
mode of the I channel, and one which cannot be ascribed to a known channel type 

(see Chapter 5, section 6). The slow current in human axons does not correspond 
in its voltage dependence to any of the channel types described in Chapter 5, 
although its flat voltage dependence can be approximated by adding the two 
Boltzmann functions associated with the three components of slow multi-channel 
current.

The voltage dependence of activation of the macroscopic slow current is not 
fully accounted for, however, even by a mixture of the slow components found in 
excised patches. This may be a further example of an alteration in channel properties 
resulting from enzyme preparation or patch formation (the apparent slowed 
deactivation of the I channel has already been mentioned); the voltage dependence of 
the S channel may be altered, or a different channel whose activity depends on 
cytoplasmic factors may be active in intact axons but completely invisible in patches. 
In virtually all patches from human axons, channel activity was clearly absent at a 
holding potential of -100 mV, although about 10% of the slow macroscopic 
current is activated at this potential.

3.5 A gating model fo r the I channel

In section 3.4 of Chapter 5, the “flickery” and “noisy” gating modes of the I 
channel are described. Both “flickery” and “noisy” modes produce bursts of brief 

openings, separated by very brief closings (which in the “noisy” mode are too short to 

resolve at 1 kHz filter frequency). The “flickery” gating mode produces tail events 
with slower deactivation than the more frequently seen “noisy” mode, but has a 
higher open probability at -80 mV. Although its deactivation is slower than that of the 

“noisy” mode, its activation appears to proceed at a roughly similar rate. The 
deactivation of the “flickery” mode of the I channel proceeds with two time 

constants, the faster of which is almost identical to that of the “noisy” mode. This 

means that the “flickery” mode is composed of two different open states, with 

different rate constants for leaving the open state; that is to say, there are two 
different ways the channel can produce “flickery” openings. The channel can switch 
during a burst from one mode to the other (see Chapter 5, Figure 7), suggesting that
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there is one state near to the open state from which the channel can produce either 

type of opening.

A simple model which can explain the observations assumes that there are two 

states underlying bursts of openings; from one of these states, the channel can 

produce only “flickery” openings, while from the other, it can produce either “noisy” 

or “flickery” openings. The suggested gating scheme is shown in Figure 10.

If the model is correct, two rate constants are known from the measurements in 

Chapter 5: those moving from the “ajar” states within a burst to the closed state 

between bursts. These are named Ai- and A2 - in Figure 10. A 2 - must be faster than 

Al- at -80 mV, because tails containing “flickery” openings are likely to be of longer 

duration than those containing “noisy” openings. If A 2 - is faster than A r , while A2+ 
and Ai+ are the same, then the probability of being in state Ai will be higher than

• • - ^ n - 1 ^  ^ 1 ^  ^ f l i c k e r y

0 „ . .flickery

^  noisy 
Figure 10
Suggested model for the gating of the I channel. C, to €„ are an unknown number of 

closed states between bursts, to account for the delayed activation of the current;
A] and A] (“ajar”) are the closed states within a burst of “noisy” or “flickery” 
openings. Onoisy and Onickery are the open states of the channel.

that of being in state A2 ; this model therefore also accounts for the fact that the 

“flickery” mode has a higher open probability them the “noisy” mode at -80 mV.

3.6 Does it matter how many different potassium channels there are?

In addition to the I, F and S channels, there appear to be at least two more types of 

DTX-sensitive channel with some similarities to the I channel, and at least one more 
channel with slow kinetics. If channels display such similar behaviour that their 

macroscopic or multi-channel currents are difficult to distinguish from one another, it 

could be argued that it is irrelevant whether a current is due to a homogeneous 

population of channels or a mixed channel population. In some circumstances, 

however, the difference could become important.
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There are numerous examples in the literature of ion channels being modulated by 

intracellular factors (Wickman & Clapham 1995, Hille 1992). Many of these involve 

phosphorylation; in axons, both Na'  ̂ and currents are altered by manoeuvres 
affecting intracellular cyclic AMP concentration (Seelig & Kendig 1982), suggesting 
that at least some axonal ion channels have phosphorylation sites for protein kinase 
A. Two other examples of altered ion channel properties related to cytoplasmic 

factors have come from patch-clamp experiments on axonal ion channels. Na"̂  

channels in excised patches show biexponential inactivation (see Chapter 4). In cell- 
attached patches from rat axons, however, differences in Na"̂  channel inactivation 
between sensory and motor axons become apparent: Na"̂  channels in sensory axons 
show only the faster component of inactivation. This behaviour can be reproduced in 
inside-out patches by application of glutathione to the inner surface of the patch, 
which removes the slow component of inactivation (Mitrovic et al. 1993). Secondly, 

axonal pH affects rat I and F channels differently: F channels are blocked to a much 
greater extent than I channels by a small degree of intracellular acidification 
(Schneider et al. 1993). Channels which behave similarly in excised patches may 
therefore show different behaviour in intact axons, depending on their intracellular 
environment.

The extracellular environment may also have different effects on channels which 
appear to have similar properties. A raised external concentration shifts the 

voltage dependence of Popen of the Xenopus I channel to more negative potentials 
(Safronov & Vogel 1995). Changes in external [K^] within the physiological range 
have a very strong influence on the current generated by cloned A-type channels 
(Pardo et al. 1992). Both internal pH and external [K^] change drastically during and 
after ischaemia, which is an everyday event for axons. The effects of these changes in 
environment on ion channel conductance and Popen will affect behaviour such as post- 
ischaemic paraesthesiae (Bostock et al. 1991), especially if there are differential 
effects on otherwise similar ion channels.

The distribution of axonal ion channels is still understood at a relatively crude 
level. Some anomalies are known; for example, most of the current in large 
patches from rat axons is blocked by TEA (Safronov et al. 1993), while electrotonus 
measurements in intact axons show that most of the fast conductance is not 

sensitive to TEA (Baker et al. 1987). A differential distribution of channels with 

broadly similar properties but different TEA sensitivity (for example, the I channel 
and the 40 pS channel) could explain this contradiction.

Another situation where small molecular differences between apparently similar 

ion channels may become practically important is when it becomes desirable to block
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them. One approach to symptomatic treatment of multiple sclerosis is to block axonal 
channels; this can restore conduction through regions of demyelination where the 

safety factor for conduction is just below 1. In some patients with multiple sclerosis, 
4-aminopyridine (4-AP) produced marked symptomatic improvement (Davis et a l 
1990, Bever 1994); but the side-effects of 4-AP treatment can be very distressing. A 
more specific approach, directed towards one sub-group of axonal ion channel, could 
be of use here.
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4 Why is electrotonus different between rat and human axons?

The question with which this work started - what underlies the difference in 

excitability between rat and human axons? - has not been answered. This study was 
designed to investigate one possibility, that the difference rests on differences in the 
characteristics of the channels in the axonal membrane. This hypothesis can be 
decisively rejected, as far as the I, F and S channels are concerned; all the 

characteristics of these channels in human axons which were measured here are 
virtually the same as those of ion channels in rat axons. The Na"̂  channels are also 

identical. The distribution of channels in the immediate vicinity of the node of 
Ranvier is probably also similar in human and rat axons.

As described in Chapter 1 (section 6, Figure 8), injection of depolarising current 
into human axons produces a much larger reduction in threshold (probably 
corresponding to membrane depolarisation) than injection of a similar amount of 
current into rat axons (Bostock & Baker 1988). The time course of this 
depolarisation, showing a slow rise to a peak, followed by accommodation, is 
consistent with the passive charging of the intemodal capacitance, followed by 
accommodation due to the opening of intemodal channels (see Chapter 1, 
section 4.2). Rat axons, on the other hand, accommodate strongly from the beginning 
of the depolarising current pulse.

The accommodative behaviour of rat axons can be made more similar to that of 
human axons by applying 4-AP and TEA, suggesting that human axons contain much 
less fast and slow conductance than rat axons. It seems unlikely, from the present 
study, that gross differences in ion channel density or distribution exist, although 
direct comparison of ion channel density between human and rat axons could not be 
made. How can the observed difference in electrotonus be reconciled with the strong 
similarities which have been found in this study?

4.1.1 Resting potential

One point that must be made is that the differences in threshold electrotonus have 
been observed in the region of the resting potential. At this potential, most of the 

voltage-dependent channels which have been studied in detail are closed. Membrane 
potential is determined by a balance between currents which are all small. Small and 
apparently insignificant differences in voltage dependence between the same 

channels in rat and human axons could introduce large differences in open probability 

at the resting potential. The currents generating the axonal resting potential are 

subject to some uncertainty (see Chapter 1, section 5.1).
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Even the amplitude of the resting potential in axons is not known for certain. The 

resting potential was measured by Huxley and Stampfli (1951) as -71 mV in isolated 
Xenopus axons. The resting potential in vivo is probably more negative than this: in 

lizard axons, Barrett and Barrett (1982) measured resting potentials of up to -80 mV 
with intracellular microelectrodes. These values are probably close to the in vivo 
resting potential, since these axons showed depolarising afterpotentials which 
disappear in depolarised axons; but introducing a microelectrode into an axon almost 

certainly depolarises it to some degree. In undissected rat spinal roots. Baker et al. 
(1987) showed that the resting potential was probably about 12 mV more positive 

than the equilibrium potential Ek', in their experiments, with 3.25 mmol/1 [K^]o, 
Ek was around -97 mV, suggesting a resting potential of about -85 mV. No method 
has yet been suggested by which the resting potential could be measured non- 
invasively in vivo.

The possibility that the rat axons in the experiments of Bostock and Baker (1988) 
had a more positive resting potential than the human axons, thus opening more 
channels at the resting potential, was considered by these authors. They rejected the 
idea that a different resting potential is the only explanation for the species 
differences, because hyperpolarising the rat axons, by injecting current or by 
tetanising the axons to activate the Na' /̂K'  ̂ ATPase, did not induce electrotonus 
similar to that seen in human axons. However, the possibility that a difference in 
resting potential contributes to the differences, in combination with other factors, has 
not been excluded. It is conceivable that the rat spinal roots in that study were 
depolarised due to their exposure by laminectomy.

4.1.2 Pumps and carriers

Ion channels are not the only determinants of excitability and electrical behaviour 
in axons. The membrane also contains pumps and carriers, the most important 

probably being the NaVK'^ ATPase and NaVCa^'^ exchange. Both of these are 

electrogenic, the probable exchange ratios being 3 Na‘̂ /2 and 3 NaVl Câ "̂  

respectively; consequently, these carriers generate currents, and are also affected by 

membrane potential. It is at the resting potential that their effects, relative to those of 

the ion channels, are likely to be most noticeable. Some of the properties of these 
carriers are known from other preparations, but not from axons. Their distribution is 
also uncertain: although the density of the Na'^/K'  ̂ ATPase is greatest at the node 

(Ariyasu et al. 1985), electrophysiological behaviour suggests that most of the pump 

sites are located in the internode (Bostock et al. 1991). Evidence for the presence of 

NaVCa^"  ̂exchange in axons at present exists only in the central nervous system (Stys 
etal. 1992).
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4.1.3 Small differences in ion channel distribution or density

The difference in electrotonus suggests that in rat axons, most of the current during 
a small depolarisation is short-circuited before it reaches the internode, or in the 

internode itself, while in human axons, a larger proportion of the current reaches the 

intemode and depolarises it. This could be explained by rat axons having more of a 
conductance which can be activated by small depolarisations, either paranodal or 

intemodal, than human axons. Suitable candidates would be the slow 

conductance, or the/y part of the fast conductance. The observation that rat axons 
may have a larger proportion of /2  conductance, relative to / y ,  than human axons, 

would not explain the different electrotonus, because the / 2  conductance is activated 
only by large depolarisations.
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5 Future directions

In this study, patch clamping of human myelinated axons has provided some 
detailed descriptions of single ion channels in small patches of membrane, and 
voltage clamping of the node of Ranvier has allowed the macroscopic currents in and 
near the node to be studied. What is missing is a method of studying relatively large 
areas of intemodal membrane. This would allow estimates of channel density in the 
internode to be made; it would also introduce the interesting possibility of measuring 
currents due to electrogenic pumps and carriers, allowing their properties and 
distribution to be studied. This might allow the differences between human and rat 

axons, which probably reside in the internode and depend on channel distribution and 
small currents near the resting potential, to be better understood.

Figure 11

A demyelinated human axon, 
prepared as described in 
Chapter 2, with two sharp 
tungsten wires (upper right) 
flattening the axon at points 
125 pm apart. A patch pipette 
was sealed onto the intemodal 
membrane (lower left). Phase 
contrast optics, magnification 
360x.

Preliminary experiments were made during this study to develop something 
analogous to whole-cell patch clamping in demyelinated axons. The aim was to 
isolate a section of axon, as short as practicable to avoid space-clamp problems, with 
high resistance at each end. Electrolytically-sharpened tungsten wires were lowered 
onto axons so as to squeeze them flat at two points, about 100 pm apart, and a patch 
pipette was sealed to the membrane between the two wires. No satisfactory 
recordings were obtained from these “axon sausages” ; they were very fragile, and 
often did not survive long enough to patch. It could be that “macro-patches”, very 
large excised patches, would offer a better solution.

Most of the information which has revealed the functions of ion channels has been 
obtained from recordings on undissected axons (see Chapter 1, section 5). Human 
fascicles of sufficient length could also be used for this type of work. Some studies in 
this direction have been carried out (Quasthoff et al. 1995).
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Some specific questions about axonal ion channels and currents have been raised 
by this study. A third component of fast current inactivation has been identified, 
with kinetics intermediate between the two already known. It has been suggested 
(section 3.3) that the 40 pS channels might be involved in this process, and also 

that the 40 pS channel is not a subtype of the I channel, but a distinct channel. The 

25 pS I-like channels may also be a quite distinct group of molecules. Unfortunately, 
both these channels are difficult to study in patches with large numbers of I channels, 
because they are also DTX-sensitive. These channels could best be studied in single

channel patches.

The composition of the slow current appears more complex than had previously 
been thought. It is accounted for partly by the S channel, and partly by another 
component found in multi-channel patches but not yet as a single channel; but even a 
combination of these currents does not account for it completely. Its exact nature 

remains open.

With any method of studying human physiology, the possibility arises that it could 
be applied to the mechanisms of disease as well as to normal function. Macroscopic 
voltage clamping is unlikely to be of much use in this direction, because of the 
extensive damage likely to be suffered during dissection; abnormalities due to disease 
could not be distinguished from those due to the preparation. Patch clamping could 
be used to identify abnormalities in axonal ion channel properties in hereditary 
neuropathies, if any exist; or it could perhaps identify gross pathological 
abnormalities in ion channel density or distribution (see Bostock et al. 1995 for a 
possible example), but only if they are irreversible. It is possible that the most useful 
practical information which could be obtained from the approaches used in this study 

would be by applying them to studying drug effects on patch-clamped axonal ion 

channels; in particular, the effects of local anaesthetics, which are designed to act on 
exactly these channels (Brau et al. 1995). Most of our understanding of human nerve 

excitability rests on studies of axonal ion channels in other animals; perhaps the most 
important conclusion from this study is that this large body of information is also 
valid for ion channels in our own axons.
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APPENDIX



Journal o f Physiology (1093). 459 . 121P 121jP

A disposable, small volume solution changer for isolated patch recording

G ordon R eid

Sobell D epartm ent o f N europh ysio logy, In stitu te  o f N eurology, L ondon  W C IN  3B G

Many patch-clamp experim ents require the solution bathing a patch to be 
changed quickly and com pletely, w ithout mechanical stress to the patch. A 
convenient method (the ‘sewcr-pipe’) uses continuous flow o f solution through 
several tubes, with the pipette (and patch) being moved between tubes to 
change solution. The design presented here was developed for use in recording 
potassium channels in human axons. To allow the use o f expensive peptide 
toxins, the volume of test solution used is small (300-500 gl). and flow in any  
tube can be reduced between recordings to conserve solution. The flow rate is 
slow (20-30 gl min '), reproducible, and does not vary with the am ount o f  
solution remaining. All com ponents are readily available or easily made 
without a workshop. They are therefore disposable, avoiding the possibility of 
cross-contamination between solutions, or o f infection from human tissue.

Test solutions are contained in 1 ml plastic syringes, mounted horizontally  
(surface tension keeps the meniscus nearly vertical); flow is controlled using air 
pressure from a U-tube, with a separate tap and tubing to each syringe. 
Resistance is provided by a glass patch pipette broken after the first pull -  
pipettes are selected for consistent flow rate -  and pushed into a modified  
1.2 mm intravenous cannula (Venflon, Viggo-Spectramed, Helsingborg, Sw e
den), which is connected to a 1.5 mm glass capillary. These glass capillaries are 
bent to shape in a flame, using a simple metal jig to ensure that they are 
identical, and fixed with a grooved clamp to define the spacing. Solutions are 
filtered to avoid blockage.

P ressu re  (5 cmH20)Sylgard
1.2 mm i d. polythene tubing Broken patch pipette

Patch pipette

G lass capillary Solution
Venflon cannula

1 ml syringe

Fig. 1. Cross-section through one tube of the solution change system; normally five such 
tubes, side by side, are used. The U-tube and mounting plate are not shown.

The idea of using air pressure to control flow came from a design by Duk-Su Koh; I am grateful 
to him for many helpful discussions on sewer-pipe design.

189



REFERENCES



Allen CN, Brady R, Swann J, Hori N, Carpenter DO “N-Methyl-d-aspartate (NMDA) 
receptors are inactivated by trypsin” Brain Research 458:147-150 1988

Amsterdam A, Jamieson JD “Studies on dispersed pancreatic exocrine cells 1. Dissociation 
technique and morphologic characteristics of separated cells” Journal of Cell 
Biology 63:1037-1056 1974

Ariyasu RG, Nichol JA, Ellisman MH “Localization of sodium/potassium adenosine
triphosphatase in multiple cell types of the murine nervous system with antibodies 
raised against the enzyme from kidney” Journal of Neuroscience 2581-2596 1985

Baker M, Bostock H, Grafe P, Martins P “Function and distribution of three types of 
rectifying channel in rat spinal root myelinated axons” Journal of Physiology 
383:45-67 1987

Baker M, Ritchie JM “Characteristics of type I and type II channels in rabbit cultured 
Schwann cells” Journal of Physiology 490.1: 79-95 1996

Barrett EF, Barrett JN “Intracellular recording from vertebrate myelinated axons:
mechanism of the depolarising afterpotential” Journal of Physiology 323:117-144 
1982

Barry PH, Lynch JW “Liquid junction potentials and small cell effects in patch-clamp 
analysis” Journal of Membrane Biology 121:101-117 1991

Benoit E, Dubois JM “Toxin I from the snake Dendroaspis polylepis polylepis: a highly
specific blocker of one type of potassium channel in myelinated nerve fibre” Brain 
Research 377:374-377 1986

Bergmans J “The physiology of single human nerve fibres” Louvain: Vander 1970

Berthold CH, Rydmark M “Anatomy of the paranode-node-paranode region in the cat” 
Experientia 39:964-977 1983

Bever CT Jr “The current status of studies of aminopyridines in patients with multiple 
sclerosis” Annals of Neurology 36 SuppkSl 18-S121 1994

Blank WE, Bunge MB, Bunge RP “The sensitivity of the myelin sheath, particularly the 
Schwann cell-axolemmal junction, to lowered calcium levels in cultured sensory 
ganglia” Brain Research 67:503-518 1974

Bostock H, Baker M “Evidence for two types of potassium channel in human motor axons in 
vivo” Brain Research 462:354-358 1988

Bostock H, Baker M, Reid G “Changes in excitability of human motor axons underlying
postischaemic fasciculations; evidence for two stable states” Journal of Physiology 
441:537-557 1991

Bostock H, Bergmans J “Posttetanic excitability changes and ectopic discharges in a human 
motor axon” Brain 117:913-928 1994

Bostock H, Sharief MK, Reid G, Murray NMF (1995) “Axonal ion channel dysfunction in 
amyotrophic lateral sclerosis” Brain 118:217-225

Brau ME, Dreyer F, Jonas P, Repp H, Vogel W “A channel in Xenopus nerve fibres 
selectively blocked by bee and snake toxins: binding and voltage-clamp 
experiments” Journal of Physiology 420:365-385 1990

191



Brau ME, Nau C, Hempelmann G, Vogel W “Local anesthetics potently block a potential 
insensitive potassium channel in myelinated nerve” Journal of General Physiology 
105:485-505 1995

Brismar T “Potential clamp analysis of membrane currents in rat myelinated nerve fibres” 
Journal of Physiology 298:171-184 1980

Brismar T “Potential clamp experiments on myelinated nerve fibres from alloxan diabetic 
rats” Acta Physiologica Scandinavica 105:384-386 1979

Bunge MB “Schwann cell regulation of extracellular matrix biosynthesis and assembly” In: 
Dyck PJ, Thomas PK (eds) “Peripheral Neuropathy” (3rd ed) Philadelphia:
Saunders 1993

Chiu SY, Ritchie JM “Evidence for the presence of potassium channels in the paranodal 
region of acutely demyelinated mammalian single nerve fibres” Journal of 
Physiology 313:415-437 1981

Chiu SY, Ritchie JM “Evidence for the presence of potassium channels in the intemode of 
frog myelinated nerve fibres” Journal of Physiology 322:485-501 1982

Chiu SY, Ritchie JM “On the physiological role of intemodal potasssium channels and the 
security of conduction in myelinated nerve fibres” Proceedings of the Royal Society 
of London B220:415-422 1984

Chiu SY, Ritchie JM, Rogart RB, Stagg D “A quantitative description of membrane currents 
in rabbit myelinated nerve” Joumal of Physiology 292:149-166 1979

Chiu SY, Schwarz W “Sodium and potassium currents in acutely demyelinated intemodes of 
rabbit sciatic nerves” Joumal of Physiology 391:631-649 1987

Corey DP, Stevens CF “Science and technology of patch-recording electrodes” In: Sakmann 
B, Neher E (eds) “Single channel recording” London: Plenum Press 1983

Corrette BJ, Repp H, Dreyer F, Schwarz JR “Two types of fast IC channels in rat myelinated 
nerve fibers and their sensitivity to dendrotoxin” Pfliigers Archiv 418:408-416 1991

David G, Barrett JN, Barrett EF “Evidence that action-potentials activate an intemodal
potassium conductance in lizard myelinated axons” Joumal of Physiology 445:277- 
301 1992

David G, Barrett JN, Barrett EF “Activation of intemodal potassium conductance in rat 
myelinated axons” Joumal of Physiology 472:177-202 1993

David G, Modney B, Scappaticci KA, Barrett JN, Barrett EF “Electrical and morphological 
factors influencing the depolarizing after-potential in rat and lizard myelinated 
axons” Joumal of Physiology 489:141-157 1995

Davis FA, Stefoski D, Rush J “Orally administered 4-aminopyridine improves clinical signs 
in multiple sclerosis” Annals of Neurology 27:186-192 1990

Demo SD, Yellen G “The inactivation gate of Shaker channel behaves like an open- 
channel blocker” Neuron 7: 743-753 1991

Dermietzel R “Junctions in the central nervous system of the cat II. a contribution to the
tertiary stmcture of the axonal-glial junctions in the paranodal region of the node of 
Ranvier” Cell and Tissue Research 148:577-586 1974

192



DiFrancesco D, Ferroni A, Mazzanti M, Tromba C “Properties of the hyperpolarization- 
activated current (if) in cells isolated from the rabbit sino-atrial node” Joumal of 
Physiology 377:61-88 1986

Dodge FA, Frankenhaeuser B “Membrane currents in isolated frog nerve fibre under voltage 
clamp conditions” Joumal of Physiology 143:76-90 1958

Dow JW, Harding NGL, Powell T “Isolated cardiac myocytes 1. Preparation of adult 
myocytes and their homology with the intact tissue” Cardiovascular Research 
15:483-514 1981

Dubois JM “Simultaneous changes in the equilibrium potential and potassium conductance 
in voltage clamped Ranvier node in the frog” Joumal of Physiology 318:279-295 
1981a

Dubois JM “Evidence for the existence of three types of potassium channels in the frog 
Ranvier node membrane” Joumal of Physiology 318:297-316 19816

Dubois JM “Capsaicin blocks one class of channels in the frog node of Ranvier” Brain 
Research 245:372-375 1982

Durham ACH “A survey of readily available chelators for buffering calcium ion 
concentrations in physiological solutions” Cell Calcium 4:33-46 1983

Edman Â, Gestrelius S, Grampp W “Current activation by membrane hyperpolarization in 
the slowly adapting lobster stretch receptor neurone” Joumal of Physiology 
384:671-690 1987

Eng DL, Waxman SG, Gordon TR, Kocsis JD “Development of 4-AP and TEA sensitivities 
in mammalian myelinated nerve fibers” Joumal of Neurophysiology 60:2168-2179 
1988

Eng DL, Gordon TR, Kocsis JD, Waxman SG “Current-clamp analysis of a time-dependent 
rectificaton in rat optic nerve” Joumal of Physiology 421:185-202 1990

Femandez JM, Fox AP, Krasne S “Membrane patches and whole-cell membranes: a
comparison of electrical properties in rat clonal pituitary (GH3) cells” Joumal of 
Physiology 356:565-585 1984

Fitzhugh R “Computation of impulse initiation and saltatory conduction in a myelinated 
nerve fiber” Biophysical Joumal 2:11-21 1962

Frankenhaeuser B “A method for recording resting and action potentials in the isolated 
myelinated nerve fibre of the frog” Joumal of Physiology 135:550-559 1957

Frankenhaeuser B “Delayed currents in myelinated nerve fibres of Xenopus laevis
investigated with voltage clamp technique” Joumal of Physiology 160:40-45 1962

Frankenhaeuser B, Huxley AF “The action potential in the myelinated nerve fibre of 
Xenopus laevis as computed on the basis of voltage clamp data” Joumal of 
Physiology 171:302-315 1964

Frankenhaeuser B, Moore LE “The effect of temperature on the sodium and potassium 
permeability changes in myelinated nerve fibres of Xenopus laevis” Joumal of 
Physiology 169:431-437 1963

Fuller BJ “Storage of cells and tissues at hypothermia for clinical use” Symposia of the 
Society for Experimental Biology 41:341-362 1987

193



Gamble HJ, Eames RA “An electron microscope study of the connective tissues of human 
peripheral nerve” Joumal of Anatomy 98 655 1984

Gordon TR, Kocsis JD, Waxman SG “Evidence for the presence of two types of potassium 
channels in the rat optic nerve” Brain Research 447:1-9 1988

Grafe P, Bostock H, Schneider U “The effects of hyperglcaemic hypoxia on rectification in 
rat dorsal root axons” Joumal of Physiology 480.2:297-307 1994

Grissmer S “Properties of potassium and sodium channels in frog intemode” Joumal of 
Physiology 381:119-134 1986

Grissmer S, Nguyen AN, Aiyar J, Hanson DC, Mather RJ, Gutman GA, Karmilowicz MJ, 
Auperin DD, Chandy KG “Pharmacological characterization of five cloned voltage- 
gated K  ̂channels, types Kvl.l, 1.2, 1.3, 1.5 and 3.1, stably expressed in 
mammalian cell lines” Molecular Pharmacology 45:1227-1234 1994

Gueffroy DE (ed.) “Buffers: a guide for the preparation and use of buffers in biological 
systems” San Diego, Califomia: Calbiochem 1975

Hamill OP, Marty A, Neher ME, Sakmann B, Sigworth FJ “Improved patch-clamp
techniques for high-resolution current recording from cells and cell-free membrane 
patches” Pfliigers Archiv 391:85-100 1981

Harrison SM, Bers DM “Correction of proton and Ca association constants of EGTA for
temperature and ionic strength” American Joumal of Physiology 256:C1250-C1256 
1989

Hay ED “Extracellular matrix” Joumal of Cell Biology 91:205s-223s 1981

Hermsteiner M, Kampe K, Vogel W “Mammalian and amphibian single sodium channels 
recorded from the membrane of peripheral nerve fibres” Pfliigers Archiv 418:R29 
1991

Hestrin S, Korenbrot JI “Voltage-activated potassium channels in the plasma membrane of 
rod outer segments: A possible effect of enzymatic cell dissociation” Joumal of 
Neuroscience 7:3072-3080 1987

Hille B “Ionic channels of excitable membranes”Sunderland, Massachusetts: Sinauer 1992

Hodgkin AL, Huxley AF “A quantitative description of membrane current and its
application to conduction and excitation in nerve” Joumal of Physiology 117:500- 
544 1952J

Hodgkin AL, Katz B “The effect of sodium ions on the electrical activity of the giant axon 
of the squid” Joumal of Physiology 108:37-77 1949

Horàckova M, Nonner W, Stampfli R “Action potentials and voltage clamp currents of
single rat nodes” Proceedings of the Intemational Union of Physiological Sciences 
7:198 1968

Huxley AF, Stampfli R “Evidence for saltatory conduction in peripheral myelinated nerve 
fibres” Joumal of Physiology 108:315-339 1949

Huxley AF, Stampfli R “Effect of potassium and sodium on resting and action potentials of 
single myelinated nerve fibres” Joumal of Physiology 112:496-508 1951

Ichimura T, Ellisman MH “Three-dimensional fine stmcture of cytoskeletal-membrane 
interactions at nodes of Ranvier” Joumal of Neurocytology 20:667-681 1991

194



Illingworth JA “A common source of error in pH measurement” Biochemical Joumal 
195:259-262 1981

Jonas P, Brau ME, Hermsteiner M, Vogel W “Single-channel recording in myelinated nerve 
fibres reveals one type of Na channel but different K channels” Proceedings of the 
National Academy of Sciences (USA) 86:7238-7242 1989

Jonas P, Koh DS, Kampe K, Hermsteiner M, Vogel W “ATP-sensitive and Ca-activated K 
channels in vertebrate axons: novel links between metabolism and excitability” 
Pfliigers Archiv 418:68-73 1991

Kampe K, Safronov B, Vogel W “A Ca-activated and three voltage-dependent K channels 
identified in mammalilan peripheral nerve” Pfliigers Archiv 420:R28 1992

Kocsis JD, Eng DL, Gordon TR, Waxman SG “Functional differences between 4-
aminopyridine and tetraethylammonium-sensitive potassium channels in myelinated 
axons” Neuroscience Letters 75:193-198 1987

Koh D-S, Jonas P, Brau ME, Vogel W “A TEA-insensitive flickering potassium channel 
active around the resting potential in myelinated nerve” Joumal of Membrane 
Biology 130:149-162 1992

Koh D-S, Jonas P, Vogel W “Na -activated K channels localized in the nodal region of 
myelinated axons of Xenopus” Joumal of Physiology 479:183-197 1994

Koh D-S, Vogel W “Single-channel analysis of a delayed rectifier IC channel in Xenopus 
myelinated nerve” Joumal of Membrane Biology 149:221-232 1996

Kono T “Roles of collagenases and other proteolytic enzymes in the dispersal of animal 
tissues” Biochimica et Biophysica Acta 178:397-400 1969

Krylov BV, Makovsky VS “Spike frequency adaptation in amphibian sensory fibres is 
probably due to slow K  ̂channels” Nature 275:549-551 1978

Lane NJ “A comparison of the constmction of intercellular junctions in the CNS of 
vertebrates and invertebrates” Trends in Neurosciences 7:95-99 1984

Levy WJ, Spagnolia T, Rumpf R, York DH “A method for in vitro enzymatic dissociation of 
nerve roots and peripheral nerves from adult mammals” Joumal of Neuroscience 
Methods 14:281-291 1985

Lillie RS “Factors affecting transmission and recovery in the passive iron nerve model” 
Joumal of General Physiology 7:473-507 1925

Livingston RB, Pfenninger K, Moor H, Akert K “Specialized paranodal and intemodal glial- 
axonal junctions in the peripheral and central nervous system: a freeze-etching 
study” Brain Research 58:1-24 1973

Mackenzie ML, Ghabriel MN, Allt G “Nodes of Ranvier and Schmidt-Lanterman incisures: 
an in vivo lanthanum tracer study” Joumal of Neurocytology 13:1043-1055 1984

Marty A, Neher E “Tight-seal whole-cell recording” In: Sakmann B, Neher E (eds) “Single 
channel recording” (2nd edition) Plenum Press 1995

Mathews MB “Connective tissue: macromolecular stmcture and evolution” Berlin: 
Springer-Verlag 1975

Mayer ML, Westbrook GL “A voltage-clamp analysis of inward (anomalous) rectification in 
mouse spinal sensory ganglion neurones” Joumal of Physiology 340:19-45 1983

195



McManus OB, Magleby KL “Kinetic states and modes of single large-conductance calcium- 
activated potassium channels in cultured rat skeletal muscle” Joumal of Physiology 
402:79-120 1988

Miller DJ, Smith GL “EGTA purity and the buffering of calcium ions in physiological 
solutions” American Joumal of Physiology 246:C160-C166 1984

Mitra R, Morad M “A uniform enzymatic method for dissociation of myocytes from hearts 
and stomachs of vertebrates” American Joumal of Physiology 249:H1056-H 1060 
1985

Mitrovic N, Quasthoff S, Grafe P “Sodium channel inactivation kinetics of rat sensory and 
motor nerve fibres and their modulation by glutathione” Pfliigers Archiv 425:453- 
461 1993

Neumcke B, Schwarz JR, Stampfli R “A comparison of sodium currents in rat and frog
myelinated nerve: normal and modified sodium inactivation” Joumal of Physiology 
382:175-191 1987

Neumcke B, Schwarz W, Stampfli R “Difference between IC channels in motor and sensory 
nerve fibres of the frog as revealed by fluctuation analysis” Pfliigers Archiv 387:9- 
16 1980

Neumcke B, Stampfli R “Sodium currents and sodium-current fluctuations in rat myelinated 
nerve fibres” Joumal of Physiology 329:163-184 1982

Nonner W “A new voltage clamp method for Ranvier nodes” Pfliigers Archiv 39:176-192 
1969

Pappone PA, Cahalan MD “Chemical modification of potassium channels in myelinated 
nerve-fibers - treatment with TNBS or high pH causes resistance to block by 4- 
aminopyridine” Biophysical Joumal 45:62-64 1984

Pardo LA, Heinemann SH, Terlau H, Ludewig U, Lorra C, Pongs O, Stiihmer W
“Extracellular K  ̂specifically modulates a rat brain K  ̂channel” Proceedings of the 
National Academy of Sciences (USA) 89:2466-70 1992

Patlak J “Molecular kinetics of voltage-dependent Na"̂  channels” Physiological Reviews 
71:1047-1080 1991

Pearse AGE “Histochemistry - theoretical and applied” (volume 2 - analytical technology) 
Edinburgh: Churchill Livingstone 1985

Pongs O “Molecular biology of voltage-dependent potassium channels” Physiological 
Reviews 72 (supplement) :S69-S88 1992

Poulter MO, Hashiguchi T, Padjen AL “Dendrotoxin blocks accommodation in frog 
myelinated axons” Joumal of Neurophysiology 62:174-184 1989

Poulter MO, Hashiguchi T, Padjen AL “An examination of frog myelinated axons using 
intracellular microelectrode recording - the role of voltage-dependent and leak 
conductances on the steady-state electrical properties” Joumal of Neurophysiology 
70:2301-2312 1993

Poulter MO, Hashiguchi T, Padjen AL “Evidence for a sodium-dependent potassium 
conductance in frog myelinated axon” Neuroscience 68:487-495 1995

Poulter MO, Padjen AL “Different voltage-dependent potassium conductances regulate 
action-potential repolarization and excitability in frog myelinated axon” 
Neuroscience 68:497-504 1995

196



Quasthoff S “A mechanosensitive channel with fast gating kinetics on human axons 
blocked by gadolinium ions” Neuroscience Letters 169:39-42 1994

Quasthoff S, Grosskreutz J, Schroder JM, Schneider U, Grafe P “Calcium potentials and
tetrodotoxin-resistant sodium potentials in unmyelinated C fibres of biop sied human 
sural nerve” Neuroscience 69:955-965 1995

Reid G “A disposable, small volume solution changer for isolated patch recording” Joumal 
of Physiology 459:121P 1993

Roper J, Schwarz JR “Heterogeneous distribution of fast and slow potassium channels in 
myelinated rat nerve fibres” Joumal of Physiology 416:93-110 1989

Rosenbluth J “Intramembranous particle distribution in nerve fiber membranes” Experientia 
39:953-963 1983

Ruppersberg JP, Stocker M, Pongs O, Heinemann SH, Frank R, Koenen M “Regulation of 
fast inactivation of cloned mammalian Ik(A) channels by cysteine oxidation” Nature 
352:711-714 1991

Safronov BE, Kampe K, Vogel W “Single voltage-dependent potassium channels in rat 
peripheral nerve membrane” Joumal of Physiology 460:675-691 1993

Safronov BE, Vogel W “Modulation of delayed rectifier KT channel activity by extemal K  ̂
ions in Xenopus axon” Pfliigers Archiv 430:879-886 1995

Sandri C, Van Buren JM, Akert K “Membrane morphology of the vertebrate nervous
system: a study with freeze-etch technique” Progress in Brain Research volume 46 
1982

Schmidt H, Stampfli R “Die Wirkung vol Tetraathylammoniumchlorid auf den einzelnen 
Ranvierschen Schniirring” Pfliigers Archiv 287:311-325 1966

Schnapp B, Mugnaini E “Membrane architecture of myelinated fibers as seen by freeze-
fracture” In: Waxman SG (ed) ‘Physiology and Pathobiology of Axons’ New York: 
Raven Press 1978 p.83-124

Schnapp B, Peracchia C, Mugnaini E “The paranodal axo-glial junctions in the central
nervous system studied with thin section and freeze-fracture” Neuroscience 1:181- 
190 1976

Schneider U, Quasthoff S, Mitrovic N, Grafe P “Hyperglycaemic hypoxia alters after
potential and fast K conductance of rat axons by cytoplasmic acidification” Joumal 
of Physiology 465:679-697 1993

Scholz A, Reid G, Vogel W, Bostock H “Ion channels in human axons” Joumal of 
Neurophysiology 70:1274-1279 1993

Schwarz JR, Eikhof G “Na currents and action potentials in rat myelinated nerve fibres at 
20° and 37°C” Pflügers Archiv 409:569-577 1987

Schwarz JR, Vogel W “Potassium inactivation in single myelinated nerve fibres of Xenopus 
laevis” Pfliigers Archiv 330:61-73 1971

Scott JE “Proteoglycan - collagen interactions” In: Evered D, Whelan J (eds) “Functions of 
the proteoglycans” (GIBA Foundation Symposium 124) Wiley Interscience 1986

Seelig TL, Kendig JJ “Cyclic nucleotide modulation of Na"̂  and K'*’ currents in the isolated 
node of Ranvier” Brain Research 245:144-7 1982,

197



Seglen PO “Preparation of rat liver cells I. Effect of Câ "̂  on enzymatic dispersion of 
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