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ABSTRACT 

Previous results indicate that the functional properties of myelinated axons 

are considerably more complex than previously believed. The purpose of this 

study was to further examine the functional properties of potassium conduct

ances in dorsal and ventral root (DRA; VRA) frog myelinated ll.xons by intraccl

Iular microelectrode recording. The voltage responses to hyperpolarizing 

current injection demonstrated: 1) a nonlinear voltage current (V /1) relation

ship in the region just below resting membrane pote'ltial; 2) a Iinear peak and 

steady state V /1 relationship below == -95 mV; 3) a large effective capacitance 

of the internodal membrane; and 4) an attenuation of the voltage response 

reflecting the activation of a voltage dependent anomalous rectifying conduct

ance (G AfJ. G AR is dependent on the presence of sodium and potassium ions 

in the external medium and is blocked by cesium but not barium ions. 5) An 

afterhyperpolarizing potential (AHP) after a train of action potentials was 

accounted for by the presence of a sodium dependent pot<issium conductance 

(GK(Na». The functional role of the voltage dependent potassium conduct

ances aild GK(Na) was examined. G AR appears to regulate the length of a post 

tetanic AHP. Early accommodation (EAcc) is regulated by GKf1 in DRA and 

VRA. L'lte accommodation (LAce) and adaptation (Adp) is regulated by GK.., 

in both DKA and VRA. G Kf2 may also contribute to EAcc and Adp. Action 

potenl.ial repolarization in DRA and VRA is governed by G Kf2 and GKfl 

respectively. GK(Na) may also contribute to LAce and Adp. An evaluation of 

our experirnental results using a computer model based Hodgkin-Huxley type 

equations suggests that the gating of the sodium conductance play~ only a minor 

role in accommodation and adaptation. These results indicate that pota~sium 

conductances play a pivotai role in regulating the excitability of myelinated 

axons. 
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RÉSUMÉ 

Les résultats préalable obtenus indiquent une complexité imprévue des 

propriétés fonctionnelles de ces axones. Le but de cette étude était d'evaluer, 

au moyen d'enregistrements à partir de microélectrodes intracellulaires, les 

propriétés fonctionnelles des conductances potassiques des axones myélinisés 

des racines dorsale et ventrale (ARV; ARD) de grenouille. L'effet d'une injec

tion de courant hyperpolarisant sur le voltage a démontré: 1) une relation 

voltage-courant (V /1) non linéaire à un potentiel membranaire tout juste 

inférieur à celui au repos; 2) des relations V /1 maximale et à l'équilibre qui 

semblent linéaires à moins de = -95 mV; 3) une membrane internodale à 

capacitance effective de longue durée; 4) une atténuation du voltage reflétant 

l'activation d'une conductance rectificatrice anormale dépendante du voltage 

(0 AR)' G AR dépend de la présence des ions Na + et K + dans le milieu extra

cellulaire tandis qu'elle est bloquée par les ions Cs + mais non par les ions 

Ba2+ . Suite à une salve de potentiels d'action, la post-hyperpolarisation (PP) 

est due à la présence d'une conductance potassium dépendante du sodium 

(OK(Na»' La fonction des conductances potassiums dépendantes du voltage et 

de 0K(Na) a été étudiée. ° AR semble régler la durée du PP post-tétanique. 

L'accommodation rapid (RAcl} est réglée par GKf1 dans les ARD et ARV. 

L'accommodation et l'adaptation lente (LAce; Adp) sont réglées par GKs à la 

fois dans la ARD et la ARV. G Kf2 peut aussi influencer RAcc et Adp. La 

repolarisation des potentiels d'action dans les ARD et AR V est dictée par GKf2 

et GKf1 respectivement. 0K(Na) peut aussi influencer TAcc et Adp. Un 

modèle mathematique utilisant des équations dérivées de Hodgkin-Huxley 

indiqua que les conductances sodiques jouent un rôle mineur dans l'accommo

dation et l'adaptation. Au contraire, les conductances potassiums jouent un rôle 

primordial dans la régulation de l'excitabilité des axones myélinisés. 
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PREFACE 

Note on the Format of this Thesis 

In accordance with the Faculty of Graduate Studies and Re~earch the candi

date has the optian of inc1uding as part of his thesis the text of original paper 

already puhlished by learned journals, and original papers suhmittcd or ~UItable 

for submission to learned jaumals. The text relating to this option i~ as 

follows: 

The Candidate has the option, subject to the approval of th.! 
Department, of inciudmg as part of the thesis the text of an 
original paper, or papers. suir"ble for submission to learned 
journals for publication. In thl, case the thesis must st111 con
form to aIl other requirements explained in this document, and 
additional material (e.g. experimental data, detaIl~ of equip
ment and experimental design) may nced ta be provided. In any 
case, abstract, full introduction and conclusIOn must be mclud
ed, and where more than ~ne manuscript appears. connccting 
texts and common abstract, introduction and conclu~ions arc 
required. A mere collection of manuscripts IS not acceptable; 
nor can reprints af published papers he accepted. 
While the inclusion of manuscripts co-authored by the Candi
date and others is not prohibited for a test period. the Candi
date is warned to make an explicit statement on who contnbut
ed ta such work and ta what extent. Copyright cl':!arance from 
the ca-author or co-authars must be induded when the thesis is 
submitted. Supervisors and others will have to bear witness 10 
the accuracy of such daims befare the Oral Commitee. It 
should be noted that the tas~· of the External Examiner IS much 
more difficult in such cases. 

Chapter 2: 

Poulter, M.O., Hashigu~hi, T. and Padjen, A.L. A study of frog myelinated 

axons by intracellular microelectrade recording. Submitted to J. Neuroplzy\i-

oL, June, 1989. 

Chapter 3: 

PouIter, M.O. and Padjen, A.L. A study of anomalOllS (inward) rectification in 

frog sensory myelinated axon. Submitted toI. NeuroplzysioL, June, 191N. 
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Chapter 4: 

Poulter, M.O., Hashiguchi, T. and Padjen, AL. Dendrotoxin blocks accomoda

tion in frog myelinated axons.! NewophysioL 62:174-184, 1989. 

Chaptt-r 5: 

Poulter, M.O. and Padjen, A.L. Voltage dependent potassium conductances 

regulate action potential repolarization and excitability in frog myelinated 

axon. Submitted to Pflugers Arch, March, 1990. 

Chapter 6: 

Poulter, M.O. and Padjen, A.L. Evidence for a sodium dependent potassium 

conductance in frog myelinated axon. Submitted to Pf/ügers Arch., March, 

1990. 
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STATEMENT OF ORIGINAL/7Y 

AlI data. observations and conclusions presented in thesis are orginal exccpt 

where noted by reference and following exceptions. 

CHAPTER2 

1. The original observation that the V /1 curve is nonlinear below resting 

membrane was made by A. Padjen. Recorr.ings made by T.Ha~higuchi were 

included in the statistics which described average Rp' Table 2 and the incidence 

of the V /1 nonlinearity. 

2. The computer model was originally written by T.H. based on the model 

reported by Dodge (1963). Refinement of the model regarding constants and 

presentation were done by myself. 

The results presented in chapter 1 provide evidence that the slow potassium 

conduc~ar.ce is responsible for nonlinearity below resting merr.hrane potentia!. 

The unusually long charging time of the electrotonic potential is the combincd 

contribution of the deactivation of GKs and thf~ charging of the internodal 

capacitance. This study is primarily a description of sorne of the electrophy!-.io

logical properties of intact frog myelinated axons which has not been looked at 

cIoscly in previous studies. 

CHAPTER3 

The results presented in Chapter 3 characterize a previously unreported 

presence of anomalous rectific~tion in frog myelinated axons. The model pre

sented is a further refinement of the model pl"esented in Chapter 2. 
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Equations used were developed by myself based on the formulations of the h

gate equations reported in Dodge (1963). 

CHAPTER 4-5 

The results reported in these two chapters are an account of the examination 

of the function of three voltage dependent potassium conductances GKfl' 

GKf2' and GKs' The fast conductances, GKfl and Gm, appear to regulate 

spike repolarization in ventral root and dorsal root fibres (v.r.f. and d.r.f.), 

respectively. In addition, both conductances play a role in early accommodation. 

Evidence that the conductance GKs regulates late accommodation and spike 

frequency adaptation is first provided by a computer model in chapter 4 and 

then confirmed by pharmacological means in chapter 5. The equations for GKfl 

and GKf2 were written by myself. 

CHAPTER 6 

EviJence of a previously unreported sodium dependent potassium conductance 

is presented in Chapter 6. 

GENERAL STATEMENT ON ORIGINALITY 

This thesis provides evidence that frog myelinated axons are not passive 

propagators of action potentials due to the presence of potassium conductances. 

Tl~is thesis also asserts that the potassium channels in myelinated axons fit into 

weIl defined categories of potassium conductances existing in other neurons. 

The re fore, the behaviour and regulation of myelinated axon excitability is si mi

lar to regulation of excitability in other neurones. 
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Three scientists are approaehed by GOD with a problem. GOD, in a toud a 

booming Deity-like voiee, (as one wou/d expect of God) tells the three scien ists the 

following '1n a tree there is animal which has feathers, sillgs and ah .... oh yes it has 

silver seales. Wlzat do you make of it?" The scientists ar~ quite excited by this data 

and like most scientÏJts presented with exciting mental cannon fodder tlzey organize 

a symposium in C' far off land to t'Y to decide wlzat this creature ÏJ. At the symposi

um after much discussion the brightest scientÏJt of ail stands at tlze microphone in 

the great hall of the symposium and expounds "Wltat is important are ftrst observa

tions: it sings, has feathers and it is in a tree. The silver scales, " Ize reasons, ''are an 

anoma/ous observation. Therefore it must be a bird" All the scientists clzeered and 

soon afterward the tlzree scientists then reponed to GOD "It is a bird." GOD quite 

ealmly tells tlze scientists that, in faet. it is a herring. Tlze scientists, some wlzat 

ehagrined, protested l'aying that the information provided was misleading and 

unfair. GOD simp(v replied "Who said 1 have to make it obvious?" 
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Chaplcr l-Inlroducllon 

WHATISA VOLTAGE DEPENDENT ION CHANNEL ? 

Currcut flow across excitable membranes is carried by ions flowing through 

what is best described as hydrophylic pores which span the membrane. ie. ion 

channels. In recent years, molccular biological techniques have shown that. in 

generaI, ion channels are multi-subunit protein macromolecules (Catterall 

1989). Voltage dependent channels are "gated" (0pen(;d and closed) by the 

transmembrane potentiai or voltage. This phenomena implies that a conforma

tionai change, triggered by the dipole ele:l1ents of the macromolecule sensitive 

to potential field, alters the permeability of the channel. The voltage gated 

regulation of current flow was first described in dt!tail by Hodgkin and Huxley in 

1952 (Hodgkin and Huxley, 1952b). They demonstrated, using voltage clamp 

technique, that the inward current, identified to be carried by sodium ions 

(Hodgkin and Katz 1949), increased as they made the membrane potential lcss 

negative. Thus a gate (the m-gate in their terminology) opened to allow a cur

rent carried by sodium ions to flow. Mter several milliseconds the permeability 

decreased and a second gate, the h-gate, was hypothesized to exist, which c1o~cs 

to reduce permeability. While this specifie description of sodium ion permeabil

ity does not hold for all types of voltage dependent ion channels, ncverthelcss, 

aU voltage gated ion channels can be considered to be membrane spanning 

macromolecules having gates that open and close in response to changes in 

membrane potential. 

One of the important characteristics of vol tage dependent ion channels is 

their ion selectivity; there are ion channels primarily permeant tu sodium, 

potassium and calcium ions. Voltage dependent conductances act in concert 
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Chapter l-lntrodUClJon 

with other conductance changes in a neurone to define its state of excitability. 

For example, an ionic conductance activated by a neurotransmitter stimulates 

the generation of action potentials by activation of voltage dependent sodium 

channels_ Other cellular functions could also be modified by ion fluxes; eg. a 

change in cell rnetabolism as a result of calcium influx. 

How voltage gated ion channels function to accomplish these tasks has been 

the subject of great deal of research over the past 40-50 years. These investiga

tions have been carried out by biophysicists, physiologists and pharmacologists 

who h,tve used a number of different approaches to understand how voltage 

dependent ion channels modulate the activity of neurones. While it is true that 

several approaches ta this task exist, the use of various pharmacological agents 

has been one of tne most helpful in studying what role voltage gated ion chan

nels play in neurones. Pharmacological agents have been invaluable in a) 

examining and identifying the various subtypes of ion channels; b) identifying 

how ion channels\conductances regulate the physiology of the neuron; and c) 

for the purification and isolation of the channel proteins for analysis by bio

chemical techniques. The purpose of this introduction is to illuminate sorne of 

these approaches as applicable to the main objectives of the present studies, i.e. 

understanding the raie of voltage dependent conductances in the function of 

myelinated axons. 

The first part is a survey of the pharmacology of voltage gated ion 

channels. followed by a look at the molecular biology of ion channels and the 

new direction this field is taking the study of ion channels. The second part 

describes the c1assical and current view of our understanding of how myelinated 

axons work. Finally, the pharrnacology of potassium conductances in myelinated 
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Chapter l-Introductlon 

axons is reviewed to point out how this approach has elucidated sorne of the 

roles of potassium conductances in myelinated axons. 
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Chapter I-Introductton 

PART 1: WHAT DOES PHARMACOLOGY TELL ABOUT VOLTAGE 

DEPENDENT IONIC CONDUCTANCES AND ION CHANNELS? 

SODIUM CHANNELS 

Hodgkin and Huxley (1952b) were the first investigatcrs ta directly rneasure 

and quantitatively describe current flow associatp~ with the voltage upstroke of 

an action potential. Earlier, Curtis and Cole (1938) had dernonstrated a de

crease in impedance (an increase in perrneability) associated with the action 

potential upstroke. However, it was Hodgkin and Huxley who first recognized 

that the inward current increased as the voltage across the membrane was 

made less negative (i.e. the rn-gate opened). That is, the activation of the 

current was voltage dependent. They also showed that when the voltage is held 

constant the current increased at an exponential rate with respect to time (ie. 

the process was time dependent). In additjon, it was demonstrated that the 

sodium current inactivated (h-gate cIosed) after a certain period. and that this 

process was also voltage and time dependent. These attributes of the gating 

mechanism result in three possible states of the channel: resting, activated and 

inactivated. Subsequent studies demonstrated that the sodium dependent cur

rents are responsible for the rising phase of most action potentials in the cen

tral nervous system, in particular those responsible for conduction of impulses 

over a long distance, such as in myelinated axons (Hille 1984). 

There is a large family of pharmacological agents affecting sodium channels. 

These agents can be roughly divided into three categories based on their 

mechanism of action (I-lille 1984): simple blockers, use- or frequency-dependent 

blockers and modifiers of gating (drugs that act by altering the activation and/or 
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Chapter t-Introducllon 

inactivation processes). Studies usmg each drug type have yieldcd information 

as to how the sodium ClJrrent behaves, as weil as details about the structure of 

the sodium channel. 

Competitive sodium channel b/ockers 

The first class of dmgs is composed of the naturally occurring neurotoxin~ 

tetrodotoxin (TTX) and saxitoxin (STX) and sorne simple ions (protons, 

ammonium ions). These agents act only on the externai side of the membrane. 

The mechanism of action of this type of blocker is the inhibition ion permeahil

ity at or near the sodium ion pore, a site classified by Catterall and coworkcrs 

as neurotoxin binding site 1 (Catte rail 1980). In general, the drugs which hind to 

this site are water soluble. The binding site appears to be associated with the 

area on the sodium channel protein which is responsible for io ' selectivity of 

the channel, the "selectivity filter". This conclusion is based on a number of 

experiments that show altered drug binding when the negativc charge of the 

selectivity filter is increased or decreased. For example, hy decreasing the pH of 

the media and altering the ionic charge on the receptor sites, toxin hinding was 

reduced aiong with a resultant decrease in sodium ion permeability (Ulbricht 

and Wagner 1975). In addition, the affinity of the receptor can be reduced by 

treatment with agents that irreversibly alkylate carboxyl moictic~, which pre

sumably are part of the selectivity filter (Shrager and Profera 1973; Baker and 

Rubinson 1975; Reed and Raftery 1976). However, there is little correlation 

between a reduction in selectivity and toxin binding. Aconitine, a drug which 

reduces seJectivity, does not affect binding of TIX (Catte rail 1980). TIlerefore 

the drug binding site may not be the seJectivity filter site but rather an allostcric 
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site associated with it. 

U'ie- or !requency-dependent sodium channel blockers 

Frequency- or use-dependent blockers are those agents which block sodium 

permeability only after the ion channel has been activated (eg. by an action 

potential). The effect of use-depp.ndent blockers on sodium channel function is 

manifested by an increased refractory period of action potential generation (the 

h-gate opens more slowly) and a shift in the voltage dependence of inactivation 

to more hyperpolarized potentials (Hille 1984). The mechanism of action of this 

cIass of drugs has been explained by two different hypotheses. The first explains 

use-dependent block as a process that requires the channels to open for the 

drug to gain access to its site of action by moving into the channel from the 

internaI si de of the membrane. This hypothesis accounted for the results first 

reported by Frazier and coworkers who used the local anesthetic drug QX-314 

to block sodium channels. QX-314 has a permanent positive charge and no 

effect when applied extracellularly (Frazier et al. 1970). However, sodium 

channel block was produced when QX-314 was allowed to leak from the intra

cellular recording electrode into the intracellular space. Furthermore, the block 

only occurred when the sodium channels were activated, implying that the 

opening of the channel was required to expose the receptor site to the drug. 

Using another, local anesthetic, lidocaine another phenomenon was observed: 

once use-dependent block was established, the block would decline if the 

neurone was not stimulated, ie. the drug would somehow lose its efficacy as the 

stimulation rate was slowed (Hille 1977a,1977b). Assuming that the concentra

tion of the drug remains constant at the receptor site, simple access to the 

binding site did not explain frequency dependent recovery. 
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Although recovery from block could be explained by proposing that the drug 

could become uncharged and therefore diffuse away froln its binding site into 

the surrounding lipid bilayer (Hille 1977b), it is more e1egantly explained by a 

second hypothesis which describes use-dependent blo...:k, refcrred to as th~ 

"modulated receptor hypothesis" (Courtney 1975; Hondeghem and Katzung 

1977; Strichart'Z 1976). It states that the action of use-ùependent sodium channel 

blockers is due to an increase or decrease in the affinity of the "receptor" for the 

blocking drug, depending on the state of the channel (resting, activated or inac

tivated). According to this model, in the resting state of sodium channel (m

gate closed and h-gate open) the receptor for the frequency-dependent blockers 

is in a low affinity state, but affinity increases when the channel is activated. 

Affinity remains high in the inactivated state as weiL When the channel 

changes back into the resting state, the affinity of the receptor decreases and the 

block is removed. Since these blockers promote inactivation, it has also been 

suggested that the drug binds to physical substrate of the h-gate. The conforma

tional change implied by the h-gate closing correlates with the change in affinity 

for drug. 

Another notable feature of this class of compounds is that they are positive

Iy charged depending on the pH of the medium and they must be pmitively 

charged to act. Since it is unlikely that a charged molecule will diffuse acro~~ the 

lipid membrane when appHed extracellularly, their action will depend on the 

total amount of uncharged drug available to diffuse across the lipid membrane. 

For example, lidocaine has no dfect if the pH of the external medium is low

ered sufficiently below lidocaine's pKa sa that there is effectively no uncharged 
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form of the drug available to diffuse across the membrane (Hille 1977a). 

Gate modifiers 

The third classification of agents which affect sodium channels are the so

called gate modifiers. This class of agents act by altering the kinetics of activa

tion and inactivation. They are a large group of drugs which can be further 

divided into three subgroups. The first subgroup are those agents which tend to 

prevent inactivation and promote activation. Examples of drugs in this class are 

veratridine, aconitine, grayanotoxin and batrachotoxin. They are aIl lipid solu

ble, bind at what is classified as neurotoxin binding site 2 (Catte raIl 1980), and 

they shift the voltage dependence of activation to more hyperpolarized poten

tials; once the channels open they prevent inactivation (Catte raIl 1980). The 

second subgroup are agents which remove inactivation. 1bis group is comprised 

of both naturally occurring neurotoxins, such as scorpion and sea anemone 

toxins, the bacterial enzyme pronase, as weIl as chemical agents N

bromacetamide (NBA), 2,4,6, trinitrobenzene suIphonic acid (TNBS). The 

neurotoxins are lipid soluble peptides that act from the outside and bind to what 

is dassified as the neurotoxin binding site 3 (Catte raIl 1980). The chemical 

agents do not work from the outsidt! and must be applied intracellularly. They 

appear to act by denaturing a portion of the ion channel which is the h-gate. 

Finally, the third subgroup shift the voltage dependence of the sodium channel 

gating. Katz (1936) noticed that reducing the external concentration of calcium 

(:an lower the threshold of action potential generation. Similarly, increasing the 

external concentration of calcium can raise threshold (Brink 1954). This effect 

has been shown ta be due to a shift in the voltage dependence of the sodium 

channel activation (Campbell and Hille 1976). Lowering the calcium shifts the 
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voltage dependence of activation to more hyperpolarized values, whereas rais

ing calcium shifts the voltage dependence to more depolarized values. This 

effect is most easily explained by the binding of calcium to the negatively 

charged carboxylic acid or phospholipid moieties on the lipid membrane resuIt

ing in a decrease in the negative surface potential {"charge screening"). The 

channel "sees" less membrane potential resulting in an apparent shift in the 

voltage dt>pendence. The opposite effect is seen if calcium is reduced in the 

external medium. Charge screening can be induced not only by calcium ions 

but by many other ions as weIl (magnesium, I.13nganese, protons). 

What does flle phannacology of sodium channe/s tell us about sodium clzallllels? 

Both structural and mechanistic information about channel function has 

been garnered by these pharmacological studies. We know that the site associ

ated with the selectivity filter is hydrophylic. Externally applied agents which 

decrease the affinity of simple blockers for the channel also alter ion selectivity. 

Pharmacological action of local anesthetics and agents such as pronase indicate 

that the structure involved in iTlactivation is on the cytosolic surface of the 

channel. Based on the specificity of the gate modifiers, which alter only activa

tion or inactivation, these processes can be viewed as being gate~ that open and 

shut independent of one another. What has not been mentioned i~ that the 

pharmacology described above has been done on an extremely widc range of 

mammalian, amphibian and invertebrate nerve, muscle and heart preparations. 

What may be surprising is that the pharmacology of sodium channels ~tudied is 

basically the same in aIl preparations. This implies that sodium channel struc

ture is relatively similar throughout the animal kingdom and with only minor 
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variation there is only one type of sodium channel. This conclusion is also 

supported hy :l ~(Udies utilizing an antibody raised to a synthetic peptide with 

the same amino acid sequence as a section of the sodium channel involved in 

inactivation. This antibody abolished inactivation of sodium channels from a 

number of different species indicating that the DNA coding for this region on 

the channel has been highly conserved during evolutionary development 

(Gordon et al. 1988; Vassilev et al. 1987). 

POTASSIUM CHANNELS 

The pharmacological agen s affecting potassium channels cannot be 

easily categorized into groups, which block with different mechanisms or alter 

gating of potassium channels, like drugs affecting sodium channels. There is a 

plethora of potassium channels with varying specificity for a large variety of 

drugs, with only one major mechanism of action, competitive channel blockade. 

For this reason, the pharmacology of potassium channels is presented by dis

cussing the ~pecificity of the se àrugs for the subtypes of potassium channels, 

described in the next section. 

Physiological classification of potassium channels 

Potassium channels can be roughly divided into two classes: 1) the relatively 

simple voltage gated and time dependent potassium channels; and 2) those 

activated by an internaI rise of calcium or sodium ions, which also may be 

voltage and time dependent. The first cIass of "simple" potassium channels can 

be subdivided into three types according to their gating kinetics. HistoricaIly, 

the first voltage and time dependent potassium channel described was the so-
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called delayed rectifier in the squid giant axon (IK; Hodgkin and Huxley 1952a). 

IK activates relatively slowly (r::=: 2-4 ms; compared to the activation of the 

sodium conductance) and is very slowly inactivatmg. However, tb~ ,;pecd at 

which IK activates in the squid axon appears to be more the exception than the 

rule. Ir. other tissues, most currents classified as 1 K activate in 10's of millisec

onds (Rudy 1988). The second type of current, the fast tran~icnt currcnt 

termed lA' activates and inactivates quickly (r ::=: 3-4 ms) in a vo\fage and t\llle 

dèpendent manner (analogous to the sodium channel; Connor and StCVCI1~ 

1971; Daut 1973; Hagiwara et al. 1961; Neher 1971). 1l1e third type of channel 

kinetics appear to be somewhat of a mix of the first two types. It appear~ 10 hl' 

a distinct type of current since it does not inactivate (like IK), yet it activatcs as 

quickly as lA (in neurones). Its pharmacology (see below) is c1early diffcrcnt 

from the lA and IK. Since this current is selectively bloçked by the snake toxin 

dendrotoxin (DTX), it has been named IOTX (Feltz and Stansfcld 19R8). Final

ly, there is the anomalous or inward rectifying conductance (G AR) which i~ ;J 

voltage and time dependent conductance activated by hyperpolarization. Il is 

either a pure potassium or mixed sodium/potassium current (see Chapter 3). 

A more complicated class of potassium channels is activated by a transicnt 

increase in an internaI ion concentration. The first type is :.l calcium activated 

potassium conductance (GK(Ca); Meech 1978) and more recently a ncw type 

has been demonstrated which is activated by an internai rise in the ~odium ion 

concentration (GK(Na); Hader 1985; Oryer et al. 1989; Poulter and Padjcn 

1989; Schwindt et al. 1989). The GK(Ca) is activated by the influx of calcium 

ions or by the internaI mobilization of calcium ions. There are several subtypcs 

of this current which can be voltage dependent (Je) or independent (lAI-Ir)· 
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Single channel recording have shown that le has a large unitary channei 

conductance (100-250 picoSeimens; pS) whereas IAHP unitary channel con

ductance is small (6-14 pS; Castle et al. 1989). These channels are often inacti

vated by intracellular calcium concentration. This is achieved either by the 

direct interaction between calcium and the channel or through a pathway in

volving the activation cf guanine nucleotide binding proteins, which generate 

intracellular ser.ond messengers (Kaczmarek and Levitan 1987). The sodium 

dependent potassium channel (GK(Na» is less weIl characterized but, in a 

manner analogous to GK(Ca)' it is activated by intracellular sodium and it 

appears to be voltage independent (Hader 1986; Dyer et al. 1989; Schwindt et 

al. 1989). 

Single channel recordings from neuronal cells have identified channels 

which can be classified according to the criteria stated above. For example, 

single channel recordings of potassium currents in squid axon (Conti and Neher 

1980) had similar gating characteristics to the macroscopic potassium current 

described by Hodgkin and Huxley (1952a). A potassium channel which opens 

only transiently has been identified in a number of preparations (Cooper and 

Shrier 1985; Hoshi and Aldrich 1988a; Kasai et al. 1986), as weIl as a fast acti

vating, slowly inactivating channel (Hoshi and Aldrich 1988a; Jonas 1989; 

Schweitz et al. 1989). These currents were selectively blocked by DTX (Jonas et 

al. 1989; Schweitz et al. 1989). Hoshi and Aldrich (KX; 1988a,1988b) and Jonas 

et al. (ls; 1989) have provided evidence of a slowly activating component of the 

total potassium current corresponding to the IK in vertebrate neurones. As 

mentioned ab ove single channel recordings have helped confirm the presence 

of and classify the subtypes of GK(Ca). FinaIly, single channel recordings have 

confirmed the presence of GK(Na) in neuronal membrane patches (Haimann 
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and Bader 1989~ Dryer et al. 1989). 

Plzarmacology of tetraetlzylammonium 

Tetraethylammonium (TEA) has been shown to bIod: most but not all typ...:s 

of potassium channeis in a wide range of nervous tissues. Its mechanism of 

action appears to be invariant, therefore TEA's action will be introùuccù hy 

discussing its action on IK only. Somewhat similar to lidocaine, TEA rcquirc~ 

the channel to open when applied from the inside of the cell in order to block. 

The time course of this blockade, which is intermediate in length (compareù 10 

lidocaine), was first demonstrated by Armstrong (1966) who !'lhowcd, in the 

presence of internaI TEA and using short depolarizing pulses (200 f1.s), that the 

IIV relationship of IK was normal. However, with longer depolarizing steps IK 

became blocked, indicating that the channels must open for block 10 be e~tab

Iished. It was also revealed that if the reversaI potential of potassium w~ raiscd 

to 0 mV, causing an inward flow of potassium rather the usuai outward flow, 

prolonged activation of IK relieved the TEA block. Armstrong explained this 

phenomenon to result from the inward rushing potassium ions f1u~hing the 

channel of the blocker, implying that the site of action of the blockcr is some

where inside of the channel pore. This observation supports the generally he Id 

view that TEA blacks potassium channels by virtue of lts ~imilar ~ize to that of 

the hydrated potassium ion. The diameter of TEA has been detcrmined 10 be 

0.56 nm by measuring the mobiIity of the ion in water (which depends on the 

molecule's frictional resistance to movement in the water and therefore is 

proportional to its size; Robinson and Stokes 1965). This value is very close to 

size of the hydrated potassium ion whose diameter has been estimated (assum-
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ing it is hydrated with 6 water molecules), as 0.46 nM (Armstrong and Binstock 

1965). Hmhi and Aldrich (1988a) demonstrated in single channel recording 

that external application of TEA blocked aIl four channel types identified in 

PC12 cells. Single channel recordings have shown that in contrast ta internaI 

application, external application of TEA does not require the channel to open 

to produce block. TEA reduced channel opening events; a finding inconsistent 

with use-dependent block. Nevertheless, the manner in which TEA blocks a 

potassium channel may still be relatively simple. TEA, owing to its size and 

charge, sirnply competes with the potassium for entry into the pore. Because it is 

slightly larger it plugs tte channel and block occurs. 

AIthough TEA is able to block IK in large variety of tissues, it does sa 

over a wide range of concentrations (100 ~M - 10 mM), depending on the site 

of application and the type of tissue. Between species, there is considerable 

variation in the external TEA concentration which produces 50 % block (IC50) 

of 1 K' In the frog node of Ranvier IC50 of externally applied TEA is 400 ~M 

whereas in Myxicola axon it is 24 mM (Hille 1967; Wang and Binstock 1980). In 

squid giant axon even isotonie TEA has no effect on IK (Tasaki and Hagiwara 

1957). Furtherrnore, the IC50 can vary in the same tissue depending on whether 

TEA is applied inside or outside the membrane. In frog skeletal muscle the 

IC50 is 8 mM (external application) whereas it is 400~M for TEA applied ta 

the inside (Stanfeld 1970). However, in contrast to external application, there is 

little variation in the IC50 applied intraceIlularly within and among species 

(approxirnately 500,uM, Hille 1984). 

For sorne conductances, blockade by TEA can be incomplete. For example, 

1 A and the GK(Na) are incompletely blocked by TEA (Rogawski 1985; 
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Schwindt et al. 1989). TEA also has little effect on the small conductance 

GK(Ca)' IAHP· This probably reflects the pore size of the channel, which sccms 

to be too small to accc::pt the TEA ion. In fact, there appears to be a correlation 

between the magnitude of the single channel conductance and the ahility of 

TEA to block; the sm:lller the single channel conductance, the less TEA is able 

to block it. 

Phannacology of 4-aminopyridine 

4-AP is a membrane permeant blocker which acts on either side of the 

membrane. It blocks IK and lA in variety of tissue. Blockade of IK and/or 

lA' by 4-AP was shown in early studies not to require the channel to open tn 

produce blockade. These studies also suggested that 4-AP preferentially 

blocked closed channels since blockade decreased as the cell was dcpolarized, 

ie. hlock was voltage dependent (Meeves and Pichon 1977; Ulbricht and 

Wagner 1976; Yeh et al. 1976). Recently, Arhem and Johansson (1989) have 

suggested that 4-AP block can be described bya model in which the binding and 

block of 4-AP is diphasic (there is a paraboIic relationship between the rate of 

bindin~ and membrane potential). Initially, 4-AP blocks only the open chan

nels; at more positive membrane potentials binding decreases and hlock is 

relieved. This conclusion is supported by single channel recordings which indi

ca te that 4-AP attenuated lA by reducing the duration of channel openings 

(Kasai et al. 1988). In contrast, other studies have shown the action of 4-AP 10 

be voltage independent (Dubois 1981; Segal and 8arker 1984; Thompson 1977). 

It is notable that the range of concentrations used for thesc studies varies great-
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Iy (from lO,uM 10 10 mM) and these discrepancies in results may arise from 

these differences in conct!ntration (i.e., voltage dependent block may be con

centration dependent). The results may indicate that 4-AP blocks lA and/or IK 

1) at relatively low concentrations « 1 mM) in a voltage dependent manner 

(Arhem and Johansson 1989; Meeves and Pichon 1977; Ulbricht and Wagner 

1976) and 2) at relatively high concentrations (> 1mM) voltage dependent 

unblocking is insignificant or non-existent (Dubois 1981; Meves and Pichon 

1977; Segal and Barker 1984; Thompson 1977; Ulbricht and Wagner 1976; Yeh 

et al. 1976). 

In sorne preparations, 4-AP at low concentrations (30-500 ,uM 4-AP) also 

appears ta be a non-voltage dependent potassium channel blocker of a fast 

activating slowly inactivating potassium current (Gustafsson et al. 1982; Kenyon 

and Gibbons 1979; Stansfeld et al. 1986; Stansfeld et a1.1987; Zbicz and Weight 

1985). This current has been tentatively named IDTX (see below) since it is 

also selectively blocked by the neurotoxin DTX in those preparations where it 

has heen tested (Feltz and Stansfeld 1988; Stansfeld et al. 1986; Stansfeld et al. 

1987). 

Thus, 4-AP's mechanisms of actions are 1) voltage dependent at low concen

trations, but 1 equiring relatively high doses to produce complete block and 2) 

voltage independent and requiring low concentration to pruduce a block. These 

results imply that there rnay be two distinct channels sensitive to 4-AP. 
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Phannacology of neurotoxins which affect potassium clulIlneLs 

Naturally occurring toxins have played a great role in identifying propertics 

and structure of biologically important receptors, A number of neurotoxins have 

been isolated that selectively inhibit aIl the major classes of pota~sium channels 

in a range of concentration (usually nM-,uM rang.;!) substantlally lower than 

chemical agents, such as TEA and 4-AP , 

Toxins whiclz block 1 K 

Noxiustoxin, isolated from a scorpion venom of Celltruroides llOXLUS, has 

been shown to block the IK in the squid giant axon (Carbone et al. 1987; 

Carbone et al. 1982) at 0.1 to 1.0,uM, Other toxins which have been reported 

to selectively black IK are equinotoxin, Panidus imperator venom, COIlUS stn'alllS 

venom and antamanide phalloidin (Narahashi et al. 1972; Pappone and Cahalan 

1987; Romey et al. 1975 ) 

Toxins whiclz block fast activating potassium channels 

Dendrotoxin (DTX), a fraction isolated from the snake Dendroapsis augwti

ceps and mast celI degranulating peptide (MCDP), isolated from bee venom, 

both appear to block the fast activating slowly inactivating potassium channeb 

seen in a variety of tissues (cf. Dolly et al. 1987 Stansfeld et al. 1987). In the low 

nanomolar concentrations, DTX selectively blocks one suhtype of p()tas~ium 

channels, characterized by fast activation and slow inactivation, and thus 

defines a unique current type, IOTX (Stansfeld and Feltz 1988), At higher 

concentrations (0.5 ,uM) DTX also blocks lA (in CAl pyramidal cells of the 

Page 1-1H 



l'., 

fJ 
1 

Chapter l-Introducllon 

hippocampus, which do not possess IDTX, HaIliwell et al. 1986), whereas in 

tissues which have IDTX' it has no effect on lA (Stansfeld et al. 1986; Stansfeld 

et al. 1987). One explanation of these observations is that the potassium chan

nels responsible for lA and IDTX are derived from the same gene and alterna

tive splicing results in two functionally different channels (see later). There is 

no toxin yet iùentified which selectively blocks lA. 

Phannacology of calcium dependent potassium channe/s 

The two subtypes of calcium dependent potassium channels are selectively 

blocked by the two different neurotoxins apamin, from bee venom (Apis mellif

era; Habberman 1984), and charybdotoxin (CTX), from scorpion Leiurus 

qUÎnquestriatus (lviiIler et al. 1985). Apamin (at concentrations of 100 nM or 

less) bloeks the s!owly activating small conductance channel (10-14 pS), IAHP' 

which is insensitive to TEA blockade, both in neuronal tissue (Borque et al. 

1985; Pennefather et al. 1985; Szete et al. 1988) and non-neuronal tissue (Blatz 

and Magleby 1986; Romey and Lazdunski 1984). Apamin has no effect on the 

large conductance (::::: 200 pS) fast activating TEA sensitive GK(Ca)' 10 in 

neuronal or non-neuronal tissues. However, CTX (in 10's of nM) has been 

shown to be a selective blocker of IC in a variety of tissue (Castle and Strong 

1986; Gallin and McKinney 1986; Guiggino et al. 1987; Lancaster and Nicoll 

1987; Miller ct al. 1985). AIthough CTX has no effeet on IAHP' CTX has been 

rcportcd tn block calcium independent potassium channels in rat brain synapto

somes (Schneider et al. 1989), as weil as the DTX sensitive potassium current 

in cultured rat dorsal fOot ganglion cells (Schweitz et al. 1989). In conclusion, 

the pharmacology of these potassium channel blockers indicates that there are 

two distinct GK(Ca): One (IAHP) sensitive to apamin and insensitive to TEA 
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and crx, the other (le) sensitive to crx and TEA and insensitive to apamin. 

Wlzat does tlze plzarmacology of potassium .::hannels tell us about potassium 

clzannels? 

In the absence of blockers that selectively alter gating kinetics, like those af

fecting the sodium channel, Iittle has been revealed on the structure of the 

potassium channels. However a good deal of information ùn the number of 

different kinds of potassium conductances and their fUIlctional role has been 

obtained from pharmacological studies. This information is based largcly upon 

the use of potassium channel blockers with selective action. 

Blockade of potassium conductances by TEA has diverse effects. In frog 

node of Ranvier, where it blocks all voltage dependent potassium \:hannels 

(Dubois 1981), both the fast activating conductances and the slowly activating 

(IK-like) conductance, it prolongs a single action potential and increases ex

citabiIity (Poulter and Padjen 1988b; Chapter 5). In rat myelinated axon, where 

it selectively blocks only one component of the potassium conductance, it 

increases excitability without affecting action potential duration (cf. Baker et al. 

1987; also see section: Function of potassium conductances in myelinated axon). 

TEA increases both evoked and spontaneous transmitter release recorded from 

a neuromuscular junction preparation (Collier and Exley 1963; Koket~u 1958). 

likely by prolonging the presynaptic action potential duratioll and depolarizing 

the nerve terminal. Both effects would tend to increase the influx of calcium 

into the terminal and therefore increase tran!lmitter relc~e. Like TEA, noxius

toxin also slowed action potentiaI repolarization in squid axon (Carbone et al. 
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1987) and increased transmitter release from brain synaptosomes (Sitges et al. 

1986), similar to the effect of TEA at the neuromuscular junction (Collier and 

Exley 1963; Koketsu 1958). These diverse actions are likely not due to TEA 

blocking only to one channel type. Often it is the case that there is a lack of 

consistency in identifying the properties of the potassium current(s) blocked by 

TEA and conclusions regarding the functional attributes of the current are 

erroneous (alsG see Discussion p. 7-6 on function of IK). 

While the above may be true, despite its apparent specificity, application of 

DTX produces a variety of effects as weIl. Harvey and Anderson (1985) have 

shawn that application of DTX increased the frequency of mini end plate poten

tials at the neuromuscular junction. In frog spinal cord, it leads to convulsive 

discharges (Collier et al. 1982; Poulter et al. 1989; Chapter 4). DTX also blocks 

accommodation 1 in the [rog myelinated axon, (Poulter et al. 1989; Chapter 4) 

nodose ganglia (Stansfeld et al. 1986) and hippocampal CAl neurones (Halli

weIl et al. 1986). Therefore, specificity of blockade does not necessarily imply 

specificity of effect on the function of the neurone. This suggests tllat channels 

with similar properties can have a wide range of responsibilities depending on 

the neuronal type and its distribution within the neurone. 

What should also be noted is the apparent gray area that exist when one 

endeavour~ to classify potassium channels acc()rding to their gating characteris

tics. For example, there is very Httle difference in the voltage dependence and 

1. TllI~ .mu ~ubl>Cqucnt chapter.; will refer la accommooalton as ongmally defined by Nernst (la ken from Katz 1939), as any process 

Whll'h prevcnls aclton potenlldl generatlon or reduccs the efficacv of contmuous sllmulus, Adaptation refer.; to any proccss reducmg 

.. the frcqucnrv .11 whlch a neuron fires m respono,e to a constant slImulus; carly adaptallon refer.; ta the ulffercnce .n the fir.;t IWO mtcr· 

~pl~e mtcl' .. tl~. whercas 1.lle dd.tptallan rcfcr; to ~ubl>Cquent mcrcases m mter.;pll..e mtclV3ls (Jack et al 1975, p 355) 
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the gating characteristics between IDTX in rat nodose ganglia (StansfdJ et al. 

1986) and IK identified in squid axon. Furthermore, in hippocampus IK acti

vates much slower than in squid axon. IK in squid axon is inscmitive ta external 

TEA block (Tasaki and Hagiwara 1957) however, IK in hippocampus is 

blocked by external TEA (Segal and Barker 1<>84). Despite these rather pro

found differences they have been c1a~sified (by name) as the same current. 

Therefore, gating characteristics appear to be a somewhat inconsistent criteria 

for the classification of 1 K. 

The mechanisms of block by 4-AP of lA and IA-like channels indicate that 

the physiological classification of lA may be inaccurate as weil. Thcre is littlc 

doubt that classification of the fast activating and inactivating (tran~ient) eur

rent, lA' is valid. However, the pharmacology of currents with more intermcdi

ate rates of inactivation (IA-like) is quite different from lA (IA-1ike are 

blocked by low doses of 4-AP in non-voltage dependent manner). It may he 

possible that this IA-like current is IDTX described ahove since IDTX is also 

blocked by low doses of 4-AP. Dolly et al. (1987) has pointcd out that there 

appears to be correlation between the slow rate of inactivation and scn~itivity 

to blockade by 4-AP and DTX. This mises the possihility that sorne currcnt~ 

classified as lA' due to their transient kinetics, may turn out to he hetter cla~si

fied as an IDTX. 

To summarize, the pharmacological data suggests that there are at 

least three types of voltage dependent potas~ium currents: 1) 1 K' a TEA and 

noxiustoxin sensitive channel 2) lA' a current which is ~ensitive to 4-AP block

ade in the mM range and sometimes to DTX and 3) IDTX a currcnt which i~ 

sensitive to 4-AP in the).lM range and dendrotoxin and MC OP in the nM range. 
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While pharmacological data has allowed us to identify classes of cur-ents, 

ultimately the classification of the voltage dependent potassium channels is still 

tentative. An obvious method to clarif.j this situation would be to classify potas

sium channels based on their cD NA transcripts. One cou Id th en classify chan

nels by correlating the amino :J.cid sequences of the clones with their pharma

cology and electrophysiology when they are expressed in their native mem

branes. Investigations along this line of inquiry have begun and preliminary 

results indicate that the above classification may hold but further characteriza-

tion may still required (see:NEW APPROACHES TO OLD QUESTIONS). 

Finally, an examination of the effects of potassium blockers has produced 

sorne general information about the function of the various pharmacologically 

distinct potassium currents. Despite the uncertainties mentioned above, the USf'; 

of potassium channel blockers has revealed that 1) fast opening potassium 

conductances like le (in rat hippocampus) and IK (in squid axon) regulate 

action potcntial repolarization (Storm 1987; 7asaki and Hagiwara 1957), 2) 

channels which turn on more slowly like IAHP (Madison and Nicoll 1984), or 

which do not inactivate like IDTX (Poulter et al. 1989) appear to regulate ex

citahility by altering the spike frequency adaptation and accommodation, and 

3) lA which turns on only transiently regulates spike frequency adaptation, 

only after the cell has been hyperpolarized by another stimulus, by virtue of its 

inactivation voltage dependence (Rogawski 1985). 
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CALCIUM CHANNELS 

In recent years a number of investigations have identifit:d and characterized 

calcium channels present in a wide variety of tissues. This classification has 

been accompli shed in a manner simiIar ta potassium channe1s. Both physiologi

cal criteria, such as voltage dependcnce, activation/inactivation kinetics, single 

channel conductance rneasurernents and pharmacologicJI criteria, such as the 

selectivity of various agents which rnodify function, have been employed. Based 

on these criteria, three types of calcium channels have been identified: one low 

threshold calcium channel (T-type) and two high threshold channels (L-type and 

N-type; Nowycky et al. 1985a; Fox et al. 1987a,1987b). 

T-type calcium clzannels 

The identification and characterization of T-channels has been more or Icss 

straight forward. With only slight variation from one tissue type tu another, thcy 

aU activate at low t, 'reshold (below -60 rnV), rapidly inactiv:ltc (r = 5-50 m~) 

and have a slowly decaying tail current. Their single channel conductance in 100 

mM barium is 5-10 pS and they are equally permeant to calcIUm and barium 

(Carbone and Lux 1987; Fox et al. 1987a). They have been identificd in a wide 

range of tissue types, for example: smooth, skeletal and cardiac mu~c1e, as weil 

as, neuronal tissue (Benham et al. 1987; Cota and Stcfam 1986; Fox et al. 

1987a, 1987b; Nilius et al. 1985). They are potcntly blocked by nickel, cadmi

um, and cobalt, but are poorly blockcd by dihydropyridine~ (D-600, nifcdipinc) 

or omega-conotoxin. The current is unaffected by the calcium channel activator, 

Page 1-24 



( 

( 

( 

Chaptcr l-Inlroducllon 

Bay K 8644. 

N and L-type calcium channels 

Evidence that there exist two types of high threshold calcium channels 

(above -20 m V) is based primarily on results from single channel recordings. 

Fox et al. (1987b) demonstrated two conductance states, one of ::= 20 pS (L

type) and another of intermediate size 13 pS (N-type). Unlike T-channels, there 

are considerable variations in the activation and inactivation kinetics of N-type 

and L-type channels in different tissues. However, one consistent difference 

between these channel types is that L-type channels inactivate very slowly 

whereas N-type channels inactivate with a time constant of ::= 30 ms (Fox et al. 

1987a; Nowycky et al. 1985b). Single channel recordings from non-neuronal 

cells have indicated that the large channel conductance (L-type channels) is 

blocked by nifedipine and enhanced by Bay K 8644, while N-type conductance is 

unaffected by these dihydropyridines (Fox et al. 1987b; Hirning et al. 1988; 

Nowyd.)' et al. 1985b). However, the action of dihydropyridines on neuronal L

type channels is Jess weil established. At concentrations that completely block 

L-type currents in smooth and cardiac muscle (Bean et al. 1986; Sanguinetti and 

Kass 1984; respectively) nifedipine blocked only 50% of the L-type current in 

chick sensory neurones (Fox et al. 1987a). Nifedipine reduced the L-type cur

rent 5-50% in only 28 of 56 chick dorsal root ganglia cells (Kasai et al. 1987). 

This ~ugge~ts that neuronal L-type channels may have lower affinity for dihy

dropyridines than L-type channels found in non-neuronal tissue. In fact, L-type 

neuronal high threshold calcium channels in general may be different from 

those round in other tissue since omega-conotoxin (another naturally occurring 

peptide neurotoxin isolated from the carnivorous sea snail Conus geographus) 
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is an effective blocker of neuronal high threshold channels, whereas il has little 

effect on the se channels in other tissue (Kasai et al. 1987; McClesky et al. 19H7). 

There is sorne controversy whether or not omega-conotoxin blocks bOlh high 

threshold conductances or just N-type. Kasai et al. (1987) report blockaùe of 

both types, whereas McClesky et al. (1987) report that only N-type is blocked. 

The other possibility is that the persistent calcium current (anù therefore L

type, since N-type inlctivates much more quickly) being blor.ked may not be 

"pure" L-type and there may be a component of N-type that does not inactivate 

which is insensitive block. 

WJzat do plzannacologically distinct calcium cllannels do? 

Functional studies on the T-channels have not been done in neuronal tissue. 

However, taking into consideration their attributes (see above) and that they 

might be primarily located in cell bodies Jahnsen and Llinas (1984) have sug

gested that they would be weIl suited for modulation of bursting and pacemak

ing activity through the activation of potassium channels. 

The function of the high threshold calcium channels in light of their phar

macology is still controversiai. Transmitter release from synaptosomal prepara

tions is resistant to dihydropyridine treatment (Perney et al. 19H6; Himing et al. 

1988) whereas omega-conotoxin is effective in blocking tram.mitter relea~e 

(Reynolds et al. 1986), implying that the N-type is important for neurotran~mit

ter release. AIthough omega-conotoxin blocks tran~mitter relcase in frog 

neuromuscular junction (Kerr and Yoshikami 19H4), il has no effeet on trans

mitter release in the mouse neuromuscular junction (Anderson and Harvey 
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19R7). Therefore, more studies will be needed to resolve these discrepancies. 

NEW APPROACHES TO OLD QUESTIONS: MOLECULAR BIOL OGY OF 

VOLTAGE GATED fON CHANNELS 

Until recently the tools for studying the function and pharmacology of volt

age dependent ion channels in neurones have essentially rested in the hands of 

biophysicists. Thus, by using a battery of electrophysiological techniques, we 

know a good (feal about how fast ion channels open and close, what ions they 

are selective for and how they behave macroscopically and at the single channel 

level. At the molecular level, the structure of the ion channel was often inferred 

by the action of drugs on these channels (as in the case of the TTX binding site 

and the sodium channel). However, over the past number of years many ques

tions concerning the structure and function of ion channels has been wrestled 

from the hands of electrophysiologists and placed in the care of biochemists. 

What is the structure and amino acid sequence of the channel? What is the 

nature of the amine) acids lining tht! pore of the ion channel? What amino acids 

form the mouth of the ion channel pore which presumably are important for 

ion selectivity? These are aIl questions upon which electrophysiologists can only 

speculate. In the following pages, an overview of the kinds of answers to these 

que~tio!1s will ilIustrate the important new information molecular biology has 

obtained concerning structure and function of voltage dependent ion channels. 

Stmeture wld ftmetion of sodium ehallnels 

As mentioned in opening paragraphs, drugs have been used to isolate channels 

for native membranes. TIX and STX, were used to isolate and purify the 
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sodium channel protein from the eleetric organ of electroplax Electrophom.\ 

electricus (Agnew et al. 1978). A similar strategy was used to isolate the ~odium 

channel prote in in rat brain (Hartshorne and Catte raIl 1981). Both sourcc~ 0; 

sodium channel contained a 230-260 kD protein which has becn termed the a 

subunit. The mammalian a subunit was also found to be associatcd with two 

other polypeptides designated the /31 and /32 subunits (36 kD and 33 kD re

spectively), whereas in electropla.x the se peptides were absent. Studies w'lich 

reconstituted the subunits in various combinations demonstrated that the a 

subunit is critical for ion channel function (Hartshorne ct al. 1985). Removal of 

the /32 subunit has no effeet on channel function, whereas, loss of the /31 subunit 

reduced the ability of the channel to bind toxins, conduct ions and removed 

voltage dependence (Messner et al. 1986). However, more rceent studies bascd 

on expression of the a subunit (injecting mRNA into Xenopus oocytes) have 

demonstrated that the a subunit retains its unitary channel conductance and 

voltage dependence but inactivates at a two to three fold ~Iower rate (Auld et 

al. 1988). This discrepancy might be explained by the method that wa~ used to 

separate the f31 subunit from the a subumt, which may have partially denaturcd 

the latter unit (Messner et al. 1986). Despite this uneertainty, it i~ evident that 

the /31 subunit does stabilize or somehow modulate the function of the a 

subunit. 

The structure of the a subunit was deduced by Noda et al. (1984) hy an 

analysis of the cDNA sequence which codes for the polypeptide. The cDNA 

was believed to result from the transcription of a single gcne which con tains 4 

internai homology units each containing 6 reglOm (S 1-$6) which arc homolo

gous. By plotting the relative hydrophobicity of the amiIH) acid ~cquenccs coded 
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for by the four homologous units it was hypothesized that these sequences 

span the Iipid membrane in a rectangular formation, the centre of which forms 

the ion channel. Noda et al. (1984) hypothesized that only the SI,S2, S5, and 

S6 regions of the se amino acid units are buried in the Iipid however, it is now 

generally agreed that aIl regions (SI-S6) span the membrane (Catte rail 1989). 

Structure and Function of Potassium channels 

The first cloned potassium channel protein was isolated by screening the 

mRNA library of rat kidney. Takumi et al. (1988) assayed for an rnRNA which 

when injected into Xenopus laevis oocyte caused the expression of an outward 

current activated by depolaïizing voltage steps. The cD NA cloned from the 

isolated mRNA codes for a 130 amino acid protein containing only one hydro

phobie domain consisting of six hydrophobic regions, SI-S6. Other studies have 

identified a number of proteins coding for potassium channels proteins (Papa

zian et al. 1987; Strümher et al. 1989 ). A great deaI of homology has been 

found among them, especially in the S4 region of the membrane spanning 

portion of the prote in. In fact, this region has been shown to exist in aIl voltage 

sensitive ion channels. Its characteristic feature is a repeating Lys1 Arg-X-X 

sequence occuring 4-8 times (where X is a hydrophobie amino acid). The potas

sium channel protein isolated from Drosophila melanogaster contained hydro

phohie regions which are believed to arrange themselves into a structure similar 

to the individual homologous units of the sodium channel (Papazian et al. 1987; 

Catte raIl 1989). The difference is that the potassium channel proteins are about 

one fourth the size of the sodium channel protein, and a single potassium 

channel protein does not likely form a single ion channel. By anal ogy, it has 

been suggested that individual proteins may assemble as a tetramer, forming a 
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structure similar to the sodium channel prote in (Timpe et al. 1988). 

The multitude of different potassium channels pruteins is not thought to 

reflect a multitude of potassium channel genes. (Tempel et al. 1988; Schwarz et 

al. 1988; Strümher et al. 1989). Evidence suggests tl,at there are two basic 

mechanisms by which this diversity occurs. The first is through alternative splic

ing of large primary transcript (Shaker gene; Schwarz et al. 1988). Tempel et al. 

(1988) demonstrated that alternative splicing of a single gene could producc 

two different potassium channels. Expression of these gene product:; in oocyte, 

produced two type of currents: one rapidly activated and inactivated and the 

other rapidly activated but slowly inactivated. The second mechanism is through 

the expression of variant genes believed to arise from a common .. lnce~tor gene 

(Stümher et al. 1989). It was demonstrated th:11 a family of homologous pro

teins, when functionally expressed in oocyte, produced four channels each with 

different gating characteristics and pharmacology. Twn channel types were 

rapidly activating and slowly inactivating, sensitive to DTX, MCDP and L'X in 

nM concentrations but had differing TEA sensitivity (ICSO (lf 0.6 mM vs 129 

mM). Another channel type, which rapidly activated and inactivatcd W~L<; ~cn~i

tive to low millimolar 4-AP concentrations (ICSO = 1.S mM) and relativcly 

insensitive to DTX block. The fourth clone produced a channel with an in

termediate inactivation rate and it was blocked only at relativcly hlgh concen

trations of 4-AP (> 10 mM). Whether or not these proteins are naturally occur

ring is still a matter for speculation; however, these two mechanj~ms could 

account for the diversity of potassium channels observed in vivo. 
t 

A recent study by Mackinnon and Miller 1989 has demomtrated, that the 
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binding and blocking efficacy of CTX could be altered by site directed muta

genesis of the shaker cDNA sequence. Previous studies have shown that CTX 

blocks the channel by binding to the mouth of the ion pore (Anderson et al. 

1988). By changing the negatively charged glutamate-422 amino acid residue ta 

a glutamine, the binding was reduced 3.5-fold along with a concomitant de

crease in blocking efficacy. Substituting a lysine for the glutamate reduced 

binding by 12.5-fold completely abolishing the blocking activity of cne These 

alterations in bmding and blocking efficacy indicated the region of the protein 

which may make up the mouth of the ion channel. Furthermore, since glu ta

mate-422 was shown to in or around the mouth of the channel protein it was 

concIuùed that the location of the glutamate-422 residue is on the outside of the 

membrane, thus limiting the possible folding combinations of the hydrophobie 

regions of the channel protein. Frr"7" this analysis it follows that this prote in has 

six membrane spanning regions similar to that reported for the homology units 

of the sodium channel (Catte raIl 1989). 

Structure and Functiofl of Calcium clzanne/s 

Similar LO the strategy used ta purify the sodium channel using the high 

affinity ligands TTX or STX, the voltage dependent calcium channel was iso

lated by purification of a protein fraction which binds organic calcium channel 

blockers (dihydropyridines, DHP, ego nifedipine). This procedure helped isolate 

the L-type calcium channel protein (Curtis and Catte rail 1984; Flockerzi et al. 

1986). A large DHP binding protein was obtained (130-170 kD al) associated 

with a number of smaller proteins (141 kD a2; 27 kD f3 and 30 kD gamma 

suhunits; cf. Cattt:!rall 19H9). Reconstitution of the purified DHP binding protein 
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demonstrated that it was a calcium channel (Flockerzi et al. 1986). The f3 suhu

nit of the calcium channel protein is a substrate for phosphorylation by cAMP 

dependent protein kinases. The probability of channtl ùpening was shown to be 

positively correlated with the amollnt of phosphorylation (Flockerzi et al. 1(86). 

The function of the other subunit'\ is not c1ear at this time. 

It is intp,resting to note that the structure of the al calcium channel protein. 

determined bya hydrophylic profile of the ami no acid sequence coded hy cDNA 

sequence, is the same as that determined for the sodium channel. In fact, calci

um channel cD NA sequence shows 55% homology with the sodium channel 

protein. Like the potassium channel, this protein also showed homology with 

the sodium channel in the S4 region with the characteristic Lys1 Arg-X-X 

repeating pattern. 

In summary, biochemical approaches have revealed a number of structural 

features common ta the three families of voltage gated ion channels. Ali chan

nel proteins reside in the membrane as "pillars" of amino acids, with lipid 

membrane, extracellular and intracellular domains, codcd for by what is termed 

as cDNA "homology units". The sodium and calcium channel cDNA~ have four 

internaI homology units, which are beIieved ta be the product of a ~ingle gene. 

The potassium channel proteins are different: their genes contain a cDNA 

sequence coding for only a single membrane spanning amioc) acid sequence. 

Within each membrane spanning unit there are "homol(}g(}u~ rcgjon~" (S I-S6), 

believed to be buried in the lipid membrane. The S4 rcgion in ail three channel 

types is highly conserved and it is not found in non-voltage depl~ndent ion 

channels suggesting that this structure constitutes the voltage scnwr for these 
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channels. Conformational changes in this region may generate the small CUITent 

which tlows during channel opening, the gati'lg current (Armstrong 1981). This 

and other sites hypothesized to be importam for ion selectivity, drug binding 

and allosteric modulation are aIl candidates for :;ite directed mutagenesis. It is 

reasonahle ta expect that these types of studies would eventually generate a full 

description of ion channels structure and function. 
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PART II: STRUCTURE AND FUNCTION OF l\1YELINATED AXONS 

Function of myelin and sodium current flow in myelinated axons 

The structure of myelinated axons in the peripheral and central nervous 

system (PNS; CNS respectively) is distinguished from that of ail other neurons 

by being encapsulated by a proteophospholipid spiral, myelin. In the periphcry 

this wrapping, which is essentially an organelle of a type of glial cell (Landon 

1982), is provided by the Schwann cell. Schwann cells are segmentally distrib

uted along the axonal membrane such that one cell wraps around 200-2000 pm 

ofaxon with 100-200 Iayers of myelin (Landon 1982). At the ends of individual 

Schwann ceIls there are small gaps of unrnyelinated axon or nodes, fir~t identi

fied by the anatornist Ranvier (1878). Thus, myelinated axons are scgmentrd 

into distinct regions: internodes, wrapped in a thick rnyelin ~heath dividcd hy 

short unmyelinated regions, nodes. Although PNS and CNS myelinated axons 

have different ce Ils providing their myelin coat (eNS uses oligodcndrocytc~) 

both structures share many physiological and functional propertics. It ha!. bcen 

recognized for sorne time that the internode and node arc functionally di~tJnct. 

During conduction of action potentials, nodes have considerahly more current 

flowing through them than internodes (Huxley and Slampfli IlJ49a). Becau!-.c 

the current predorninantly flows ("jumps") between nodcs, thi~ type of conduc

tion has been terrned saltatory conduction (from Latin ~altare = to dance). 

Erlanger and Blair (1934) were the first to suggc~t and provide evidencc 

that conduction in myelinated axons might be saItatory in nature. They found 

that block of action potential conduction by current ~timulu~ or by altcring the 

composition of the Ringer solution (increa~ing the calcium Of p()ta!-.~Iium ion 
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concentration) could be more easily produced at the node than the internode. 

They concluded that the node was less weIl insulated th an the internode and 

perhaps excitation spread fonn node to node. Their hypothesis was based on 

observation;, made by Lillie (1925), who showed that an analog nerve (an iron 

wire interrupted by sections of glass insulation) conducted in a saltatory man

ner. This hypothesis was supported in a number of studies which followed 

(Erlanger and Blair 1938a; Tasaki 1940; Tasaki and Takeuchi 1941). However, 

it was not confirmed until Huxleyand Stampfli (1949a) were able to directly 

measure and demonstrate that the current flow in the node was considerably 

larger than in the internodal region. This contrasts to conduction in squid axon 

where conduction proceeds as an even current flow between adjacent mem

brane regions (Hodgkin 1971). 

Until recently, the nature by which myelination was believed to maintain 

saItatory conduction was through acting as an insulator. Myelin incr~ased the 

resistance of the int('rnodal membrane, "forcing" current flow through the nodal 

membrane and thlJ:" excitation spreads from node to node (Huxley and Stampfli 

1949b; Tasaki 1953; Hodgkin 1971). The myelin resistance and capacitance 

calculatcd by Huxley and Stâmpfli (1949a) supported the assertion that myelin 

was a low capacitance, high resistance shield to current flow. While it is true 

that saltatory conduction can occur under sorne circumstances when the myelin 

has been interrupted (Rasminsky and Sears 1972), it is recognized that myelina

tion is essential for normal salta tory conduction. 

With the advent of voltage clamp technique of the nodal membrane, ~ctiva-
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tion of inward current flow was shown to be essentially the same as the activa

tion of the voltage dependent current underlying the upstroke of the action 

potential in squid axon (Dodge 1963; Frankenhaeuser and Huxley 1(64). In 

frog myelinated axon voltage clamp measurements also demonstrated that 

there was a potassium current in the nodal membrane whose presence was 

considered to be of little importance with regard to salta tory conduction (Dodge 

1963; Hille 1984; Schmidt and Stamptli 1966). These results, together with the 

understanding that mye lin acts as an insulator, descnbed saltatory conduction 

in myelinated nerves as the flow of a sodium dependent voltage activated 

current from node to node. 

Recent stUOt~"; provide two kinds of evidence that requires a modification of 

this "classical" model of myelinated axon: 1) the internodal membrane may be 

charged during action potential propagation. 2) myelinatcd axons àre endowed 

with a multiplicity of potassium channels (see below). These two a..<.,pects of the 

myelinated axon have provided the impetus to reexamine our understanding 

how myelinated axons function. 

lntracellular recording from intact nonmammalian (Barrett and Barrctt 

1982; Poulter et al. 1989) and mammalian myelinated axons (Blight and 

Someya 1985) have demonstrated the pre~ence of a depolanzing aftcr potcntial 

(DAP) following an action potentia!. The DAP has an amplitude of up to 10 

mV which decays with a time constants of approximately 20, 2 and < 1 ms 

(Blight and Someya 1985) rat myelinated nerve and approximately 100 ms in 

!izard myelinated axon (Barrett and Barret 1982). l3arrett and Barrett (1982) 

were the first to suggest that this DAP represent~ the pas~ive dischargc of the 

internodal membrane capacitance charged by an action potential in the adjacent 
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node. In addition, the unusually long hyperpolarizing electrotonic potential 

recorded from intact myelinated axons has also been suggested as evidence of 

charging of the internOl!al membrane (Barrett and Barrett 1982; see also 

Chapter 2). Based on the morphology of myelinated axons (reviewed in Ellis-

man et al. 1983) three paths for this leak of capacitive current wt;;re considered: 

1) the periaxonal space (the space between the innermost myelin layer sheath 

and the internodal membrane); 2) the cIefts of Schmidt-Lanterman or the 

intr~cellular p~th through the cytoplasmic belts in the Schwann ceIl; and finally 

3) through the extracellular spaces of the compact myelin sheath. These obser

vations cIearly differed from the cIassical electrical model of myelinated axon 

since it implied that the interrodal membrane was not electrically inert and may 

therefore participate in the spread of excitation. 

B1ight (19H5) noted that the resistance of combined internodal membrane 

and myelin la) ers is not as high as the specific resistance of sorne nonmyelinat

ed neuronal membranes (Bush 1981; Carpenter 1973; Gorman and Mirolli 

1972) and perhaps the importance of the resistance of myelin has be~n over 

emphasized. With this in mind, B1ight (1985) has argue d, with the help of a 

computer mode l, that a lower resistance myelin sheath that allows current flow 

through the internodal membrane could account for the presence of the DAP 

(supporting explanation 3 ab('ve). These calculations do not support the hy

pothesis that the main function of the myelin wrapping is to act as an insulator. 

Furthermore, Blight (198.'5) went on to suggest that the more important func

tion of the multilayered stacking of myelin around the internodal membrane is 

to reduce the otherwise large effective capacitance of the internodal membrane. 

So, while it is true that Hodgkin and Stàmpfli (1949b) recognized that a low 
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capacitance is necessary for saltatory conduction, our prescnt understanding 

implies that the reduction of capacitance of the internodal mcmbrane conferrcd 

by myelination may be more important th an its insulating qualities. 

Even if this interpretation is not completely correct it is evident that the 

internodal membrane is "actively" involved in the mechanism of salta tory 

conduction. Thus, it has been 5uggested that the physiological role of the DAP 

may be to help bring to threshold subsequent nodes during the sprcad of excI

tation (Barrett and Barrett, 1982; Blight, 1985). Charging of the internoùal 

membrane may also account for the 7-20 ms perioù of superexcltuhility follow

ing the single action potential in frog and mammalian myelinatcd nervc~ 

(Raymond 1978; Blight and Someya 1985). 

A low internodal capacitance, as weIl as other factors (see below), has also 

been recognized as a necessity for high conduction velocities (Huxley and 

Stampfli 1949b; saltatory conduction in itself is nl)t enough to produce high 

conduction velocities). Numerous studies indicate that demyelinatiou (pro

duced either experimentally or through disease) causes the intcrnodal mem

brane to have a larger capacitance which accompaI1le~ a reduction in conduc

tion velocity (Kocsis and Waxman 19H5). The importance of the capacltance 

versus resistance of the internodal membrane has been compared JI1 anothcr 

computer model (Moore et al. 1978). Varying the capacitance and conductance 

independently, it was possible to demonstrate that changes in the myelin ~hcath 

conductance had a negligible effect on conduction veloclty. However, increa~ll1g 

the specific capacitance of the myelin reduced conductIOn vclocity c()n~iderably. 

This effect could be reversed by adding more wraps of myelin therehy reversing 

the effect of increasing the specifie capacitance. 

Page 1-3H 



, , 

Chapter l-IntroductlOn 

Two other factors are also recognized to affect conduction velocity 1) inter

nodal length and 2) fibre diameter. Huxley and Stampfli (1949a) gave analytical 

arguments that suggested internodal length affects conduction velocity. Increas-

ing the internodal Jength increases conduction velocity to maximum after which 

there is broad range at which the conduction velocity is maximal. Internodal 

lengths beyond this range decrease conduction velocity. Studies have supported 

these theoretical conclusions (cf. Ritchie 1982a). For example, regenerated 

nerve fibres having internodal lengths half of normal fibres were found ta have 

near normal conduction velocities (Sanders and Whitteridge 1946; Ritchie 

1982h; Shrager 1988). Fibre diameter and conduction velocity have been shawn 

ta roughly Iinearly related, in several early studies on peripheral myelinated 

axon (Hur~h 1939; Tasaki 1953). Rushmn (1951) proposed a theory which 

indicated that myelinated nerves appear to be constructed in manner which 

maximizes their conduction velocity for a given fibre diameter, such that the 

ratio ofaxon diameter ta total fibre diameter (which includes myelination) is 

always close ta 0.6. In this way evolution has caused axons of different diameter 

to optimize their degree of myelination in order to maximize their conduction 

velocity. To summarize the velocity of saltatory conduction is increased in 

myelinated fibres by a low internodal capacitance combined with an optimal 

internodal length and axonjfibre diameter ratio. 

In addition ta myelin's contribution ta the electrical properties of the axon, 

myelin appears to play a raie in regulating the distribution of sodium channels 

on the axonal membrane (Bray et al. 1981). Ritchie and Rogart (1977) demon

strated (what had been suspected for sorne time) that the density of sodium 
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channels (as measured by rrx and STX binding sites) was higher on the nodal 

membrane than on the internodal membrane. A number of studies which indi

cate that sodium channel density increases on demyelinated or unm: • ..!Iinatcd 

internodal membrane (Bostock 1982; Bostock and Sears 1976, 1978; Ra~min~ky 

1982; Ritchie 1982b). In frog scÎatic nerve fibres, Shrager (1988) showed that 

Schwann celi proliferation following demyelination resuIted in redbtrihUl10n of 

sodium channels. Shrager followed the remyelination over a period of up to 5 

months and found that in regions which were previously internodal, occa~ionally 

two proliferating Schwann cells would meet and form a new nodc. It wa." found 

that at these new nodes the sodium current demity was grcater than bcforc, 

when the membrane was internodal. The sodium channels in these new "nodc~" 

were not thought to come from the new synthesb of channels nut re~ultcd from 

the migration of the "old" sodium channels. Thus, it would appear lhat Schwann 

ceUs somehow reorganized the axonal channeb. In this study it was abo be

lieved that there was no transfer of sodium channels from the Schwann cell~ to 

the axon. In similar studies do ne on mammalian axons it has been ~uggc~ted 

that an increase in sodium channel number may be the re~ult of a contribution 

of sodium channels from the Schwann cells (Chiu and Ritchie 198-+). The~c 

results led Chiu and Ritchie (1984) to propose that dunng devclopment, 

Schwann cells may synthesize sodium channels and tramfer them 10 the axonal 

membrane. Evidence for transport of protell1 moleculc~ and ~odlum channel 

immuno reactivity in the Schwann and glia cells has becn demonstratcd in a 

number of ~tudies (Black et al. 1989; Gainer et al. 1977; Gray and Ritchlc 1985; 

Kreigler et al. 1981). 
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Function of potrusium conductances in myelinated axons. 

Classical descriptions of myelinated axons concerning potassium currents 

stated they were non existent (in the case of mammalian axons; Hille 1971) or 

that only one type was present (in the case of the frog; Hille 1971). The classical 

view of the function of myelinated axons did not place any importance on the 

potassium conductances present in amphibian myelinated axon. In fact, their 

presence in frog axon was considered to be somewhat of an anomaly. This 

conclusion fit weIl with the belief that aU axons were "faithful propagators of 

action potential conduction which neither synthesized or modulated their activi

ty Il (Hille 1984). UnJike understanding the function of the sodium conductance 

in axon, elucidating the role of potassium conductances in myelinated axons has 

been less straightforward. Recent voltage clamp and pharmacological studies 

have demonstrated the presence and differential distribution of a number of 

fast and slowly activating potassium conductances in both mammalian and 

amphibian myelinated axons (described in subsequent sections; Black et al. 

1990; Dubois 1981; Grissmer 1986). This new information points out that 

potassium conductances in axons may be important modulators of function as 

weil recognized in other neurones. 

Voltage clamp studies of mammalian intact peripheral myelinated showed 

that the pota..'lsium currents were small or were not present (Brismar 1980; Chui 

et al. 1979; Horackova et al. 1968). However recordings from voltage clamped 

rabbit sciatic nerve fibres showed a fast activating potassium conductance (r = 

1-3 ms) following experimental demyelination suggesting an internodal origin 

(Chui ami Ritchie 1980). Recent pharmacological studies have demonstrated 

the presence and differential distribution of a slow potassium conductance in 

mammalian a.xons. Using extracellular recording and current clamp technique, 
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Chapter l-Introducllon 

TEA has been shown to block a slow component of a depolarizing eleetrotonie 

potential (ETP; Baker et al. 1987). It was also demonstrated in the same ~tudy 

that this slow component of the ETP was 30 times greater in magnitude in the 

node than in the internode. In addition, TEA has been shown to block a slowly 

developing hyperpolarization elicited by a burst of action potentials in a periph

eral myelinated axon (Eng et al. 1988; Kocsis et al. 1987). Sensitivity to TEA in 

these studies was shown to be independent of the degree of myelination imply

ing that this conductance also originates in the node. In agreement with volt

age clamp studies described above, 4-AP has been demonstrated to block a fa!\t 

activating potassium conductance located in the internode (Bowe et al. 1987; 

Foster et al. 1982; Ritchie 1982b). This conclusion is based on the observation 

that action potential repolarization is delayed more by 4-AP in demyelinated 

fibres than in myelinated fibres, reflecting a differential distribution of fast 

activating 4-AP sensitive potassium conductances to the internode. Presumably. 

myelination prevents access of 4-AP to the channels on the internodal mem

brane. Similar results have been obtained using axons from central nervous 

system, where sensitivity to 4-AP decreased as myelination of the nerve pro

gressed (Kocsis et al. 1982). In the same study the ability of TEA to block a 

slowly activating potassium conductance was not affected by the degree of 

myelination. Thus, both voltage clamp and pharmacologieal studie!\ have 

demonstrated a differential dbtribution of potassium conductances in mamma

lian myelinated nerve. 

The effects of potassium channel blockade have revealed that these con

ductances are functionally distinct. In rat optic nerve and peripheral nerve 

blocking, the hyperpolarizing afterpotential with TEA (resulting from activa

tion of the slow potassium conductance) increased the excitability of the fibre, 

Page 1-42 



Chapter l-Introducllon 

whereas 4-AP broadened the action potential without altering the excitability 

(Kocsis et aL 1985; Kocsis et aL 1987). These results also agree with those 

reported by Baker et al. (1987) who showed that in response to a prolonged 

depolarizing current pulse, TEA treated fibres generated more action potentials 

than control fibres. The additional functi(l1J that these conductances may have is 

to lower conduction safety, as suggested by Padjen and Hashiguchi (1983). 

Reduction in the safety factor may contribute to branch point block in the 

terminal region of primary afferent fibres and therefore may be a mechanism of 

presynaptic inhibition (cf. Redman, 1979). 

However, the functional significance of the differential distribution of two 

kinetically different conductances is not dear. The location of the fast channels 

in the internode, which may not be sufficiently activated to turn-on the fast 

potassium conductance (Barrett and Barrett 1982, Blight 1985), would appear to 

be inconsistent with their reported function to modify action potential genera

tion. So, while it is relatively easy to rationalize the functional significance of the 

differential distribution of sodium channels, the significance of the distribution 

of the various potassium channels remains obscure. 

Sorne aspects of the pathophysiology of demyelinating diseases (such as 

multiple sclerosis) may be related to the unmasking of potassium channels. 

Waxman (1989) has suggested that the activity of potassium channels in the 

exposed internode will tend to hold the demyelinated axon's membrane poten

tial close to the equilibrium potential of potassium, at a value which is further 

away from threshold of the fibre, and thus would obstruct conduction. Howev

er, this is unlikely to be the mechanism by which conduction is lmpeded by 
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potassium channel activity. There is no evidence to suggest that ~-AP has any 

effect on resting membrane potential in demyelinated fibres, implying that tht:sc 

channels are not open at rest. It is more Iikely that the main effect of increascd 

potassium channel activity will be a decrease in the conduction safety factor. 

Activation of the intemodal potassium channels will shunt the spread of currcnt 

resulting in a failure to stimulate subsequent nodes. A number of cxperilT!ental 

studies have noted that 4-AP treatment restores conduction in demyelinated 

fibres (Sherret et al. 1980; Targ and Kocsis 1985). These results have prompted 

the use of 4-AP as a therapy for alleviating sorne of the symptoms of multiple 

sclerosis (Jones et al. 1983; Stefoski et al. 1987). However the 

In amplzibian node of Ranvier and intemode three voltage dependent potas

sium conductances have been identified, the fast activating incomplctely inacti

vating GKf1 and GKf2 and the slowly activating incompletely inactivating GK..., 

(Dubois 1981; Grissmer 1986). The presence of three kinetically different 

components has also been confirmed by patch clamp studies (Jonas 19H9). 

These conductances are also unevenly distributed on the axonal memhrane. 

Grissmer (1986) has calculated the potassiulT' channel density to be 20 times 

smaller in the intemode than in the node. Voltage clamp studies of the isoIated 

node and intemode have also shown that these potas~ium currents are blocked 

by a variety of agents. TEA blocks ail three potassium c()nductance~, whcrcas 

4-AP blocks only the fast activating currents (Dubois 1981; Grissmcr 19H6). 

Purified dendrotoxin (taxin 1) fram the venom of the green mamha snake 

Dendroapsis polyepsis polyepsis blocks only G Kf1 (Benoit and Duboi~ 1986) 

whereas the plant terpene capsaicin blocks G Kf2 (Dubois 1982). Unlike potas

sium conductances in mammalian axons, few studies have addre~~cd the ques

tion of what functional role these conductances play in regulating electrical 
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properties and the excitability of frog myelinated axons. 

Electrical properties of myelinated axons 

Intracellular recordings from myelinated fibres, in contrast to intracellular 

recording from many other preparations, has not been extensively used and 

consequently is not fully characterized. Consequently electric current flow in 

axon which is modeled on the conduction of a core conduc.ting cable structure, 

is incompletely described since the properties and elements (potassium con

ductance~ etcetera) of this cable are still largely unknown (Blight 1985; Jack et 

al. 1975, Moore et al. 1978). In the next section considerations are presented 

that point out that myelinated axon cannot be modeled as a uniform cable. In 

Iight of this fact, an example is presented in which, an estimate of the electro

tonie spread was calculated and checked by empirical means demonstrating thaL 

despite an incomplete description of cable properties of myelinated axon, one 

can still estimate how the electrotonic potential reflects the charging of a por

tion of the axonal membrane. 

For a uniform cable (e.g. cylindrical unmyelinated axon) the amount of 

spacc charged hy passing a step current pulse in the cable varies according ta 

the following equation (cf. Rail 1977): 

whcre: lamhda is the space con~tant (defined below) 

Rm is the membrane rcsistance 

Re is the extraccIIular resistance 
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Ri is the resistance of the intracellular space. 

If Rm is constant and the cable is at a steady state, the cable equation relating 

the space constant and the voltage at sorne distance x from the step current 

source can be expressed as (Rall1977): 

? 2 ? lambda- d V /Jx- - V = 0 

This me ans that V (voltage) depends only on x (the distance from the current 

source) and not on t (time). This can be solved ta show that at a point where the 

voltage displacement is V 0 at X = 0 that: 

V = V 0 exp (-x/lambda) 

Therefore, lambda expresses the rate at which the voltage ùisplacement V o 

decays as one moves away from the current source (analogous tn the rate of 

charging reflected by a time con~tant). Dunng the ùevelopment of a voltage 

response (before stead:' "tate is reached), not only i~ the voltage dl"placement 

smaller but the rate at which it develops is slower the further one !TIove" away 

from the Clirrent source (Jack et al. 1(75). Tlll'~. point~ c1o"e tu the currcnt 

source are at steady state earlier th an points more distant. One can caklll~lte the 

time constant resulting from thi~ effect hy plotting the naturaI log of V ver"u~ 

time (t) which yielùs a straight line havlng the .,Iope -1 Ir. For excitable 

membranes resbtance is nonIinear with rc~pect V but e~tIlnatc~ 01 lambda and r 

can still be made. Lamhda can he measured al ~lcady ~tatc and T e~timated ,>mall 

stimulus steps which minimize errors produccù by nonlinearity. 
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By virtue of the fact that myelinated axons have differential distribution of 

both myelin and voltage dependent ion channels, myelinated axon must be 

considered ao; nonlinear and non uniform cab les structures. In this case the 

equations used ta describe the relationship between '/ and t are more compli

cated (cf. Rail 1977), but it is still exponential (Hodgkin and Rushton 1946). 

Although sorne attempts have been made to do so (Andrietti and Bernardini 

1984; B1ight 1(85) pre~ently there is no cable model which adequately reflects 

electrotonic potentials recorded from myelinated axon. Consequently, there is 

no quantitative description the lambda since there is no description of the 

nonuniform current flow along the axonal membrane. However, lambda has 

been measured empirically; in myelinated axons these values range from ap

proximately 1-4 mm (Barrett and Barrett 1982; RaIl 1977). Barrett and Barrett 

(1982) estimated that based on a space constant of 4.6 mm approximately 1 cm 

ofaxon i~ being (calculated at steady state:ie. at 0 Hz frequency). As a means of 

checking this value they calculated the ïesistance predicted from this value. 

A~sumlng that the specifie eapacitance of the internodal membrane bemg 

charged i~ 1 ,uF/cm2 the effectIve capacitance will be 2.2 X 10-9 F/cm. A repre

~entative Ume constant (Te) for the membrane was ~hown to be 100 ms. There

fore, u~ing Te = Reee, the effective re~istance (Re) can be calculated to be 45.5 

MQ. They concluded that, since this Re was within the range of those experi

mentally determineo, the electrotonic potential reflected the charging of a 

di~tance calculated by the empirically determined space constant. Therefore, an 

electrotonic potentlal retlects the electrotonic spread of current along the axon 

involving a distance approximately ± 4 internodes (and nodes) (assuming an 

intcrnodallength of 1 mm) from the site of injection. 
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STAr liMENT OF THE PROBLEM 

F. am the ab ove exposé it is clear that our understanding of several impor

tant areas of myelinated axon function is incomplete. The purpo~e of this dis

sertation was 10 address sorne of these questions in two ways: 

1) to further characterize the electrical properties of myelinated axon with 

r~spect to potassium conductances and 

2) ta investigate the possible functional raies of potassium conductances in 

regulating the excitability of myelinated axon. 

These investigations were carried out by combining intracellular micro

electrode recording technique, which has not been extenslvely utilized to ~tudy 

intact myelinated axons, and the detailed knowledge of the pharmacology of 

the identified voltage dependent potassium conductances iùentifïeù by voltage 

clamp. 

Upon my arrivaI in A.L.P.'s laboratory, the direction of the laboratory wa., 

occupied with the study and characterization of primary afferent depolarization 

(PAD). It was obvious that one of the main obstacles for thi~ inve~tlgation W:L, 

the very large outward rectification present III thi~ a.xons. It wa., hopeJ that the 

reduction of outward rectification might aid the e;(aminatlOn of PAD, or allow 

the recording of calcium mediated events From the termlnab (cf. Burrelt et al. 

1988). It was also part of larger de~ign to understand how pota~~lum channeb 

affect the rectification and cable properties of myelinated axon. A~ part cf this 

effort 1 was given a sample dendrotoxin and 1 was a~ked 10 a~say it~ ability to 

block the very large outward rectification pre~ent in myelinateù axons. As 
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eviclenced in Chapter 4 it had a only a small effect on the outward rectification 

while having a rather specifie and unique effect on the accommodating proper

ties of the axon. 

Judging by the relatively seant Ii te rature at the time (1985) dealing with the 

function of potassium conductances in myelinated axons, it was apparent that 

their presence in axons was still considered to be somewhat of an anomaly. 

Pre~ented with the juxtaposition of cIear evidence that potassium conductances 

do regulate excitabiIity, and a lack of knowledge in this area, my curiosity was 

piqued and my course was set. 
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SUMMARY AND CONCLUSIONS 

1.1ntracellular microelectrode technique was used to study the membrane 

rroperties of large primary afferent fibres (conduction velocity > 10 mis) 

<!tfached to isolated frog spinal cord. 

2. The hyperpolarizing electrotonic poterltials had a far slower charging phase 

th an thuse recorded from the isolated node of Ranvier. the longest charging 

time constant was often greater than 200 ms. Electrotonic potentials could be 

fitted with two time constants: one in the range of 70 - 210 ms, the other less 

th an 20 ms. However, it was often apparent that the charging was more com

pIe.: and that ETPs had an indeterminate number of time constants. 

3. Steady state voltage-current relationships, obtained by injection of constant 

current pulses, were nonlinear. There was a pronounced outward rectification 

ubove resting membrane potential, as weil as a previously unreported outward 

rectification below re~ting membrane potentia!. 

4. Application of external tetraethylammonium (10 - 20 mM) depolarized the 

fibre and decreased the rectification below resting membrane potential. This 

pharmacologieal semitivity indicated that thè slow potassium conductance 

(G Ks; Dubois 1981) is responsible for the outward rectification below resting 

membrane potentia!. Block of this outward rectification was also accomplished 

by adding external barium ions (2 - 10 mM) to the perfusing media. 

5. Although the deactivation process of the slow potassium conductance can 
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partly contribute ta the slow charging phase of the electrotonic potential. a 

capacitive component, such as the internodal space (Barrett and Barrctt Iq~2). 

is more likely responsible for the slow time course of e1cctrotonic potcntiab in 

primary afferents. Similar large time constants were found in rcc()rding~ from 

peripheral nerves and motor fibres. 

6. A standard Hodgkin-Huxley model of the node of Ranvier (Hille 1(71). 

failed ta mimic the outward rectification below resting membrane potcntial A 

modified model, which incorporated the slow potassium conductance (GK:-.: 

Dubois 1981) simulated outward rectification of primary affercnt :L'(Ol1S bclow 

re~ting membrane potentia!. 
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INTRODUCTION 

Although rnyelinated nerve axons were one of the first neuronal structures 

exarnined by intracellular microelectrodes, very few studies followed the early 

report~ (Ta~aki 1953; Woodbury 1952). Thus, our knowledge about the biophys

ical properties of axons originates primari!y from the very successful use of 

voltage-clamp technique on the nodes of Ranvier (Dubois 1981; Grissmer 1986; 

Hille 1971) and extracellular recording techniques (Huxley and Stampfli , 

194t)a, 1949b). We have used intraccllular microelectrode recording from frog 

large rnyelinated prirnJry afferent axons to study the mechanism of primary 

afferent depolarization (Padjen and Hashiguchi, 19bJ). In the course of these 

studies it was noticed that sorne of the electrophysiological properties of axons 

cannot be explained by previous studies of the node of Ranvier. We have 

atternpted lO resolve sorne of these discrepancies by investigating the properties 

of reiatively intact myelinated fibres. Irnpalement of primary afferents is most 

Iikcly to take place in the internodal region and understanding the electrical 

charactenstlcs of recordings from this region is important for the proper inter-

pretation of the physiology and pharmacology of primary afferent ùepolariza

tion (Padjen and H~higuchi 1983). 

We are reporting re~ults of our experiments on bath primary afferent senso

ry axons and motoneuron axons, as weIl as our attempts to model the previously 

unreported elcctrical properties using Hodgkin-Huxley equations (Hodgkin and 

Huxley 1952b), as applied to myelinated axons (Dubois 1981; Hille 1970, 1971) 

and the biophysical constants reported (Barrett and Barrett 1982; Blight and 

Somcya 1985). Sorne of the results have been reported in a preliminary form 

(Ha."hlguchi and Pad jen 1983). 
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METHODS 

General experimental methods 

Experimems were done on hemisected frog spinal (.Ords isolated mostly 

from Rana pipiens and SJme from Rana catesbeiana, placed in a small chamher 

(0.150 ml) and continuously perfused with frog Ringer's solution at 10°C to }..1
0 

C . Normal frog Ringer comained in mM: NaCl, 115; KCl, 2; CaCl2, 2; HEPES 

buffer (pH adjusted ta 7.3), 10; dextrose, 11. Ringer solutions containing 0.2 JlM 

tetrodotoxin (TIX-R) or 2 mM Mn (Mn-R) were used to block conduction 

and/or synaptic transmissiort 

Identification of fibres 

Most of the recordings were obtained from dorsal roots at the entrance zone 

of the 8th - 10th vertebral segment (see FIGURE 2.1). In sorne experiments 

axons were penetrated in the roots at the sites 10 mm or more distant from the 

spinal cord. For comparison, several motor axons wcre abo studied. Ali of the 

fibres in this study belonged to the group of large myelinated axom., judgcd hy 

their conduction velocity (> 10 mis) and their ahility to follow traim of high 

frequency stimulation without delay, evoked via suction or hipo!ar platinurn 

electrodes on the peripheral ends of the dorsal roots (see FIGURE 2.1). In 

sorne experiments, histological verification using HRP Il1jectlOn confirmed 

intraaxonal localization of the microelectrode, hut a detalled compari~on of the 

morphology and electrophysiology has not heen donc. 
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DR '0 
VR 10 

ElectrOde 

FIGURE 2.1 A diagram of the experimental preparation. Isolated hemisected 
cord was placed in a chamber where its ventral or dorsal roots (VR and 
DR) could be stimulated by platinum wire electrodes in a pool of miner
ai ail. Microelectrodes were inserted into axons at the entry zone of 
dorsal roots, as shawn. 

Microelectrode Recording technique 

Glass microelectrodes were filled with KCI (3 M) or K sulfate (0.5 M) and 

had D.C. resistance of 40 - 100 MQ. They were selected for their low noise and 

ability ta pass up ta 2 nA of current without rectification. Microelectrodes were 

connected ta an amplifier with a fast rise time (40 #s with electrode resistance 

of 100 MQ) constructed by T.H. and/or made by Dagan Corp. An active bridge 
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circuit allowed simultaneous current injection and recording through the same 

electrode ("current-clamp" technique). Results were analyzed l'rom the film 

ards of the oscilloscope traces and/or l'rom the data digitized and stored on 

video tape using a PCM based A/D converter (at 22 kHz and 16 bit resolutinn, 

following a low pass 8 pole Bessel fiIter set at either 5 or 10 kHz). Off-linc 

analysis was accomplished using a microcomputer based A/D converter 

(Modular Instruments Incorporated· 12 bit resolution). 

Analysis of results 

Curve fitting was do ne using Asystant software package which uses a least 

squares fit based on Gauss-Newton algorithm. Fits were considered adequate 

only whl!n ; was greater th an 0.99 and the squared error was less than 1.0 X 10-

2. AlI fits were obtained using a minimum of the 250 sample points From the 

charging phase of an ETP (sampling rate = 1 kHz). Log plots of sorne ETFs 

were used to check fitted data for close agreement. 

When appropriate, resuIts were caJculated as mean .:; standard deviation. 

Computer simulations 

Computation of voltage-current relationship and electrotonic potcntial was 

obtained by solving standard Hodgkin-Huxley equations (Dodge 1963: Hodgkin 

and Huxley 1952b ). Computations were made for nodal and internodal 

membranes under various experimentaI conditions. Voltage rc~pon~es were 

calculated using constants, which were representative of the effective re~i~,tances 
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capacitance for the axonal structure being simulated_ 

Two models were compared, one using standard nodal parameters (Dodge 

1963; Hille 1970, 1971), and a modified model which included parameters for 

the slow potassium current (GKS' Dubois 1981) and the internodal region 

(Barrett and Barrett 1982; Blight and Someya 1985). 

Equations for GKs: 

a = .028exp(Em/33) (1) 

{3 = .0008exp(Em/33) (2) 

Em = membrane potential 

TABLE 2.1 Parameters used in models. 

Conductance 

Jeak -75 mV 

-100 mV 

Other Constants: 

Capacitance: 1.0 nF (internodal) 

1.0 pF (nodal) 

Temperature = 15°C 

~odium Conductance = 0 

Go (nSiemens) 

la 

40 
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RESULTS 

1. Experimental Results 

Resting and action potentials of primary afferent axons 

ResuIts described in this study were obtained Îrom more than 100 stable 

recordings from primary afferent axons. It usually took more than 15 min for the 

membrane potential to stabilize subsequent to penetration of axons . Addition 

of tetrodotoxin (0.2,uM) or MnC12 (2.0 mM) to normal Ringer abolished spon

taneous activity and hyperpolarized the membrane causing the resting potential 

to be close to -80 mV (TABLE 2). 

TABLE 2.2 

Resting Membrane Potential N Mean ± 5.0. 

--
in: normal Ringer 42 -73.8 mV 6.1 

--
TTX Ringer 54 -79.3 mV 4.5 

--
Mn Ringer 14 -77.2 mV 5.1 

Peak Resistance 

in: normal Ringer 19 68.9 Mn 32.1 
--

TTX Ringer 50 65.6 Mn 21.1 
--

Mn Ringer 15 86.8 Mn 50.9 
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Ail fibre!l studied generated action potentials in response to peripheral 

stimulation or intracellular current injection. Their amplitude width and thresh

old were very !limilar to action potentials recorded from isolated nodes of 

Ranvier (Stamptli and Hille 1976). On average, action potentials were 96.3 :!: 

11.0 rnV (n = 75) in amplitude and 1.99 :!: 0.4 ms (n = 63) in duration at half 

height with a threshold of -53.1 ± 8.0 rnV (n = 62). Action potentials generat

ed hy o;,hort intracellular current injection were often followed by a slow depo

larizing afterpotential, similar to that seen in large motar myelinated fibres, and 

believed to be due 10 the passive discharge of the internodal membrane (Barrett 

and Barrett 19H2: cf. Poulter et al. 1989). 

Clzarging lime COllStlllllS of electrotonic potentials 

The constant current injection and simultaneous recording of membrane 

potential displacement (~tandard !leurrent clamp" technique) was used to gener

ate electrotnnic potentlals (ETPs). The chargmg time constant of the hyperpo

larizing ETPs was much longer (as evident in FIGURE 2.2A) than the 0.5 ms 

lIme constant calculated for the node of Ranvier (Hille 1971, 1984) implying 

that other proccs~( es) are involved. The longest charging time constant was 

orten grcater than 200 ms, in agreement with the observations of Barrett and 

Barrctt (llJH2). Electrotomc potentials recorded in the linear region of the V /1 

(see below) could be fitted wlth two time comtants: one in the range of 70 - 210 

ms. the other Ie~~ than 20 m~, or occasionally between 2 - 5 ms. FIGURE 2.3 

shows a log plot of the charging phase of a hyperpolarizing ETP where two 

tlIne COI1~tants are obvioll~ (76 ms and 3 ms) and a third slightly longer time 

con~tant may abo be prc~ent (not calculated). However, it was often dpparent 

that the charging wa~ more complex and our complltational methods (see 
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Methods) were not sufficient to resolve multiple time constants that werc le~~ 

th an an order of magnitude different. 
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FIGURE 2.2 Voltagc-current relationship recorded in a large myellllated pri
maI)' afferent axon. Samples A and plot B obtained ln ()n~ film! in both 
norrndi and TIX Ringer. Voltage values were mea~urcd at the peak. 
(arrow, in A) and at ~teady 'itate membrane potentlal (1.5 'i in duratlon). 
Spontaneous activity i~ evident in voltage trac'!~ recordcd III normal 
Ringer solution (left upper part). Note: the linear part of the V /1 plot. 
bctween -95 and -130 rnV, dcfined a:-. peak rc~,i..,tance; an outward gOl/lg 
rectification around re~tmg memhrane potentiaJ; an inward going recti
fication at membrane potentiaJ below -110 mV C Di..,tnbution of the 
peak resistance~ (R ) of primary affcrents ohtained in the pre~cl1ce ni 
TIX- Ringer. p 
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Chapter 2-ClectrophYSlologJcal propcnlcs of mychnalcd axons 

The longe~t charging time constant of ETP shortened with further hyperpolari

zation. Thus voltage responses to smaller currents, where the V /1 is nonlinear 

(~ee below), had the longest time constant in the range of 100 - 500 ms, while 

the shorter one was < 20 ms. 

The di~charging (off) phase of the hyerpolarizing ETPs was faster than the on 

pha~e, although thi!-. was not aLV'ays as cIear as seen on FIGURE 2.2A. An 

afterdcpolanzing potentIal of severa! millivolts in amplitude, and lasting seveI

al hundred~ of miJli~ec()nd" to 5 'ieconds, was often observed following large 

hyperpolanzmg ETP~ (Padjen and Hashiguchi 1983; Chapter 3). In agreement 

with the complex time cour'le of the charging phase of electrotonic potentials, 

the discharging pha~e could also be fitted by a number of time constants (one 

greater than 100 ms and the other < 20 ms). However, unlike the charging 

phase. the "off responses" were not voltage dependent. 

Voltage-current relatiomlzip 

Ta obtain the voltage-current (V /1) curves the values of membrane poten

tial were measured al the peak of the voltage displacement (Rp' FIGURE 2.2, 

arrow in frame A) and at the steady state membral.e potential (Rss) of electro

tOnIe potcnttab In re~pon~e to current pulses of 1.5 ta 2.5 s in duration. Results 

of a typical experirncnt, in which the V /1 relationship was determined first in 

the normal Ringer solution and then in the presence of 0.2 Jim rrx, are shawn 

on FIGURE 2.2A. In the potential range more negative than -110 mV. the V /1 

curve appeared to be linear. The slope for this primary afferent axon gave a 

peak re~btance of 102 MQ (FIGURE 2.28). There was no significant ,:ncrease 

in Rp or Rss rccorded after blockade of synaptic transmission by TTX and/or 
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Manganese (TABLE 2). This inùicateù that the spontancol1s ~yl1aptlL aL[I\ I[~ 

does not account for the large variability in both resi~tanl'e valuL''> oh"'L'I\l'd 

among fibres WIth otherwlse ùrlùi~tingulshablè propèrtie,> (,>allle C()ndllL'[llll1 

velocities> 10 rn/s, membr:.we potential ab ove -70 mV, ~iJlke.., \\ltl1 lal~L' 

overshoot). 
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FIGURE 2.3 Hvperpolarizing voltage response from thc linear rcglol1 (J! V JI 
plotteù ln semilogarithmic coordinate!l. At lea!lt t\VO t1lllC LO!1..,tal1h :1I t.: 

evident for this particuIar ETP, taul of 76 m~ amI tau.., of 3 111..,. ï llt.: 

time constants of charging were much grcater thaIl predicted hl' the 
charging of the nodal membrane. 

The values of Rp ranged from 20 - 220 MQ (average 65.6 ± 21.1 M~2, n = 5~; 

in ITX Ringer FIGURE 2.2e). In aIl fibre!l an inward going rccu!lcallon \Va.., 

present at membrane potentials more negative than -100 m V (PadJc n and 
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Ha~higuchi 19H3; Chapter 3). 

Depolarizing current steps resulted in a distinct flattening of the V /1 rela

tionship indicating the presence of a strong rectification; fibres often could not 

he depolarized more than 10 rnV. 

Q 
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FIGURE 2.4 Example of typical voltage-current relationship below resting 
membrane potential Left: Voltage responses recorded from sensory 
axon. (Dotted line indicates resting mernbraae potential; Scale for 
current steps (top): 10 rnV = ! nA; traces obta·ned in the presence of 3 
mM cesium and 0.2 'lM TTX in Ringe r solll.Ïon. Right: Plot of V /1 
relationship. Note the rectification below restmg membrane potential. 

As shown in FIGURE 2.4 (recorded in the presence of TTX), there is recti

fication in the reglon below re~til1g memb:ane potential, apparently at variance 

with the previous reports (Barrett and Barrett 1982; Hille 1971). In this fibre, 

the voltage di~placement in response ta injection of Jess than 0.20 nA was 

~mall. but funhcr hyperpolarization initiated an increase in slope resistance at 
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Chapter 2-Elcctroph\'\lologJcal propcrtlC~ of m\chndtcu .Ixon~ 

the membrane potentials of more than -90 mV_ This rectification pre~ent in )() 

of the 54 V /1 relatiomhips reported in thi~ study, was unaffccted by the ,ldtlI

tian of 3 mM cesium to the perfusion media (which hlockcd the anoll1alou,> 

rectification; ~ee Chapter 3). However. 20mM TEA 1!1 the ,>upcrfu~.lle dc

creased the rectificatIon (FIGURE 2.5) and depolanzed the fIbre,> from rc~tillg 

membrane potential on average 7.0 ± 1.7 mV (n=4) ln the ah ... cllce of ,1I10111.1-

lous rectification the re~ulting VII inter~ected at -90 ± flO rnV (n=4). on .lvcr

age, a value cl\J~e t') the reversa! potential of pota~~IU1l1. 'l'lm indlL'ate ... that 

there is a potassium current active helow re,>ung memhrane pO!Cnllal. whlclJ 

outwaroiy rectifie,> above the rever ... ai pote nua! of pota'>..,llllll and JIIwardly rl'l'II-

fies below the reversai potential of pota~:,ium. TEA had no ..,Iglllficant ctrect on 

Rp (Control: 73 ± 31 MQ; 20 mM TEt\. 79 ± 31 MQ P < 0.12 r. = 4; i.e. In 

the region where the V II is normally linear)_ ln the region below f(.~ ... tlng 

membrane potentwl 10 -120 mV, Dub()l~ (1l)~!) and Gn..,..,mer (!{)X6) have 

demonstrated the pre~ence of a slowly actlvating, non inactIvatmg pota..,..,llIlll 

conductance (GK..\.) in frog node of Ranvier and Internode. rc~pectivcly, wlm.:h i~ 

sensitive to block by TEA. Our re~ults ~lIgge"t that GK~' or a condllctanœ wlth 

similar properties ta GK~' is responsible for the rectification ob~erved in OU[ 

preparation. 

Barium ion has heen ~ho'Wn to block a number of pota~,illrn conductance,>, 

sorne with characten~tIc~ ~imi1ar to 1 Ks (Hille !9K4). Slmllar to TEA. bariull1 

ions (2 - 10 mM) depolarized the fibres (,>orne R-!2 mV), aboli;-,hed the rectifica

tion below re~ting membrane potential arld rcduced rectific~tl!on abovc rC~llflg 

membrane potcntial (FIGURE 2.6). It had no erfect on Rp or the a/1ornalou,> 

rectification "espon~ible for the sag in the voltage rc~n()n~e. 
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For companson, several recordings were done from the peripheral sites of 

dor:-.al root~. at Iea~t 10 mm from the spinal cord. The shape of the electrotonie 

potentIab and nonlinear V /1 relationship were the same as at the recording 

site~ more proximal ta the primary afferent terminais. 
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FIGURE 2.5 Effect of TEA on the voltage leurrent reIatlOnship. A Control 
voltage re~ponses before (left) and during superfusion with 20 mM 
TEA (right; dottcd line~ indicate resting membrane potentiaI). B V II 
relationship from data in A. Application of TEA causes the V II rela
tlOn~hip to hecome linea!" in the region below control re~ting membrane 
potcntial. Da~hed line~ fitted by linear regre~sion (scale for current 
step~: 10 m V = : nA for hoth panels. Experiment done in 3 mM cesium-
0.2 JlM TTX Ringer). 

Page 2-16 



Chapt!r :!-ElcctrophyslologJcal propcrtlc~ of myclm.llcù .nlln~ 

Voltage-cu"ent relationship of motoneuron axons 

Similar results were obtained from large myelinated motor :.Lxom, rec.:ordcd at 

the entry zone of the ventral root. In ail of these axon~. the V /1 relati()ll~hlp'" 

showed both outward rectification around re~ting memhrane potelltIal and 

inward rectification at pJtential below -120 m V and thu~ appcarcd very <;lInIlar 

to ones recorded from the primary afferents. 
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FIGURE 2.6 Effect of barium on voltage current relatIomhlp, A. Control volt
age responses show characteflstlc rectIfication (top \el t). AI' ter 20 
mInutes of superfusion with 2 mM barium ion in perfu~atc rectilicatlon 
was abolished (top right). Wa~h (+ 30 minute~) ... how ... rever ... al of 
barium effeets (bottom Idt). B. Plot of voltage currcnt relauomhlp for 
panels in A. Seale for current step~' 15 m V = 1 nA for ail panel .... Expcr
Iment done in O.2,uM n'x Ringer. Note that the V /1 relatI()n~hIf) 1 ... 

linear belùw resting membrane potential in the pre ... cncc 01 banum 
(filled circles) and partially rcvcr~cd during W:.L ... h (open ~quare~). 
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Ch.lptcr 2-ElectrophyslOlogJcal propenlcs of myehnated axons 

II. Results of computer modeling 

Sorne of the electrophysiological cho.racteristics of myelinated axons ob

<;crved in our experiments. in particular the charging time constants and the V /1 

rclationshlp, did not qualitatively agree with the previous literature (Hille, 

1971). Wc have developed a computational model, using Hodgkin-Huxley 

equatiom (~ee Method~), to examine our interpretations of the experimental 

data_ E~timate~ of the effective capacitance were based Uil the parameters for 

ooth the nodal and intcrnodaI capacitance reported in Hille (1970) and Barrett 

and Barrctt (19h2), re~pectively. The slow potassium current reported in volt

age-clamp ~tudie~ of amphibian myelinated axons (Dubois 1981) was induded 

in ail calculations, except where noted. 
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FIGURE 2.7 Computer modeling of the ETP. Model using the effective capaci
tance of the node of Ranvier (HiIle 1971; left panel) anri the effective 
capacitance for the internodal membrane (Barrett and Barrett 1982; 
right panel). The ETP is at steady state mu ch earlier than observed 
expenmentally (Ieft). Howcver the latter model of the ETP better re
flects the charging seen experimentally. 
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Chapter 2-ElcclmphyslOloglcal pmpcrucs of mvchn.lIcd dxon~ 

Modeling of electrotonic potentials 

When the membrane potential responses to hyperpolarizint; "::Oil:-.tant ClIf

rent pulses were calculated using the nodal capacitance, steady ,tate wa:-. 

obtained much earlier than in experimental recorJings (FIGURF 2 7). Ilowcv

er, the charging was still much slower than that predicted hy Hllle 1 ln 1. 111 our 

madel, it took appro:\lmately 150 ms to reach a .,teady :-.t.lte of -105 illY 111 

re~ponse ta a 0.3 nA current stimulu~, amI 200 m~ to rt:1ch -125 m V 111 re~pol1"c 

to a 0.5 nA stimulus. U~ing the c:1pacitance, c:1lculated by Barrett and Barrctt 

(1982) :or the inrernodal region, the rcsulting plot~ better rq)re"cnted the 

experiment results (FIGURE 2.7). Thh. implied that a larger (pn;"lIl11ahly 

internodal) capacitance can account for mo~t of the long t.:harging tllne con

stant, in agreement with Barrett and Barrett (19H2) and Blight and Someya 

(1985), althaugh the G Ks is also likely to contrihute. 

The avershoot of resting membrane potentia!. ob~erved at the el1d of tile 

stimulus in the nodal mode l, is the result of the IC:1k condut.:t:1nce tcmporanly 

being unopposed by G~, which has been inactivated by the hyperpolarization 

The decay of this avershaat is due ta GK'i turmng back on and ree~tahli~hing a 

resting membrane potential of -85 mV. TIle capacitance dampcns this ()vcr~h()()t 

in the internodal mode!. 

In disagreement with experimental results, the model did not mimic the 

shortening of the initial charging time constants when the current intcn~ity wa!\ 

increased, indicating that the time con~tant of the clo~ing of G Ks is not re~pon

sible for this decrease. The decrease in charging time i~ likely due to the activa-
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Chaptcr 2-ElectrophystologJcal propertlCS of mychnated axons 

tion of anomalous/inward rectification and the accompanying decrease in 

re~istance (Chapter 3). 

Modeling of the V /1 relationship 

FIGURE 2.8 compares the two computed models both using the same large 

r.apacitance value; in the standard model (no GKs; left) the leakage current 

carries ail of the membrane current In the potential range lower than -75 m V, 

whereas the modified model includes the gating parameters for the slow potas

sium conductance, actlvated at membrane poteIltials more positive than -120 

mY (IK.'J 

Qualitatively, the V /1 relationship obtained with parameters of a standard 

internode is different from the V /1 obtained in our experiments (compare with 

FIGURES 2...1-, 2.5 and 2.6). However, the modified model has outward going 

rectificatIOn below resting membrane potential, simulating the rectification seen 

experimentally in the same potential range. In fact, comparing the plots of the 

V /1 rclatiomhip of the two models one sees that it essentially mudels the 

pharmacology of TEA and barium. The results of computations also suggest 

that Tl_ !H'!ow -100 mV (EK in the modeI) may be responsibIe for some 

II1Wal!, ,'utinn as weil, since the voltage resIJonses below -100 In the 

standard imernode are greater th an in the "modified" internode. 
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FIGURE 2.8 Computer modeling of the current voltage re:ationship. A. Volt
age-current relationships calculated for the standard axonal memhrane 
(left) and for a modified memhrane (right) which includ~s paramcterl., 
for the slow potassium conductance. B. Plot of the compu teo 
voltage/current relationship showing non linear ~hapc when GK~ II., 

included in the model. Note that the two modeb simulatc the 
voltage/currcnt relationship<; ohtaineo in experiments u<;ing TEA ano 
barium ion. 
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DISCUSSION 

Using intracellular microelectrode recording and standard "cuITent-clamp" 

technique we have identified two electrophysiological characteristics of the frog 

myelinated axons: 1) a non-linear voltage-current relationship with distinct 

outward rectific~tion; 2) an unusually long charging time of the hyperpolariz

ing ETPs. While both findings appear to differ from the description of axons in 

the classical literature, the second observation confirms previous reports 

(Barrett and Barrett 1982; BIight and Someya. 1985; Padjen and Hashiguchi, 

1983). The complexity of the charging is to be expected, since the charging time 

reflects at Ieast two capacitive components, nodal and internodaI, in paralIei 

with the Ieak resistance(s), and the time and voltage dependent resistances 

(deactivation of GKs and activation of the inward rectification). These resuIts 

were not limited to the terminal region or the vicinity of motoneurons, in the 

case of primary afferents and motor axons, respectively, since they were also 

obtained )fi recordings from peripheral nerves. 

The non-linear voItage-current relationships found in our experiments 

indicate invoIvement of voltage dependent membrane process(es) in eIectroton

ic potentials. The rectification above resting membrane potentiaI reflects the 

activity of the three potassium conductances, which have been identified in 

voltage clamp ~tudies in both the node of Ranvier and the internodal mem

brane (G Kf l' GKf2' and G Ks ; Dubois 1981; Grissmer 1986). This study 

provide!'l evidence, ha!'lcd on the pharmacoIogical data using TEA and barium 

and the resuIb of computational tests, that the rectification below resting 

membrane potential is due to the slow potassium conductance GKs. 
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Chapter 2-ElectrophyslOlogJcal propenlcs of myehnated axons 

Our results also indieate that G Ks partially governs the resting membrane 

potential, sinee bloekade of GKs by TEA depolarized the fibre. These result~. 

including a) the calculati01~s of the reversaI potentia! of potassium (El\. = -IOO; 

assuming [Klj ::::: 115 mM); b) the behaviour of our computation al model which 

used the EK ealculated above, imply that the l:!akage eurrent revcr~al poten

tial must be at least 25 mV more positive than the reversai of pota~'iium (i.e. 

GKs), in order to account for the measured resting memhrane pOlcntial of the~c 

fibres. This indicates that sorne other ion (sodium or ehloride perhap~) is in-

volved in setting the re~ting membrane potential, in ~ddition to potas~Îul11. 

A1ternatively, there may be a series leakage pathway as sugge!',ted by Baker et 

al. (1987). Our results imply that the truc re~ting membrane plJtential of the 

myelinated axons may be some 5-15 m V more negative th an -70 rn V, a va~ tH! 

usually assumed in voltage-clamp studies. The measured values rellcct the 

contribution of both nodal and internodal membranes, the latter havlfIg lJ 

higher membrane potential than the nodal one (Chiu and Ritchie 19H4). 

Further studies of the model indieatt! that the net membrane conductance, 

whieh may be related to the effective resistance (Rp)' i~ detcrmined by the 

positive leakage conductance at potentials more Ilegatlve than -120 (range 

where G Ks is inactive). The scattered distribution of Rp (!'>ee FIGURE 1 2C) 111 

fibres of the same conduction velocitv and therefore the !'>ame !',ÎLe (Arbuthnott - ' 

et al. 1980; Tasaki 1953), is likely due to difrerence~ in the leakagc conductance. 

Other factors that may contribute ta the scattered di~tnbutÎ()n of Rp are: 1) 

damage of the axonal membrane by microelcctrode penctratl<m; 2) damage to 

the myelin could create a leak pathway decrea~ing the effective rC!',lo.,tance of the 

fibre-s. However, in view of the high resting membrane and action potentiab, 

Page 2-23 



Chapter 2-Electmph\";lologJcal pmpenlcs of mvehndtcd axons 

and the general stahility of the recording, it is hard to imagine that damage 

would act selectively on the voltage-current relationship to cause the nonIineari

ty. Anomalous or inward rectification may also contribute (see Chapter 2). 

The slow charging of hyperpolarizing ETPs could he partially accounted for 

in the computational model by the slow dl!activation of the GKs. The computed 

ETPs were quaIitatively similar to those recorded in vitro only when a large effec

tive capacitance was used. The source of this large capacitance is either intel'

nodal membrane charged via a shunting internodal leakage resistance (Barrett 

and Barrett 1982), or aIternatively by a low resistance path that shunts charge 

into the myelin sheath (Blight 1985). This capacitance is beIieved to be rc

sponsible for the slow afterdepolarization observed following an action poten

tial (Barrett and Barrett 1982; Blight and Someya 1985; Poulter et al. 1989). 

Our experimental results support this hypothesis, since none of the identificd 

conductances could explain the long time constant of charging. 

In conclusion, our results support the existence of a slow pota.'Isium conduct

ance operating in myelinated axons, which is responsible for outward rectifica

tion at potentIals above the reversai potential of potassium. It may also contrih

ute to the long charging time constant of hyperpolarizing ETPs which is, howev

er, better accounted fnr by the charging of a large internodal effective capaci

tance. The physiological role of this slow potassium conductance operating 

below resting membrane potential is still uncertain. In the region positive to 

resting membrane potential, it appears to modify spike frequency adaptation 

and accommodation (Poulter and Padjen 1988; Poulter et al. 1989). One may 

also expect that the slow course of primary afferent depolarization could further 

activate the slow potassium conductance. This in tum could contribute to 
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sodium conductance inactivation and thus cause failure of presynaptic spike 

generation and contribute to presynaptic inhibition (Padjen and Hashiguchi 

1983). 
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C.l1apter J-Anomalous rectlficallon ln myehnatcd axons 

SUMMARY AND CONCLUS/ONS 

1. Anomalous or inward rectification was studied in intact large frog myelinated 

axons, attached to hemisected spinal cord, by intraceIIular microelectrode 

recording and CUITent clamp technique. 

2. In response to a negative current step, which hyperpolarized the membrane 

10-40 m V below resting membrane potential, aIl fibres showed a characteristic 

attenuation of the voltage response or a "sag" after an initial peak voltage de

flection. This "sag" developed 300 to 600 ms after the start of tl~e pulse. In addi

tion, a depolarizmg afterpotential (ADP; 1 - 5 mV in amplitude; 500 ms-IO sec. 

in duration) was evident following a CUITent pulse, in which inward rectification 

had been activated. 

3. The "sag" was blocked by external application of cesium ion (3 mM), but it 

was insensitive to externaI application of barium ion (2 - 10 mM). The blockade 

of the "sag" was accompanied by a disLppearance of the DAP and an increase in 

the charging time constant of the membrane. 

4. Replacing the externaI sodium ion with choline increased the sIope resist

ance at steady state. Reducing the externaI potassium ion concentration in

creased both the peak and steady state slope resistance. These results indicate 

that the anomalous (inward) rectification is a mix('d ionic conductance, de

~'endent on potassium and sodium ions in the external media. 

5. The function of this conductance may be to regulate the post tetanic hyperpo

larizing pOtential produced by a high irequency train of action potentials, since 
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blockade of anomalous rectification with external cesium ions led to a prolonga

tion of the post tetanic hyperpolarizing potential. Cesium also blocked the 

depolarizing afterpotential (DAP) that followed the post tetanic hyperpolariza

tion. 
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Chapter 3-Anomalous rectlficallon ln mychnatcd axons 

INTRODUCTION 

Anomalous or inward rectification (G AR)' first described by Katz (1949) in 

crayfish muscle, was identified as a conductance, which activates in a range 

hyperpolarized to resting membrane potential. Voltage responses resulting from 

injection of hyperpolarizing current steps show a characterist:c attenuation 

after an initial maximum. This "sag" in the voltage response is se en in many 

different excitable membranes ranging from mvertebrate oocyte to vertebrate 

heart, skeletal muscle, and neuronal membranes (Bader and Bertrand 1984; 

Binah et al. 1988; Constanti and Galvan 1983; Crepei and Penit-Soria 1986; 

Hagiwara and Takahashi 1974; Halliwell and Adams 1982; Mayer and West

brook 1983; O'Neill 1983; Spain et al. 1987). Their diverse distribution is not 

matched by a diversity in attributes, and ail inward rectifying conductances re 

ported so far can be classified as belonging to one of two types. The first type 

(referred to a'" Type 1 in this paper) activates reiatively f~t, is primarily perme

able to potassium ions and is blocked by extracellular application of barium or 

cesium ions. The type 2 conductance activates slowly, is permeant to sodium 

and potassium ions, and is blocked by extracellular cesium, but not barium ions. 

In addition, Type 1 G AR differs from Type 2 G AR' in that the range of 

membrane potentials, at which Type 1 is activated, can be altered by changing 

the external potassium concentration. Thus, by increasing the concentration of 

externai potassium ions the V m of the activation curve for Type 1 G AR shifts 

with the reversai potential of potassium. This results in the conductance always 

activating within a few millivolts hyperpolarized to the reversaI potentiai of 

potassium. This attribute tends to keep the magnitude of the G AR conductance 

relatively constant (Constanti and Gaivan 1983; Hagiwara and Takahashi 1974; 
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Hestrin 1981; Leech and Stanfeld 1981). In contrast, Type 2 G AR incrcascs in 

magnitude when the external potassium concentration is raised, a.., the rcvcr!'lal 

potential of potassium moves further away from the voltage range, at which the 

conductance is activated (Halliwell and Adams 1982; Mayer and Westbrook 

1983; Spain et al. 1987). 

Studies on the functional relevance of these conductances have becn donc 

on a number of invertebrate, as weIl as, vertebrate preparations. In 1I1verte

brate oocytes, there is evidence that activation of tbis conductance prcvents 

further fusing of sperm cells with a recently fertilized egg (Hagiwar~ and JatTe 

1979). Its presence in heart is thought to underlie pacemaker activiLY (Brown 

and Di Francesco 1980; Di Francesco 1981; Maylie and Morad 19H4). In neu

rones, G AR has been suggested to modulate synaptic transmission (KamJeI and 

Tauc 1966), whereas in skeletal muscie, it has been hypothesized to aid the 

spread of conduction through the transverse tubules (Ashcroft et al. 19H5). 

Recent studies by Schwindt et al. (1987) have suggested that G AR modulate~ 

the post tetanic afterhyperpolarizing pûtential (AHP) actlvated by a train of 

action potentials and therefore, can influence cell excilability. 

One of the objectives of this study was therefore to c1as!;ify and investigatc 

the function of the previously uncharacterized anomalous rectification in frog 

myelinated axon (Padjen and Hashiguchi 1983). Sorne of the experimental 

results obtained were analyzed and interpreted with the aid of a computer 

model, which utilized Hodgkin and Huxley type equations developed for AR. 

Results have been presented in a preliminary form in Poulter and Padjen 

(1988a) and Padjen and Poulter (1989). 
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METHODS 

Experimental 

Details of the microelectrode recording technique and experimental condi

tions are described in Padjen and Hashiguchi (1983) and Poulter et al. (Chapter 

2). Ali recordings, from \' üch the V /1 relationships Viere obtained, were do ne 

in normal frog Ringer with tetrodotoxin added (0.25 .uM; TIX-Ringer) to block 

action potentials and to minimize synaptic activity. 

In experiments, where trains of action potentials were required to generate 

afterhyperpolarizing potentials, isolated dorsal root fibres were used and per

fused with Normal frog Ringer solution at 10° to 14° C. containillg in mM: Nael, 

115; KCI, 2; CaCl2, 2; HEPES bnffer (pH adjusted to 7.3), 10; dextrose, Il 

(NR). Stimulation of the fibre was accomplished by intracellular injection of 0.5 

ms pulses of suprathreshold current at 50 Hz for 30 seconds. 

Results calculated are expressed as the mean ± standard error of the mean, 

unless othtrwise specified. Significance of differences were evaluated by 

paired t-test analysh. 

Replacement of sodium by choline Ringer solution produced a depolariza

tion of RMP, which was accounted for by a liquid junction potential, rather than 

a real effect of sodium replacement. 
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Computer Simulations 

Computation of voltage-cuITent reIationship and the effeet of current stcps 

on electrotonic potentials were obtained by solving standard Hodgkin-Huxley 

equatiof1s applied to myelinated axons (Dodge 1963). The gating equations for 

G Ks were taken from Dubois (1981). 

Hodgkin-Hux;ey type of equations for the anomalous rectifying conûuctance 

were empirically developed to reflect voltage responses under current clamp 

conditions. The voltage dependence ranged S'-om -100 rnV (a:lO = 0) to -160 rnV 

(a oo = 1) and the conductance activated with one or two time constants fI = 

10-12 ms, f2 = 450 - 600 ms. 

Gating Equations for anomalous rectifier conductance 

aoo = a/(a+f3) (1) 

Equations fOl 0 AR (fast and slow components) 

aAR= .0075/A{exp(0.Bea )-1} 

A = 1 and 50 for fast and slow time constants 

respectively 

ea = (80+ Em)/15 

f3 AR = .oose f3/B{ exp( e f3)-1} 

B = 1 and 75 for fast and slow time constants 

respectively 

(2) 

(2a) 

(3) 

(3a) 
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TABLE 3.1 Parameters used in model 

Conductance Erev(mV) GO 

Ieak -75 

GKs -100 

GAR -55 slow: 

Other Constants: 

Voltage sensitive sodium conductance = 0 

Capacitance = 1 nF 

temperature 15° 

(nSiemens) 

la 

40 

300 fal't: la 
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RESULTS 

Ali fibres, upon which this study is based (n = 50 in lTX-Ringer with axon 

attached to spinal eord; 5 in NR isolated dorsal root) showed a "sag" when 

hyperpolarizing pulses of sufficient magnitude were used. The average re~ting 

membrane potential (RMP) for fibres in the presence of Tf X Ringer was -77.0 

± 7.8 mV (mean ± SD, n = 50). The voltage responses illustratcd in 

FIGURE 3.1A depiet the eharacteristic attributes of the hyperpolarizing elec

trotonie potentials (ETP) recorded from these fibres. Activation of the AR, 

based on the presene'! of a "sag" in the ETP, required current pulses tn last at 

least 300 - 600 ms and the membrane to be hyperpolarized 10 - 40 m V he low 

RMP. In this voltage range, the voltage response attenuated after an initial 

peak and a steady state voltage response was attained sorne 1200-2100 ms later. 

The time required to reaeh steady state was shorter as the membrane was more 

hyperpolari: •. ,,"<i. In addition, vol tage responses with a pronounced "sag" often 

possessed a depoIarizing afterpotentiaI (DAP) (1 - 3 mY) lasting 500 ms - 10 

seconds after the current pulse was terminated (small and slow developing in 

FIGURE 3.lA; also see FIGURE 3.3). SIope resistances were measured at the 

peak of the voltage responses (Rp) and at the end of the pube when the re

sponse was at steady state (Rss) Figure 3.18. A histogram of the ~teady state 

resistanee for the 50 fibres recorded in the presence of TIX is shown in 

FIGURE 3.1e. 

Effect of extracellular cesium and barium ions 

The effeet of cesium ion (3 mM) addition to the superfusion fluid was tested 

for its abiIity to bloek the "sag" resulting from AR. Application of cesium in-
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creaseu the steauy state slope resistance, which was accompanied by the aboI

ishment of the sag in 5 of 6 fibres. An example of a V /1 curve (FIGURE 3.2) 

for one fibre before and after cesium treatment depicts an increase in the Rp 

and Rss (Rss' now equivalent to Rp')' 
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FIGURE 3.1 Voltage responses ta hyperpolarizing CUITent pulses are attenuated by 
activation of inward or anomalous rectifying conductance. A Exarnple of 
voltage responses from one fibre recorded in the presence of TIX-Ringer 
(current lOrnV = 1 nA). B Plot of the voltage/current relationship of the 
responses shawn in panel lA. The decrease in the peak resistance indicates 
the turning on of an inward conductance, which rectifies the voltage re
spom,'!. C Histogram of aIl steady state resistance values calculated for this 
study (31.1 ± 10.8 MQ, mean ± SD, n = 50; done in TIX-Ringer). 

Page 3-10 



Chapter 3-Anomalous rectIfication ln myehraced axons 

On average, Rp and Rss increased from 63.2 ± Il.4 and 42.2 ± 5.8, respective

Iy, to 114 ± 19.2 and 113 ± 23.9 (mean ± SE in MQ; n = 6, P < 0.01 and p < 

0.005, respectively). However, there was no change in the rectification in the 

region above and just below RMP, indicating that cxtracellular cesium ions did 

not affect any conductances activated in the region around RMP. FIGURE 3.3 

shows that the small DAP evident after the current pulse in the control became 

a hyperpolarizing after potential. It aIso demonstmies that the time constant of 

charging of the ETP also increased. The V /1 relatiollship in the region wherc 

G AR is activated was unchanged by superfusion with Ringer, which contained 

2.0 mM barium ions (FIGURE 3.4). 
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FIGURE 3.2 Effect of external cesium ion on anomalous rectification A Control 
V?ltage responses (l.e~t) Voltage r~sponses .after ,5 min pe~fus,!~n with 
Rmger solutIOn contammg 3 mM cesIUm chlonde (nght) The sag IS abol
ished and the time constant of the initial charging phase is greatly in
creased. B The V /1 relationship fvr the fibre depicted in A. 
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FIGURE 3.3 Effect of cesium on the DAP. The small DAP which is evident after 

G AR is activated is abolished when G AR is blocked by extracellular appli
cation of cesium chloride. 

Ionie dependenee of anoma/ous rectification 

Insensitivity to block by barium implied the presence of a Type 2 G AR in these 

fibres. In other neurons Type 2 G AR is defined as a mixed sodium and potassi

um ion conductance and so, Ringer solutions with modified ionic compositions 

were used to examine the ionic dependence of the "sag" and the ADP: 

1) The voltage responses of a fibre before and after sodium replacement with 

choline illustrate that the "sag" was significantly attenuated (FIGURE 3.5A 

and B). The DAP was decreased and the fibre repolarized faster (FIGURE 

3.5C). Rp was not significantly greater (control, Rp: 45.6 ± 9.4; 0 sodium, Rpl: 

59.2 ± 12.5; MQ mean ± SE; n = 5, P < 0.06) whereas Rss was significantly 
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increased, indicating that there was a decrease in conductance associated with 

the "sag" (control Rss: 24.2 1: 5.3; 0 sodium Rss': 33.0 ± 6.4; MO mean ± SE; n 

= 5, P < 0.025 FIGURE 3.5D). 
T 
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-143 ..... 
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-183 

Steady state Peak 

Control 0-0 0-0 

Bc(2mM) .-•• -. 

-2.0 -1.5 -1.0 -0.5 0.0 05 10 

Current (nA) 
FIGURE 3.4 Effect of externally applied barium ion on G AR' Superfusion of the 

preparation with Ringer solution containing 2 mM Barium chloride has no 
effect on the V /1 relation in the region where G AR is activated. (note the 
decrease in rectification in the region around resting membrane potential.) 

2) Reducing the potassium concentration to 0.1 mM increased both Rp 

(control Rp: 50.8 ± 8.5; O.lmM potal)sium Rp': 77.6 ± 14.6; MO mean ± SE; n 

= 5 p < 0.02) and Rss (control Rss: 31.0 ± 4.8 Mn; 0.1 mM potassium Rss': 53.0 

± 7.35; Mn mean ± SE; n = 5, p < 0.02; FIGURE 3.6A & 3.68) and therefore 

decreased the inward rectification. In addition, the DAP was increased in dura-

tion (not shown) in low potassium, implying that the potassium component 

normally limits the duration of the DAP. Thesc two sets of results are consistent 

with G AR being a mixed sodium and potassium conductance. 
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FIGURE 3.5 Effeet of sodium ion replacement. A Control (left) and 0 sodium 
voltage responses (right), respeetively (seale for eurrent record 10 mV = 
2nA) B (Jeft) Detail of the off phase of the voltage response shows DAP is 
attenuated (control: solid line, 0 sodium: dutted line, Resting Membrane 
Potential: dashed line) C voltage/current curve for same fibre. The in· 
crease in the stope resistance Rp was not seen in ail fibres whereas, the 
increase in Rss was consistant. 

Page 3-14 

, 
~ 
" 
l 



Chapter 3-Anomalous rectification ln myehnated axons 

3) Raising the external potassium concentration gave results that were not as 

straigMforward as results obtained with the two prior ion manipulations. Both 

Rp (control R p: 45.6 ± 6.2; 8.0 mM potassium Rp': 52.7 ± 10.2; MQ mean ± 

SE; n = 8) and Rss (control Rss: 38.8 ± 11.2; 8.0 mM potassium Rss': 37.4 ± 

12.8; MQ mean ± SE; n = 8 ) were not significantly different (not shown). In 

addition, another phenomenon was observed. FTGURE 3.7 shows the record of 

a fibre whose charging was unstable and this "instability" was enhanced by 

increasing the external potassium to 8 mM (FIGURE 3.7A right). Blocking 

G AR with cesium (3 mM) enhanceù the instability even further (FIGURE 

3.78 left). This effect of rai~~d external potassium (decreasing stability) was 

also observed in a number of fibres which possessed no initial instability (4 of 8 

tested). Returning to normal potassium Ringer before washout of cesium abol

ish~d this instability (FIGURE 3.78, right). Furthermore, in 3 of 8 fibres rais

ing potassium aboli shed the "sag", increased the charging time constant and de 

creased Rss of the fibre. This could be interpreted as an enhancement of G AR 

so large that the peak voltage response was obscured. Thus, al though the effects 

of raised potassium were complex, it was possible in sorne cases to observe an 

enhancement of G AR' 

Functional aspects of G AR 

li has bec.="n suggested that activation of G AR can prevent excessive hyperpo

larization of the cell membrane due to electrogenic pumping of sodium or the 

prolonged activation of a potassium conductance (Hille 1984; Schwindt et al. 

1988). To test this possibility we examined the effect of blocking G AR (with 

cesium in NR) on the post tetanic hyperpolarization recorded from axons in 
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isolated dorsal roots. Using short (0.5 ms) intracellular depolarizing pulses, a 

50 Hz train of stimuli for 30 seconds produced a complex response consisting of 

a 10 to 15 m V hyperpolarization which decayed in two phases: a fast phase (last 

ing 200-500 ms) and a slower phase (lasting 3 - 5 seconds), followed by a 1 - 3 

m V depolarization (lasting 2 - 4 seconds). Addition of 3 mM cesium ion to the 

perfusing f1uid changed the biphasic decay to a monophasic decay, greatly 

prolonged the post tetanic hyperpolarization and abolished the depolarization 

following the post tetanic hyperpolarization (FIGURE 3.8). 
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FIGURE 3.6 Effeet of reducing the external potassium ion concentration. A 
Control responses (left) Responses in O. 1 mM potassium (right; scale for 
current record 10 mV = 2nA) B Voltage/Current relationship. Reduction 
of external potassium concentration increased the peak and steady state 
resistance. 

The time course of this prolongation closely followed the blockade of the 
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G AR' Partial blockade of the "sag" and the DAP in the ETP was accompanicd by 

a partial elimination of the fast component of the post tetanic hypcrpolariza

tion, a prolongation of the post tet<in~c hyperpolarization and an attenuation of 

the depolarization following the post tetanic hyperpolarization (FIGURE 3.9A 

and B, respectively). Thus, G AR appears to function in ~uch a way as to limit 

the post tetanic hyperpolarization. These results are similar to those demon

strated in other neuronal preparations (Baker et al. 1987; Sch"vindt et al. 1988). 
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FIGURE 3.7 Effect of raising the external potassium ion concentration on elec
trotonic potentiaIs. A Control responses show an unusual instability in the 
charging phase of the ETP (left), which was enhanced when the external 
potassium conductance was increased to 8 mM. B Blocking G AR with 3 
mM cesium ion enhanced the instability further (Ieft). Switching to normal 
potassium before washout of cesium abolishes the instability (right). 
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10mvL 
5s 

FIGURE 3.8 Effect of cesium on the post tetanic afterhyperpolarizing potentia!. 
Chart record of the action potential train stimulated by the short supramax
imal 0.5 ms pulses at 50 Hz for 30 seconds. Addition of 3 mM cesium ion to 
the extracellular medium pro longs the afterhyperpolarizing potential and 
blocks the depolarizing afterpotential elicited by the tetanus. 
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FIGURE 3.9 Partial blockade of anomalous rectification is accompanied by partial 
blockade of the fast component of the post tetanic afterhyperpolarization. A 
(left) Ch art record of Control ETP . A (ri~ht) After == 2 minutes of perfu
sion with Ringer containing 3 mM cesium Icn. The "sag" is partially blockcu 
and the DAP is abolished. B (left). Chart record of control post tetanic 
AHP. 8 (right) Partial blockade of fast phase of AHP and complete block 
of DAP follows effects of cesium above. 
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DISCUSSION 

This study is the first to characterize tbe anomalous or inward rectification 

present in frog large myelinated primary afferent fibres. This rectification 

appears to have similar characteristics to the inward rectifying conductance 

reported in other excitable cells (Halliwell and Adams 1982; Mayer and West

brook 1983; Spain et al. 1987). ft is activated slowly, blocked by cesium ions but 

not by barium ions, and is reduced by decreasing the external potassium or 

sodium ions. Ali these observations suggest that the conductance is the Type 2 

G AR defined by Schwindt et al. (1988). The slowness of its activation kinetics is 

likely an explanation as to why voltage clamp experiments have faited to 

demonstrate it, since voltage steps lasting 1500-2500 ms are required for its full 

development; a condition that wou Id likely iead to significant shifts in the ion 

concentrations of the extracellular space obscuring measurement of the current 

(Binah et al. 1988). 

Block by cesium ions of Type 2 anomalous conductance in mouse dorsal root 

gang lia (DRG) has been shown to be voltage dependent in the lower range of 

cesium concentrations (approxin.ately 200 ,uM), whereas at higher cesium 

con~entrations (> 1 mM), the degree of blockade was voltage independent 

(Mayer and Westbrook 1983). In contrast, cesium blockade of Type 2 conduct

ance in hippocampal CAl cells was found to be voltage dependent throughout 

the range of cesium concentrations (100 ,uM - 3 mM; Halliwell and Adams 

1982). In the present study, use of current clamp technique precludes a direct 

assessment of this possibility. However, in our preparation, if cesium blockade 

were voltage dependent, one would expect that a "sag" would be present in the 

range of membrane potentials, where the conductance is first activated, where-
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as, when the membrane is more hyperpolarized the "sag" would disappear 

reported in Baker et al. (1987). However, this type of response was never secn 

in the voltage range where the sag was evident; thus it appcars that blockadc of 

G AR by 3 mM cesium was voltage independent. 

The reversaI potential or driving point for a conductance could in theory be 

estimated, if not observe d, from the intersection of V II curves. In the case of 

G AR this would mean estimating Rss in the control V li and R~s' after cesium 

treatment (Werman 1969). ln the case described in FIGURE 3.2 the apparent 

reversai potential of G AR was -90 mV. This result is difficult to reconcile with 

the evidence that G AR is mediated by sodium and potassium ions. It wouhJ 

also be difficult to account for the presence of the DAP. The possibility exists 

that the DAP could result from an accumulation of ions in the external spacc 

and the reversaI potential is as indicated from the V II. However, two experi

mental results argue against this explanation. First, in control conditions, the 

inward rectifying conductance would tend to oppose an accumulation, since it is 

accompanied by a flow of potassium and sodium ions from the extracellular 

space. If accumulation of ions was significant, despite this ion flow, then block

ade of G AR would be expected to potentiate ion accumulation and therefore 

the DAP. Cesium blockade of G AR' in fact, abolished the DAP. Secondly, 

reduction of the DAP when sodium was substituted with choline reveals that 

the DAP is dependent on sodium ions, c\early excluding an accumulation of 

sodium ions as a factor. Finally, simple calculations, t::stimating the possible 

effects of the currents used in the.se experiments « 2 nA), indicate th:lt sigmfi

cant shifts of ion concentrations in the extracellular space should not be expect

ed (Attwell et al. 1979). Therefore, one is likely to conclude that the DAP 

results from the slow inactivation of a conductance, whose reversaI potential is 
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more positive to resting membrane potcntial. If the DAP is the slow closing of 

G AR then one would place the E AR more positive to resting membrane 

potential in agreement w:th voltage clamp studies, which found EAR to be in 

the range of -50 to -60 mV (Adams and Halliwell 1983; Mayer and Westbrook 

1983; Spain et al. 1987). 

The increase in Rp observed when either cesium was presf'nt /)r potassium 

was reduced in the external meùia implie~ that G AR is at least partially activat

ed at the peak of the control hyperpolarizing ETP. One way this may occur is 

through the activation of G AR with two time constants, similar to reports in 

Mayer and Westbrook (1983) and Spain et al. (1987). This hypothesis is not 

directly measurable under current clamp conditions, since the time constants of 

the voltage responses reflect the combination of both passive capacitive 

elements as weil as the activation/inactivation time constants of conductances 

present in myelinated axons (Chapter 2). To examine contributions of these 

factors, we have used a computational model to generate V /1 relationships. A 

single effective capacitance value for the axonal membrane was used (cf. 

Chapter 2). Inward rectification was modeled with one or two time constants of 

activation (see Methods). 

The bottom set of traces in FIGURE 3.10A presents the computed ETPs 

with G AR shut off. Ils V /1 relationship is graphed in FIGURE 3.108 top and 

bottom (filled squares) for comparison with the ETPs and V /1 rdationship 

computed with G AR activated 1) with one time constant (FIGURE, 3.lOA top 

&. 8 top: triangles) and 2) with two time constants (FIGURE 3.1C A middle & 8 

bottom; circles). A "sag" in the computed hyperpolarizing voltage response 

could only be reproduced when one of the time constants of activation was 
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longer than 450 ms. Using only one time constant, the V /1 relationship was 

qualitatively of the same shape as seen experimentally (FIGURE 3.lOB top. 

compare with FIGURE 3.1,3.1,3.4,3.5,3.6). However, only a small increa.'\e in 

Rp was observed when G AR was shut off. The model of G AR with two time 

constants generated a family of ETPs similar in appearance to experimental 

results (compare FIGURE 3.lOA middle to FIGURE 3.1A): there was a larger 

increase in Rp aft~r removal of G AR' which is more in keeping with the large 

increase in Rp seen after blockade with cesium. However, the V /1 relationship 

for the model with two time constants of activation was distinctly non-linear in 

the regions where experimental data were linear (compare FIGURE 3.108 

bottom to FIGURE 3.1B). 
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FIGURE 3.10. Comparison of single and double time constant activation of G AR 
in a computer mode!. A Top: Voltage responses in which GAR activates 
with a single 400-600 ms time constant; Middle: Voltage responses in which 
G AR activates with an additional 10-12 ms time constant; Bottom: Voltage 
responses in the absence G AR B Plots of V /1 relationships; Top: V /1 plot 
for single time constant activation (triangles) and V /1 plot with G AR 
turned off (squares) Bottom: V /1 plot for double time constant activation 
(circles) and in the absence of G AR (squares). V /1 plot obtained with the 
single time constant activation best fit experimental observations. 
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This discrepancy suggests that, like the results reported by Halliwell and Adams 

(1982), G AR in axonal membranes activates with only one time constant. 

PhysiologicaI role of G AR 

AlI the evidence indicates that GARin many cells is active in the voltage range 

negative to resting membrane potential. This limits its role to physiological 

mechanisms or phenomena that are recognized to occur in this range of 

membrane potential. In myelinated axons, and Iikely in other cells, two phe

nome na seem to be in question: slow potassium conductances and electrogenic 

pumping. 

The fast conductances (GKfI and Gm; Dubois 1981) are activated in a range 

of membrane potentials, where G AR appears to be inactive. Also, tait currents 

of both fast conductances decay much faster than G AR activates (Dubois 1981; 

Grissmer 1986). The slow potassium current (GKs; Dubois 1981) has a voltage 

dependence, which overlaps with the voltage range where G AR appears to be 

activated (between -120m V and -100 m V). However, its activation and inactiva

tion time constants would Iikely make it only susceptible to interaction with a 

fast activating component of G AR (if it exists). 

Based on the use of cesium ion to block G AR' our resuIts suggest that 

G AR may regulate the length of the post tetanic afterhyperpolarization in 

myclinated axons. This activity is very likely generatcd primarily by ~Iectrogenic 

pumping (Barrett and Barrett. 1982; cf.Bergman et al. 1980) as is the case in 

many other cells (Koketsu 1971; Schwindt et al. 1988), as weil as, potassium 

conductances. It is unlikely that the G AR regulates this hyperpolarization 
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which itself is not otherwise limited by ionic gradients. Although there is only a 

slight overIap between the hyperpolarization induced by high frequency stimula

tion and the region where G AR is activated, this interaction may !Je potentiated 

by a significant accumulation of potassium ions in the extracellular space. This 

accumulation would consequently shift the reversaI potentiai more positive, 

away from the voltage range, where the Type 2 G AR is active, with a conse

quent potentiation of the conductance (Halliwell and Adams 1982; Mayer and 

Westbrook 1983; Spain et al. 1987). 

Another role suggested for G AR is the stabilization of the membrane potential 

when there is an accumulation of extracellular potassium ions (Rille 1984). This 

study may support this notion, since raising the potassium ion concentration of 

the external medium decreased the "stability" of the membrane potential, and 

blocking G AR enhanced this instability even further. Therefore, under condi

tions, such as repetitive firing or anoxia accompanied by potassium ion accumu

lation, G AR may function to maintain membrane potential and conditions 

favourable for the generation of action potentials. 

Interestingly, some inward rectification may be due to the slow potassium 

conductance, if the reversaI potential of potassium was shifted significantly 

above the region where GKs is active (Chapter 2). 

In summary, this study has characterized sorne properties of the anomalous 

or inward rectification present in frog myelinated primary afferent fibres: it can 

be classified as Type 2 G AR' since it is dependent on externai sodium and 

potassium ions, it is blocked by cesium ions and not by barium iOIIS and acti

vates comparatively slower than Type 1 G AR' Hs physiologicai role in axons 
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be classified as Type 2 G AR' since it is dependent on external sodium anù 

potassium ions, it is blocked by cesium ions and not by barium ions and acti

vates comparatively slower than Type 1 G AR. Its physiological role in axons 

May be to attenuate long lasting afterhyperpolarizations and to maintain and 

stabilize the membrane potential in a range, which supports action potential 

generation. 
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SUMMARY AND CONCLUSIONS 

1. Intracellular microele':trode recordings from large sensory and motor myeli

nated axons in spinal roots of Rana pipiens were used to study the effects of 

dendrotoxin, a specifie hlocker of a fast activating potassium current (GKfl' 

Benoit and Dubois 1986). 

2. Dendrotoxin reduced the ability of myelinated sensory and motor axons to 

aceommodate to a constant stimulus. A depolarizing current step, which normal

ly evoked only one action potential, after dendrotoxin treatment (200-500 nM) 

produced a train of action potentials. These spike trains lasted 29 ± 2.8 ms on 

average in sensory fibers (n = 18) and 40.2 ± 4.5 ms in motor fibers (n = 9). 

3. After dendrotoxin treatment, in addition to a reduction in the ability to 

aceommodate to a constant stimulus, a slowing in the rate of action potential 

generation was evident (spike frequency adaptation). 

4. Dendrotoxin had no effeet on the rising phase of conducted action potentials 

evoked by peripheral stimulation. Together with a lack of effect on the absolu te 

refractory period, these results indicate that dendrotoxin does not affect sodium 

channel activity. 

5. The steady state voltagejcurrent relationship was unchanged in response to 

hyperpolarizing current pulses; however, there was a significant increase in cord 

resistance in response to depolarizing current steps, demonstrating that DTX 
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decreases outward rectification. 

6. A computer model based on Hodgkin and Huxley ~quations was developed, 

which included the three voltage dependent potassium conductances described 

by Dubois (1981). The model reproduced a major part of the experimental 

results: removal of the conductance terrned GKfl reduced the accommodation 

in the ear!y phase of a continuous stimulus, indicating that this current cou Id be 

responsible for the early accommodation. The hypothesis that the slow potassi

um conductance, GKs' regulates late accommodation and action potential 

frequency adaptation is also supported by the computer mode!. 

7. In summary, these results suggest that in amphibian myelinated sensory and 

motor axons the activity of potassium conductances can account for accommo

dation and adaptation without involvement of sodium conductance activity. 
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INTRODUCTION 

The wide variety of voltage dependent potassium conductances appear to he 

important in regulating the functional properties of neuronal membranes 

(Adams and Galvan 1986). In early descriptions of myelinated axons, activation 

of the outward rectifying current was attributed to a sir.gle class of voltage 

dependent potassium channels, equivalent to the activation of the potassium 

CUITent in the squid axon described by Hodgkin and Huxley (1952a). However, 

several Hnes of evidence obtained in recent years have demonstrated that 

myelinated axons are endowed with more than one type of potassium channel 

(Dubois 1981; Grissmer 1986; Ilyn et .J. 1980; Neumcke et al. 1980). In the 

amphibian large myelinated axon, Dubois (1981) has described three subclasses 

of potassium conductances with different kinetics and different sensitivity to 

pharmacologie agents: two fast activating conductances (GKfI• G Kf2), blocked 

by both 4-AP and TEA, and a slow activating conductance (G Ks) that is 

blocked only by TEA 

Potassium conductances have been speculated to be important regulators of 

neuronal excitability by virtue of regulating accommodation or spike frequency 

adaptation (Dubois 1981; Neumcke et al. 1980). For example, Dubois (1981) 

has speculated that the relative proportion of the two fast conductances (GKn 

> > GKf2) in sensory and motor fibers may account for the greater accommo

dation in motor fibers. However, the identification of potassium conductances 

that could be responsible for accommodation and/or adaptation in myelinated 

axons have only recently begun to be elucidated. 

A purified fraction of the venom of the South African green mamba snake 

Page 4-4 



., 
i 

. , , 

Chapler 4-K + channel blockade reduces accommoda lion 

(Dendroaspis angusticeps), dendrotoxin (DTX), has been shown to be a potent 

and selective blocker of potassium currents in a variety of tissues (Benoit and 

Dubois 1986; Harvey and Anderson 1985; Penner et al. 198b, Feltz and Stans

feld 1988; Stansfeld et al. 1986; WeIler et al. 1985) . In voltage clamp experi

ments on the frog node of Ranvier, Benoit and Dubois (1986} have shown that 

DTX selectively blocks the potassium conductance designated GKf1 without 

affecting the other potassium conductances or the sodium current. The specifie 

blockade of the GKf1 conductance afforded the opportunity to examine and 

compare the efferts of this toxin on the functional properties of motor and 

sensory axons and elucidate what role this conductance plays in the normal 

function of these axons . 

The microelectrode technique (Padjen and Hashiguchi 1983) used in these 

studies is not amenable for voltage clamp analysis, but, unlike the latter tech

nique, it allows recording from undissected axons; therefore, it is likely that the 

recordings obtained better reflect the excitability in vivo. In addition, to extend 

and evaluate our interpretation of experimental results, we have correlated 

experimental results with a computational model (Dodge 1963) ofaxonal 

membranes. The computational model utilized Hodgkin-Huxley formulations of 

the gating parameters fit to reflect the voltage clamp data for the three potassi

um conductances described by Dubois (1981). Preliminary results have been 

reported (Poul ter and Padjen 1986) . 
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METHODS 

Experimental procedure 

The recording methods used in this study have previously been described in 

detail in (Padjen and Hashiguchi 1983). Briefly, the hemisected spinal cord 

isolated from Rana pipiens was placed in a chamber (200 ,ul volume) and 

perfused with 1) normal Rmger (containing in mM: 115 NaCl, 2 KCI, 2 CaCh • .. 
10 dextrose; pH 7.2-7.35 adjusted with 10 mM HEPES buffer); 2) Ringer in 

which the Ca2 + concentration was reduced to 0.2 mM and 2.0 mM Mn2 + was 

added to block synaptic transmission (Mn Ringer); 3) normal Ringer in which 

tetrodotoxin (0.25 ,uM) was added to block sodium conductance. Except where 

noted, aIl experiments were done in Mn-Ringer at 15°C. The sensory (DRF) 

and motor fibers (VRF) were drawn through slits in the side of the perfusion 

chamber into a mineraI oil filled chamber where they could be stimulated by 

extracellular platinum electrodes. Intracellular recording electrodes filled with 

3 M KCI (resistance 35-50 MQ) were used to impale large myelinatcd fibcrs 

(conduction velocity > 15 mis) near the entry zone of DRF or VRF. Fibers were 

considered suitable for use only when the membrane potential was ~table, more 

negative th an -75 mV and the conducted action potential amplitude greater 

th an 85 mV. Records were stored in a digitized form on video tape u~ing PCM 

and video recorder (Benzanilla 1985) for further off-line computer analysis 

(Modular Instruments Inc. interface and IBM-AT computer). Plots of computer 

records were done on a Hewlett-Packard X-Y pIotter. 

Due ta the limited amount of toxin available, DTX stock solution was added 

directly into the bath after temporarily shutting off the flow of perfusatc (final 
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bath concentration 250 and 500 nM in experiments on VRF and DRF, respec

tively). Incubation with the toxin was maintained for 30 minutes at 15°C. This 

has no noticeable effect on che viability of the preparation (cf. Collier et al. 

1982). At the concentrations used, DTX effects appeared irreversible and were 

still present up to 24 hours after incubation. 

Whenever appropriate, results were expressed as mean ± standard error 

(s.e.) and their significancc evaluated using at-test analysis. 

Purified DTX was obtained as a gift from J. Oliver Dolly, Department of 

Biochemistry, Imperial College of Science and Technology, London, and was 

purified as in (Dolly et al. 1984). 
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RESULTS 

As previously shown with partially purified toxin, DTX application 

produced convulsive discharges (Collier et al. 1982; Harvey and Anderson 1985; 

Harvey and Gage 1981). Increases in spontaneous activity and bursts of action 

potentials were evident within 30 minutes of DTX application, as seen by 

Harvey and Gage (1981) and Dolly et al. (1984). However, as shown in 

FIGURE 4.1 Mn-Ringer, known to block synaptic transmission, abolished this 

activity. There was no change in membrane potential upon application of DTX 

to a preparation already perfused by Mn-Ringer. 

t 
Mn-R 

FIGURE 4.1 Spontaneous convulsive discharges after DTX treatment. After 
DTX treatment, bursts of action potentials are recorded [rom primary 
afferents in normal Ringer solution. The bursts disappear after blockade 
of synaptic transmission by adding Mn (2mM) to the Ringer solution. 
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Effect of DTX on repetitive activity. 

The differences in the accommodating properties of sensory and motor 

fibers studied in normal Ringer are weIl documented (Erlanger and Blair 1938; 

Schmidt and Stampfli 1964) and so, studits were done to compare the effect of 

DTX on the excitability of these two types of fibers. Intracel1ular depolarizing 

current steps were injected into the fibers before and after DTX treatment to 

assay for differences in repetitive activity. In Mn-Ringer, both DRF and VRF 

control fibers (n = 17) produced only one action potential in response to a 

depolarizing current step (FIGURE 4.2A). Moreover, no additional action 

potentials could be generated by injections of current up to 10 times the thresh

old current (not shown). In normal Ringer solution and in the same range of 

current injected, less than 5% of sensory fibers (no motor fibers) elicited more 

than one action potential. 

After incubation with DTX, depolarizing pulses of similar magnitude gener

ated a burst of action potentials at the besinning of the current step as iliustrat

ed in FIGURE 4.2B. Therefore, DTX reduced the accommodation to the 

stimulus in both types of fibers. There was no change in the voltage threshold 

for generation of the first spike in a CUITent pulse after DTX treatmerat in either 

DRF or VRF (Control 70.0 ± 3.7 mV; DTX 69.0 ± 4.5 mV n = 17,27, respec

tively). This indicates that DTX did not exert its effect by decreasing threshold 

for action potential generation. However, the maximal number of action poten

tials generated in the motor fibers was significantly greater than in sensory 

fibers (4.4 ± 0.8 and 2.9 ± 0.4, respectively; p < 0.03 n = 9, 18, respectively). 
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In addition, the trains of action potentials lasted significantly longer in VRF than 

in DRF (40.2 ± 4.5 and 29.6 ± 2.8 ms, respectively; p< 0.04 n= 9, 18, respec

tively). The inst.mtaneous interspike frequency of the first two action potentials 

and the applied current were positively correlated in both types of fibers (not 

shown); however, the maximum spike frequency produced in VRF and DRF 

were not different. 
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FIGURE 4.2 Effect of DTX on accommodation of sensory (DR) and motor 
(YR) fibers. A) In control, a depolarizing pulse (100 ms) generates only 
one action potential in both DRF (Ieft) and VRF (right), Le. there is 
prominent accommodation; 8) Treatment with DTX (500 nM for DRF; 
250 nM for VRF) results in a decrease in accommodation; the same 
current pulse generates trains of action potentials, lasting 29.6 ± 2.8 and 
40.2 ± 4.5 ms for DRF and VRF, n= 18,9, respectively. 
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FIGURE 4.3A shows a sample of a typical record from a VRF: increasing 

stimulus current intensity resulted in a decrease in the second interspike inter

val, which nevertheless was greater than the first interspike interval. With a 

further increase in current stimulus, when more action potentials were generat

ed, the firing frequency appeared to de cline to a UlÎnimum and firing eventual

ly ceased. The corresponding interspike frequency for various currents was 

calculated and plotted as shown in FIGURE 4.38. Thus, fibers showed early 

and late spike frequency adaptation and were able to accommodate to a stimu

lus later in the current step. 
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FIGURE 4.3 The effcct of increasing stimulus strength on DTX treated motor 
axons (VRF) A) Increasing the CUITent of a 100 ms step resuIts first in an 
increase in the firing frequency and then an increase in the number of 
spikes generated (left to right 0.7, 0.8, 0.9, 1.0 nA, respectively) B) Plot 
of the interspike frequency (Hz) versus the spike interval number at 
different current intensities. The decrease in spike frequency iIIustrate~ 
spike frequency adaptation. 

Effect of DTX on action potentials 

There was no change in the amplitude and the upstroke dV Idt of the fifst 

action potential in a train, resulting from an extended current pulse in DTX 

treated axons. 
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FIGURE 4.4 Effect of DTX on duration of an action potential recorded from a 
motor axon. A) Control B) After DTX treatment. The rate of repolari
zation is slower after DTX treatment (a similar change was observed in 
VRF conducted action potentials not shown). 

Subsequent action potentials in the train decreased in amplitude and became 

prolonged. The first action potential in a VRF but not DRF train was prolonged 

after DTX treatment, as illustrated in FIGURE 4.4. 
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Stimulation by a single short pulse of the peripheral end of spinal roots re

sulted in a single conducted action potential in both control and DTX treated 

preparations (FIGURE 4.5). In contras t, the same stimulus produced a burst of 

conducted action potentials in 4-AP treated rat myelinated axons (Kocsis et al. 

1987), despite both agents apparently having similar pharmacological specificity 

(see DISCUSSION). DTX did not attenuate the upstroke dY Idt of the con

ducted action potentiaIs: in control DRF and VRF, dY Idt was 235 ± 40 and 255 

± 37.5 V·s-1, respectively; in DTX treated preparations, dY Idt was 270 ± 28 

and 278 ± 12 Y·s-1, respectively (n = 5-12). 

Short (0.2-0.5 ms) intracellular injections of depolarizing current pulses also 

resulted in a single action potential. A double pulse technique, using supramax

imal short pulses (2 x threshold) and varying the interpulse interval, was used to 

test the absolute refractory period. No difference was detected between un

treated and DTX treated axons. The lack of effcct of DTX on dV Idt and the 

refractory period indicates that DTX had no effect on the activation or inactiva

tion of the sodium conductance. These results agree with those reported by 

Benoit and Dubois (1986) who also found that DTX had no effect on the 

sodium current in the frog node of Ranvier. 
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FIGURE 4.5 Sarnple of DRF conducting spike with dV Idt before and after DTX 
treatment. DTX had no apparent effect on the upstroke of the action 
potential, and dV 1 dt measurement showed no significant difff.!rence in 
the magnitude (scale 10 rnV = 200 V e s-1). A) Control; B) After DTX 
treatrnent. DTX treated fibers consistently had an afterdepolarizing 
potentinl that was rarely seen in control fibers. 

The afterdepolarizing potential (ADP) (Barrett and Barrett 1982), usually 
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recorded in DRF, appeared to be larger in DTX treated fibers. Occasionally, 

preparations with small or no apparent ADP developed a prominent one after 

exposure to DTX (FIGURE 4.5). This observation was similar to reports of an 

increase in the ADP after TEA treatment (Barrett et al. 1988) and was likely 

the result of an increase in membrane resistance (Blight 1985) in the region 

above resting membrane potential following DTX treatment. 

Effects of DTX on voltage-cu"ent (VII) relationship 

The V /1 curves of myelinated axons, plotted for the steady state voltage re

sponses to injected current, showed a characteristic outward rectification in the 

region positive to resting membrane potential (Padjen and Hashiguchi 1983). 

ln control fibers, the maximal displacement of membrane potentials by depo

larizing current steps (up to 1 - 2 nA) at steady state never exceeded 8-12 m V in 

Mn-Ringer or TTX-Ringer. A linear region below -100 mV was used to expr~ss 

the effective resistance of the fiber (Rp) (Chapter 1; Re in Padjen and Ha!\hi

guchi 1983). Inward rectification at membrane potentials below -130 was 

evident as a sag in the voltage response (Chapter 2; Padjen and Hashiguchi 

1983; Poulter and Padjen 1989). After DTX treatlllent, neither Rp nor the 

inward rectification was altered. However, the outward rectification W:.L'i signifi-

candy attenuated after exposure to DTX; the membrane could often be de po

larized up to 25 mV above resting membrane potential. The V /1 cord resi~t

ance calculated from the minimum current required to give a maximal voltage 

response for d.rJ control fibers was 5.4 ± 0.9 MQ and DTX treatcd 16.5 ± 

6.4MQ (p< < 0.001, n= 17, 12, respectively). FIGURE 4.6 slh~ws one such 

experiment on a DRF done in the presence of tetrodotoxin (0.25 .uM) to block 

spike generation. The current required to give a maximal voltage deflection of 
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10 m V was 1.0 nA before DTX treatment; whereas, after treatment, the fiber 

could be maxirnally depolarized to 13 rnV by 0.6nA of current (approximately a 

2 fold increase in the co rd resistance). Similar resuIts were observed in the 

motor fibers in the Mn-Ringer: Control 1.3 ± 0.1 MO; DTX treated 8.4 ± 3.3 

MO P < 0.005, n = 6 and 8 for VRF, respectively. 
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FIGURE 4.6 Sample ofvoItagejcurrent (V /1) responses of a single DRF before 
and after DTX application in the presence of 0.25 IlM tetrodotoxin. A) 
After DTX treatment (right) samples of the voltage record show no 
change in the response to hyperpolarizing pulses including the sag 
characteristic of the activation of the anomalous rectifying conductance, 
but a small increase in the voltage response in the depolarizing direc
tion was evident. B) A plot of the steady state V /1 relationship. The 
linear portion of the curve is unchanged (circles), as weil as, the re
sponse measured at steady state (squares). In the depolarizing direction 
there is a small but significant decrease in the outward rectification. 
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DISCUSSION 

The studies of large myelinated axons of the frog descl ibed in tbIS paper 

provide evidence that accommodation of action potential generation in the 

early part of a continuous stimulus is regulated by one of the fast-activating 

potassium conductances, described as GKf1 by Dubois (1981). These conclu

sions are based primarily on the use of dendrotoxin (DTX), a specific blocker of 

this conductance in myelinated axons (Benoit and Dubois 1986). 

Voltage clamp analyses of DTX e~fects in other excitable membranes have 

demonstrated that the action of DTX is selective for incompletely or slowly 

inactivating potassium conductances (Penner et al. 1986; Schauf 1987; Feltz and 

Stansfeld 198; Stansfeld et al. 1986). These conductances have similar activa

tion and inactivation kinetics to the axonal GKf1 conductance. One exception 

to these findings was reported by HaIliwell et al. (1986), who found that DTX 

blocks the current designated lA in pyramidal cells of the CAl region of rat 

hippocampus. Thus, the pharmacological spectrum of DTX action appears to 

identify a family of potassium currents characterized by fast activation kinetics. 

One might speculate that they are of a common origin, perbaps the n"sult of 

alternative splicing of a single gene resulting in a number of different primary 

DNA transcripts, similar to that reported by Schwarz et al. (1988) and Tempel 

et al. (1988). 

DifferentiaI effects of potassium channel blockers, e.g. 4-aminopyridine (4-

AP) and tetraethylammoniul1l (TEA), led to the proposaI that pharmaclllogical

Iy distinct potassium channels may regulate functional characteristics of a varie-
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ty of large myelinated axons (Bergman et al. 1968; Kocsis et al 1987). In rat 

optic nerve, Kocsis et al. (1987) have shown that 4-AP led to a widening of the 

action potential, whereas TEA attenuated the after-hype.rpolarizing potential, 

which may modulate excitability. 
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FIGURE 4.7 Computer generated simulations of voltage responses from axonal 
membrane. A) Control responses (aIl potassium currents includcd in the 
model): DRF (top left) and VRF (bottom left) fibers generate only one 
action potemiaI. B) G Kf1 set to zero. Action potential generation is 
similar to that seen after DTX treatment: VRF (bottom right) fibcr 
generates more spikes, shows early adaptation and accommodates after 
approximately 30 ms while the DRF (top right) fiber accommodates 
more quickly (approximately 10 ms). Current pulse of 1.2 nA, starting at 
5.0 ms and ending at 55 ms from the beginning of the trace. 
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Similarly, in rat myelinated spinal raot axons, block~rs of potassium channels 

selectively alter different aspects of excitability: TEA and Ba2 + reduced 

accommodation of the rat myelinated axon, whereas 4-AP led to an increased 

excitability in response to a brief stimulus (Baker et al. 1987). Since DTX specif

icaIly blocks only GKfl, unlike the less selective action of 4-AP, which affects 

both fast-activating currents (Dubois 1981), our results further define this 

functional classification of potassium currents sensitive to 4-AJ!. 

A comparison of the pharmacology of DTX and 4-AP sensitive K + currents 

in various excitable membranes suggests that sensitivity to blockade by 4-AP 

and DTX varies directly with the time constant of inactivation (Dolly et al. 

1987). Thus, in nodose ganglion, DTX and 4-AP blocked a rapidly activating 

and slowly inactivating current (and reduced action potential accommodation) 

at concentrations below that affecting the faster inactivating lA current (Stans

feld et al. 1986). A common characteristic of lA currents and GKfI is their 

voltage-dependence: e.g. both activate between -80 and -30 mV. Together with 

their fast kinetics of activation, the voltage dependence is the main determinant 

of the functionaI role of these currents (Rogowski 1985). As one might expect 

in aIl tissues where spi king properties were measured, DTX reduced accom

modation (Halliwell et al. 1986; Harvey and Gage 1981; Feltz and Stansfeld 

1988) including myelinated axons as reported in this study. 

Although Schauf (1987) reported a slowing of the rate, at which sodium 

channel inactivated in Myxicola giant axon, this was accomplished by internai 

application of DTX. In contrast, the reports of external application of DTX on 

fmg nerve fibers (Benoit and Dubois 1986; WeIler et al. 1985), studied by volt-

Page 4-21 



, 
l 

~ 

Chapter 4-K + channel blockade reduces accommoda lion 

age clamp technique, demonstrated that DTX had no effect on the sodium cur 

rent (in concentrations up to 850 nM). Our observations agree with these re

suIts, since the upstroke dV Idt of the single action potential, evoked by periph

eraI stimulation of the DTX treated motar or sensory root and the absolu te 

refractory period, were not significantly different from control. For these 

reasons and others discussed below, aIteration of the sodium conductance could 

not be considered the cause of the decrease in early accommodation. 

To test the interpretation of our experimental results, a computational model 

of the axonai membrane was developed which included aIl the potassium 

conductances described by Dubois (1981). Both the fast and the slow potassium 

currents were represented in the relative proportions described by Dubois for 

motor and sensory fibers (Dubois 1981). In addition, the h gate was adjusted ~o 

that a continuous train of action potentials was produced when no potassium 

currents were included in the calculations, as previously done by Bromm & 

Frankenhaeuser (1972) (seeAPPENDIX: Conditions for Repetitive Activity). 

The model reproduces aH major experimental resuIts fairly well: 

1. A single action potential is generated with a depolarizing step of 1 - 2 nA 

(FIGURE 4.7A) under "control" conditions (ail potassium currents present); 

2. The train of action potentials is generated when the G Kf1 conductance is 

removed from the model (FIGURE 4.7B); 

3. The length of the trains generated by the model without GKfl diffcrs 

between motor and sensory fibers: 6 ms for DRF and 24 ms for VRF 
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Action potential generation accommodales in both fiber configurations 

despite the Iz gate reopening to a level where the sodium conductance is less 

inactivated at the end of the train (Iz = 0.25) than at the beginning (Iz = 0.15, 

FIGURE 4.8). This indicates that, while the h gate level of inactivation is 

permissive in allowing action potential development early in the pulse, the 

shunting of depolarizing current by the remaining potassium conductances 

eventually accommodates the stimulus. 
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FIGURE 4.8 Computer generated simulation of responses to a current step 

using model of ventral root axonal membrane without GKfI' A) Plot of 
action potentials and B) Plot of Il-gate parame ter (1) and of IKs (2), 
synchronized with A. The genp,ration of action potentials eventually 

stops despite the reopening of the Il-gate (B 1) to a level greater than 

that required ta generate action potentials early in the pulse. The time 
course of slow potassium current development (B2) coincides with the 
reduction in the rate of spike generation and accommodation. Rcmoval 
of IKs resulted in a continuous train of spikes (not shown). Current 
pulse: 1.15 nA, starting at 5.0 ms and ending at 55 ms from the begin
ning of the trace. 
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FIGURE 4.9 Computed effect of GKf1 on action potential in motor axons 
(VRF). Removal of GKf1 slows action potential repolarization and 
increases spike height. Current pulse: 1.0 nA, 1.0 ms long, starting at 2.0 
ms from the beginning of the trace. 

DTX treatment removed accommodation to a constant stimulus on average 

for only 20-40 ms in both types of fibers; in addition, the frequency of action 

potentials in a train slowed, i.e., spike frequency adaptation was evident. There

fore, it would seem that the late phase of accommodation and adaptation is 

regulated by sorne factor(s) other than GKf]' 

Although the experimental resuIts suggest that the sodium conductance is 

unaffected by DTX, we have compared the effects of varying the Ir gate in other 

computational models to our experimental resuIts. A single exponential activa

tion and inactivation of the Il gate did not predict late accommodation, since, 

depending on the level of inactivation, accommodation was either complete or 

the fiber generated a continuous train (Bromm and Frankenhaeuser 1972; 
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Frankenhaeuser and Huxley 1964: Valbo 1964). Also, the frequent)' of action 

potential generation was constant for a given stimulus level and increased the 

slower the h gate closed (Valbo 1964). A single exponential rate of inactivation 

of the sodium conductance only regulates the initial spike frequency, since the 

rate at which the h gate reopens will govern the absolute refractory period of 

the membrane (Bergman et al. 1968). For these reasons Krylov (1984) intro

duced a biexponential model of soèium channel inactivation, which altered the 

spike frequency within a train of action potentials and attenuated action poten

tial generation later in a current stimulus. This model also predicted that spikcs 

generated in a train would decline in amplitude, which is contrary ta our obser

vations and therefore, it does not adequately explain our experimental results. 

From the above discussion, it appears that, at present, there i~ no relatively 

simple model of sodium channel inactivation which explains our experimental 

results. Excluding sodium conductance inactivation as a regulatory mechanism 

of the accommodation and late adaptation leaves potassium conductance activa

tion as the next possibility. The rate at which the slow potassium conductance 

(GKs) develops (r = 40 ms) suggests that it may be responsible for late accom

modation and adaptation. Our computational model, which included GK~ 

(Dubois 1981) agrees with this interpretation. With GKf1 set to zero, turning 

off of GKs resulted in continuous firing. Reducing the amount of GK'\' reduced 

the spike frequency adaptation (decreased the slope of the interspike frequency 

vs. spike interval number). 

It is interesting to note that Krylov and Makovsky (1978) proposed a model 

in which the activation of a then hypothetical slow potassium conductance 
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reproduced both a change in interspike frequency and, a~ higher depclarizing 

levels, late accommodation. They also suggested that a greater amount of a 

slow potassium conductance in VRF compared to DRF might account for the 

observed greater acconullodation in VRF. However, experimental results show 

that the amount of GKs in both types of fibers is equal (Dubois 1981). More 

Iikely, it is the greater amount of GKfl in VRF, which accounts for its greater 

accommodation (Dubois 1981). Our experimental results support this hypothe

sis, since the greater blockade of the total potassium conductance in VRF after 

DTX treatment would explain the larger decrease in accommodation in this 

type of fiber. 

It follows that the conductance, Gm , may account for differences in spik

ing properties between DRF and VRF after DTX treatment. This conductance 

is partially activated at membrane potentials, where action potential generation 

occurs and so acts in an additive manner to "] M. The differences in behavior 

between DRF and VRF, su ch as, a larger number of action potentials in VRF and 

the lack of change in the rate of repolarization in DRF, could then be the result 

of the greater potassium conductance left unaffected in DRF. Again, the 

computer simulation agreed with this interpretation, since the duration of the 

action potential trains were different (see above) and the computed VRF action 

potential became longer in duration (FIGURE 4.9) after GKfl was removed, 

whereas the DRF action potential duration did not (not shown). 

In summary, we provide further evidence that conductances, like the fast 

activating outward rectifying GKfI• may be functionally responsible for accom

modation and that slow conductances, like GKs' are involved in spike frequency 

adaptation and the late phase of accommodation. These cellular mechanisms 
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seem to be important for coding of neural processing in excitable membranes, 

aIthough the true meaning of their differences in sensory and motor axons cou Id 

not be fully assessed in this study. 
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APPENDIX 

Computer Model The present model uses formulations fof' channel gating 

described by Hodgkin and Huxley (1952b). For computational purposes, the 

equations were approximated, as previously done by Dodge (1963). Total 

membrane current was calculated at the point of injection of current ignoring 

cable properties (Le., changes are calculated only at one point of summation). 

Equations for calculation of the net conductances: 

lm = INa + IKfI + IKf2 + IKs + 11eak 

INa = m3hGNa(Em - ENa) 

IKfI = nf14GKfI (Em - EK) 

IKf2 = nf22GKf2(Em - EK) 

IKs = nsGKs(Em - EK) 

(1) 

(2) 

(3) 

(4) 

(5) 

Em is the membrane potential for every iteration of the model. Equations 

describing a and f3 of each gating parameter are defined by: 

Na channel equatio1lS 

m gate: 

am = 1.6 8 a /(exp(8a ) -1) + 6.0/(1 + (Em+25)2/324) (6) 

8 a = (-37.5-Em)/3.8 (6a) 

Pm == 4.058 /(exp(8f3) - 1) (7) 

8 p = (37.5 + Em) /13.2 (7a) 
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h gate: 

ah = 0.14 e l(exp(0.8E>a) - 1) 

ea = (A + Em) /5.9 

A = 74,76 for DRF and VRF, respectively 

(8) 

(8a) 

Ph = B/exp «E>p) + 1) (9) 

B = 4.0, 2.5 tor DRF and VRF, respectively 

ep = -(C + Em) 114. 5 (9a) 

C = 12,14 for DRF and VRF, respectively 

The constants for the Iz gate were different for the sensory and motor axon in 

order to simulate the well-described differences in the rate of repolar;zation of 

action potentials (Schwarz et al. 1983). In the motLr axon Schwarz et al. (1983) 

described a double exponential rate of the Iz gate c1osing, where the relative 

proportion of the slow time constant at depolarized potentials predominates. 

thus accounting for the initial slower dV Idt of repolarization. Wc have approx

imated this by reducing the rate, at which Iz closes ({3) in VRF, and shifting the 

voltage dependence of Iz so that the level of inactivation in the VRF and DRF 

models were comparable. 

The potassium conductances were defined by three sets of equations. The 

equations used by Dodge (1963) for defining the one conductance were altered 

to describe the two fast conductances (GKfl equations 10, Il; GKf2 equations 

12,13). The equations for a and fJ reported by Dubois (1981) were u~ed for the 
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slow conductance (GKs equations 14,15). 

K channel equations 

nfI: 

afJ = 1.25 Ba /(exp(Sa) -1) 

Sa = -(50 + Em) /3.8 

Pf1 = 0.075 Sp /(exp(Sp) - 1) 

Sp = (25 + Em) /13.2 

nt2: 

af2 = 0.34 Sa /(exp(9a) - 1) 

Sa = -(10 + Em) /8.0 

Pf2 = 0.46 Sp /(exp(8p) - 1) 

Sp = (60 + Em) /12.2 

ns: 

as = 0.028 exp(Em/33) 

Ps = .0008 exp(-Em/33) 

Gate Equations 

Tm,h.n = 1/(a + P) 

(10) 

(lOa) 

(11) 

(l1a) 

(12) 

(12a) 

(13) 

(13a) 

(14) 

(15) 

(16) 

(17) 

Figure 10 shows the voltage dependence of the fraction of current acti

vated for G Kf1 and G Kt2• and the time constant (r) generated by equations 

(10. Il) and (12,13), respectively. 
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FIGURE 4.10 Voltage dependence of fast potassium currents useù in the 
computer model. The equations of Frankenhaeuser & Huxley (1964) 
and Dodge (1963) were empirically fitteù to approximate the voltage 
dependence of the fast conductances reporteù by Dubois (1981; A) 

Using the equations: gKf1 = n40Kf1; gKf2 = n20Kf2' the voltage ùe
pendence of the two fast conductances are plottet!. B) Plot of the acti
vation time constants for the two fast potassium currents. 

The magnitude of the sodium conductance used in the model was within the 

physiological range. The magnituùe of the potassium conductance was chosen to 

be a median value in the range that either did not attenuate action potential 
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generation (at values less than 150 nS) when GKfI was removed, or that did 

not allow action potential generation at all (at values greater th an 300 nS) . 

Sodium: 

Nai = 16.74 mM Nao = 110 mM 

PNa = 3.9 X 10-6 cm3 s-1 

Potassium: 

GKtotaI = 225 nS Ere.v = -90m V 

Relative proportion of GKtotal for conductances GKf1' GKf2, GKs: 

A) sensory axon: 28%: 53%: 19% (63:119:43 nS) 

B) motor axon: 50%: 32%: 18% (112:72:41 nS) 

Leak and Capacitance: 

G leak = 20 nS Erev = -75mV 

Capacitance = 2 X 10-3 nF 

Conditions for repetitive activity. 

The voltage dependence of h used in Dodge (1963) and Fn~iikenhaeuser and 

Huxley (1964) does not generate continued spiking, in response to a continued 

stimulus. Therefore, the voltage dependence was altered so that the h gate 

reopened sufficiently for repetitive activity to be generated in the absence of aIl 

potassium conductances. When ail potassium conductances were added back to 

the computations in the relative proportions for both types of fibers, there was 

only one action potential produced. The value used (h :::::: 0.9 @ -SOm V) is close 

to the value used to generate repetitive activity in the computer model of 

Bromm and Frankenhaeuser (1972). 
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In addition to adjustment of the Iz gate required to produce repetitive activi

ty, the levei of potassium reversaI was set at -90 mV. This level provided the 

necessary driving force to repolarize the "membrane" to a level where the Iz 

gate opened sufficiently to allow further action potential development. Sincc 

GKs is activated at "resting" membrane potential, it hyperpolarizes the "fiber". 

Therefore, it was necessary for the leak conductance to be adjusted so that there 

was no change in membrane potentiai when there was no current stimulus. A 

similar manipulation was used in the Frankenhaeuser and Huxley (1964) model 

for a computed action potential. 
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ABSTRACT 

Intracellular microelectrode recording tt!chnique was used to examine the 

effects of the potassium channel blockers 4~aminopyridine (4-AP) and tetraethy

lammonium (TEA) on the function of large sensory (dorsal root) myelinated 

axons of frog. Application of the blocker was accomplished by diffusional leuk 

of the blocking agents into the intracellular space of the axon from the record

ing electrode. A decrease in outward rectification was evident within 5 minutes 

after impalement of a fibre indicative of the blockade of the potassium conduct

ances. This blockade reached a maximum within 1 hour post impalement. There 

was a concomitant increase in action potential duration and excitability. Action 

potential widening was attributed to the blockade of the conductance G Kf2 by 

4-AP. The increase in excitability was manifested in two ways: 1) a decrca....,e in 

accommodation in the presence of 4-AP and/or TEA for a maximum of 200 ms 

and 2) a decrease in spike frequency adaptation when both 4-AP /TEA were 

present. The latter effect was attributed to the blockade of the conductance, 

GKs' by TEA. A computer mode!, based on Hodgkin- Huxley formulation of 

the sodium channel and three voltage dependent pota...,sium conductance~, wa.."i 

used to examine our interpretation of the experimenta! results. Our experimen

tal and computational results imply that there is still another as yet undefincd 

mechanism responsible for attenuation of action potentia! generation in large 

myelinated axons. 
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INTRODUCTION 

Frog myelinated axons have been shown to be endowed with at least 3 types 

of voltage dependent potassium channels; two fast activating and slowly inacti

vating conductances that differ in their voltage dependence (GKf1' GKf2; 

Duhois 1981) and a slowly activating and inactivating conductance termed GKs 

(Dubois 1981). Previous results from tbis laboratory have demonstrated that 

potassium channel blockade using dendrotoxin, an irreversible blocker of the 

fast activating potassium conductance GKfl (Benoit and Dubois 1986), blocks 

accommodation of action potential generation in frog myelinated axon for the 

early phase of a continued stimulus step (Poulter et al. 1989). Therefore, it 

was of interest to extend these studies by examining the effects of the weIl 

known potassium channel blockers 4-aminopyridine (4-AP) and tetraethylam

monium (TEA). Voltage clamp studies of the potassium conductances present 

in the nodal (Dubois 1981) and the internodal axon membranes (Grissmer 

1986) have shown 4-AP to be a selective blocker of both fast conductances 

(GKn and G Kf2), whereas TEA blocks both the fast and slow conductances. 

By taking advantage of this selective pharmacology of these voltage dependent 

potassium conductances it was hoped thai. we could elucidate the function of 

these conductances in relatively intact large myelinated axons. In our previous 

studies we had hypothesized that the decrease in frequency of action potential 

generation (adaptation) resuIts from the activation of the slow conductance 

termed GKs (Poulter et al. 1989). Our hypothesis predicts that in the presence 

of 4-AP, which reduces accommodation, adaptation should be evident (when 

the slow conductance is unaffected). However, in the presence of both 4-AP and 

TEA adaptation would be reduced or abolished. A computer model wbich 
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includes these three voltage dependent potassium conductances was used to test 

and evaluate our conclusions. Preliminary results have been reported in Poul ter 

and Padjen (1988b). 
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METHODS 

The preparation used for thesë: experiments was the hemisected frog spinal 

cord with dorsal spinal roots attached and perfused with normal frog Ringer 

solution at a constant 14°C to 17° C (Padjen and Hashiguchi 1983). Normal frog 

Ringer contained in mM: NaCl, 115; KCI, 2; CaCI2' 2; HEPES buffer (pH 

adjusted to 7.35), 10; dextrose, 11. Intracellular recordings were obtained from 

large myelinated dorsal root fibres (conduction velocity > 15m/s) impaled at the 

dorsal root entry zone. 

In normal Ringer solution extracellular application of 4-AP and/or TEA 

produced convulsive discharges due to enhanced synaptic transmission, making 

interpretation of the data impossible. Therefore, application of the two blockers 

(5-50 mM 4-AP; 10-20 mM TEA) was accomplished by adding them to the 3M 

KCI recording electrode solution allowing for passive diffusion into the intracel

lular space. Under these conditions, diffusional leak was believed to be the 

primary mechanism by which the blocking agent(s) entered the intracellular 

space. Assuming the tip of the electrode pipette to be conical, the following 

equation was used to calculate the rate of leak (qO) of the blocking agent(s) 

from the microelectrode (Purves 1981). 

qD = Jl'DCoea 

where: D = diffusion coefficient (1 pm2 ms-1) 

Co = concentration of the drug in the microelectrode 

o = the angle of the apex of the cone (4°) 

a = the radius of the microelectrode opening (0.2.um) 
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For example, an electrode containing 10 mM 4-AP and 20 mM TEA woulù 

achieve a concentration, after 10 min of impalement, of lmM 4-AP and 2 mM 

TEA (assuming an intracellular volume of 6.()(; X 10-15 liters). 

Axons were considered suitable for experiments only when the membrane 

potentiai was stable. more negative than -70 m V and the action potential ampli

tude was greater than 85 mV. Records were stored on videotape in a digitized 

form, after filtering by a low pass 8 pole Bessel filter (set at 10 KHz) and A/D 

conversion rate (22 KHz,16 bit resolution) using a peM (Benzanilla 1985). For 

further off line computer analysis a Modular Instruments Inc. A/D interface 

and 286 microprocessor based microcomputer was used (A/D conversion rate 

20 KHz; 14 bit resolution). 

Computer Model 

The computational model used in this paper has been previously described 

in detail in Pouiter et al. (1989) and only a brief description will be provided 

here. The approximations of Hodgkin and Huxley gating equations used in 

Dodge (1963) were aitered to reflect the (1ctivation of GKfl and GKf2 reported 

in Dubois (1981). The gating equations for GKs were taken from Dubois (1981). 

The model calculates membrane potential under current clamp conditions in 

response to current steps of varying Iength. 
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RESULTS 

Impaiement of a dorsal root axon with a microelectrode containing 5-50 mM 

4-AP and/or 20 mM TEA decreased the outward rectification ab ove resting 

membrane potential. A reduction in outward rectification was usually evident 

within 5 min of impaiement, but a maximum decrease in outward rectification 

was usually observed only after 45 minutes to 1 hour post impaiement 

(FIGURE 5.1). The shape of the V II relationship obtained by injection of 

depolarizing current pulses is distinctly nonlinear and it is not possible to 

measure a slope resistance (Padjen and Hashiguchi, 1983; Poulter et al. 1989). 

Therefore, we have calculated cord resistances (in MQ) from the minimum 

current required to evoke a maximum depolarization_ Typically the resistance of 

the fibre increased by 8-10 foid (upon impalement 6.4 ± 2.0 MQ; at time of 

withdrawal or loss, 30 min-1.5 hours later, 49.3 ± 10.6 MO). 

The reduction in the outward rectification was also accompanied by an 

increa.o;e in the action potential duration and a decrease in the rate of repolari

zation, as measured by dV Idt (FIGURE 5.2). There was no difference in the 

rate of repolarization in fibres impaled with a 4-AP or a 4-AP/ ŒA containing 

microelectrode. This implies that blockade of GKs has no effect on action 

potential repolarization. Since blockade of GKfl with the specific blocker den

drotoxin (DTX; Benoit and Dubois 1986), has little effect on action potential 

repolarization (Poulter et al. 1989), this suggests that the conductance GKf2 

(a150 blocked by 4-AP) is responsible for action potential repolarization in 

dorsal root myelinated axon. 
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Intraeellular injection of depolarizing eurrent steps of 100-200 ms in dura

tion were used to test the excitability of the axons. Upon impalement. fibres 

responded to current pulses by producing only one action potential. Multiple 

spiking eould not be indueed by increasing the stimulus up tn 10 times the 

rheobase current. This type of response (not shown but similar in appearance to 

panel on top left in FIGURE 5.3 A) is typieal of the excitability of a fibre im

paled with an eleetrode containing no potassium channel blocker (Poulter et al. 

1989). Approximately 10-15 minutes after impalement with either a 4-AP or 4-

AP/TEA containing microelectrode the axons responded to increascd currcnt 

intensity by generating more action potentials, demonstrating a rcduced ahility 

to accommodate to the stimulus. Comparing the effects of thc~e two microelcc

trode types, it was apparent that the 4-AP /TEA containing microelectroJes 

had a greater effeet on accommodation th an the microelectrO<les containing 4-

AP only. FIGURE 5.3 shows the effect of 4-AP approximately 30 minutes post 

impalement; a maximum of 4 action potentials were produced and spi king was 

attenuated after approximately 50 ms. In faet. there was an attenuation of spik

ing, despite recovery of the action potential height in this particular fibre (panel 

bottorn left). This suggests that, despite the sodium conductance hecoming Ic~~ 

inaetivated sorne other process or processes are involved in acCOmmotlatlOn. 

Results in FIGURE 5.3B were similar to those in FIGURE 5.3A. except that 

there are more spikes produced when both TEA and 4-AP were pre~cnt in the 

mieroelectrode. Therefore, TEA decreased even further the ability of the flbrc~ 

to aecommodate tu a stimulus. 
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FIGURE 5.1 Intracellular application of 4-AP blocks outward rectification. 
Samples of voltage responses from CUITent clamp steps (1600 ms duration). 
Control response (top left;open circles) within 5 minutes ofimpalement of 
axon with electrode containing 10mM 4-AP. Voltage responses after 20 
minutes of impalement (top right;filled circles) and 35 minutes (bottom 
left;filled triangles) demonstrate a progressive decrease in the outward recti
fication with time impaled. Lower right illustrates the V /1 relationship 
obtained from a number of depolarizing steps. (Resistance values indicate 
cord resistances; equivalent CUITent pulses are used in aIl panels). 
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FIGURE 5.2 Effeet of 4-AP ITEA on action potential repolarizatior.. A Gencra
tion of a single action potential bya short (0.5 m'l ) intracellular injec
tion of depolarizing current produces a single action potential, which 
became wider within ::::: 10 min post impalcment. The 'imall f:.L'It AHP IS 

abolished and an ADP of variable duratÎon wa~ ob~crved B Computa
tional differentiation of the action potential before and after an incrc:.L'Ic 
in resistance revealcd a slowing of action potential rcpolarization; no 
significant effect was seen on the upstroke dV Idt. 
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Spike frequen<..)' adaptation could be assessed by plotting the interspike 

frequency (where l/spike interval in ms equals instantaneous spike frequency 

in Hertz) versu~ the spike interval number. In fibres impaled with microelec

trodes containing 4-AP there was a de cline in the frequency with each succes

sive spike interval (FIGURE 5.4 top ). However, in fibres impaled with 4-

AP /TEA containing electrodes, this relationship was less steep. Nevertheless, 

spike generation stoped approximately 100 ms later (FIGURE 5.38). Since the 

only difference between these two treatments is that the 4-AP /TEA microelec

trode blocks GKs, this result supports the hypothesis that GKs' at least partially, 

regulates adaptation. 
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FIGURE 5.3 Effect of 4-AP and TEA on action potential generation. A 
Response (top right) approximately 10 min after impalement at thresh
old. Increasing the current strength increased the number of spikes 
generated (left to right top to bottom). Bottom right shows a good 
example of the spike frequency adaptation within the current pulse. In 
addition, there is an apparent recovery of action potential amplitude 
implyir:g that sodium channel inactivation is decreasing. 8 An equiva
lent set of CUITent pulses was used to test the accommodating properties 
of an axon fibre impaled with an electrode containing 20mM TEA and 
10 mM 4-AP. Electrodes containing 4-AP /TEA produced more spikes 
for a longer period of time than observed above with 4-AP alone. 
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FIGURE 5.4 Effects of 4-AP and 4-AP /TEA on ad~ptation. The interspike 
frequency versus the spike interval number iIlustrates the progressive 
decrease in the frequency of action potential t'eneration. The rate of 
decrea~c in the fI equency was greater in 4 AP treated fibres (top) than 
for 4-AP /TEA fibres (bottom). 
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Computer Modeling 

A computer model, which calculates the voltage of the nodal membrane in 

response to a CUITent step was used to test our interpretation of the cxpcrimcn

tai results. Removal n: the fast conductances from the model (cquivalcnt to the 

action of 4-AP) demonstrates accommodation to the stimulus, a.'\ weil a~, splk,~ 

frequency adaptation (FIGURE 3.5A top left). It is also evidcnt that action 

potential generation is attenuated, despite the reduction in sodium conductance 

inactivation (h-gate opening) within the stimulus pulse. The spike recovery in 

FIGURE 5.5 (top left) is similar to that observed in FIGURE 5.3A (bottolT1 

left). A reduction of GKs to 25% of that in "control" rcduces Splk.C frcqucl1L)' 

adaptation (FIGURE 5.5, top right); setting the conductance equal to zero 

completely blocked both accommodation and adaptation (bottom Idt). A plot 

of the interspike frequency versus spike interval illustrates the reduction in 

adaptation as the amount of G Ks is reduced (FIGURE 5.5, hottom nght). Thu~, 

the model supports our interpretation of the expenmental data., ~ far a.'l the 

effects of 4-AP are concerned . However, the cffccts of TEA could not be 

accounted for by the computational model, since abolition of G KS rc~ulkd in 

continuous firing. This behaviour of the computational model wa.'l inurpendent 

of any alteration in the sodiuïu channel paramctcr~. Repetitive flTlng was ail or 

none depending on the voltage dependence :md time comtunt of the h-gutc (cf. 

Valbo 1964). Since our moùel did not fully account for the oh..,crveù pharma

cology, it ~uggests that there must be some othcr mcchani'liTI("') or factor, in 

addition ta the volWge dependcnt potas~ium conductance, wlll(:h modulatc 

excitability in myelinated axons. 
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FIGURE 5.5 Computer simulation of 4-AP and TEA pharmacology. Plots show 
computed action potentials and Il-gate parameter (Y axis scale for 
action potentials A and h-gate parameter B is for aIl computer simula
tions). Panel A shows the effect of setting the conductances, GKfl and 
G Kf2, equal to zero, simulating the action of 4-AP. B Setting GKs to 
25% of its original value reduced spike frequency adaptc.ltion. C Setting 
G Ks equal to zero resulted in continuous action potential generation 
with no spike frequency adaptatk.l.(Alternating action potential height is 
due to computer sampling artifact). D Graph of frequency versus spike 
interval number shows a Jecrease in spike frequency which is dependent 
on the presence of GKs in the model. 
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DISCUSSION 

In this study we have shown that intracellular application of 4-AP results in a 

slowing of action potential repolarization and a reduction in accommodation. A 

slowing in action potential repolarization is likely due to the blockadt.' of the 

conductance GKt2' since blockade of GKf1 alone did not lead to a <;ub~tantJal 

prolongation of a single action potential (Poulter et al., 1(89). The reduction 111 

accommodation is the result of the reduction in the outward rectification sl..'cn 

when the voltage dependent conductances GKfl and G Kf2 and G Ks were 

blocked. The addition of TE1\, WhlCh abo blocks the conductance GK.,,' reduc.:ed 

accommodation further and attenuated spike frequency adaptatIOn. Our inter

pretations of these results is based on the differences III speclficHy of the~e 

agents for the potassium channels, :10wn to exist In both the nodal aIllI inter

nodal regions of these axons (Dubois, 1981; Grissmer, 1986). Ail the"e effect" 

were achieved by allowing the passive diffu~ion of these p(}ta~sium channel 

blockers from the recording microelectrodc. An estimate of the concentration 

achieved within tne first 10-20 minutes of impalement indicates that the concen

trations reached are large enough to significantly block the~c cOIHjuctancc~ 

(see Methods; Hille 1967; Dubois 1981; Grissmcr 198(). 

The identification of a voltage dependent p(}ta~"ium conductance, wtllch 

plays a significant role in action potential repolarizauon in large myelll1ated 

axon disagrecs with the commonly he Id belief that the re~tjng "Ieak" conduct

ance IS primarily responsible for action potential rcpolariLatiOn (Sdllllldt and 

Stâmpfli 1964; Hille 1984). Although it may be truc that GKe I~ Important for 

action potential repolarization in the dor"ial root fibre~ it may not be qulle "0 

important in ventrai root fibres. since action potcntial wiJcning wa." "een when 
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only GKf1 was blocked (Poulter et al. 1989). This difference in responsibilities 

is more likely a function of the difference in their relative magnitudes, since 

GKf1 represents a larger proportion of ti~e total potassium conductance in 

ventral raot axons, whereas GKf2 is greater in dorsal raot (Dubois 1981). 

The most obvious effect of a blockade of these potassium conductances was 

the increase in excitability. This effect was quite striking, as one of the distin

guishing characteristics of dorsal fOot fibres is th~ inability of prolonged supra

threshold intracellular current pulses to generate more th an one action poten

tial (Poulter et al. 1989). The reduction in the outward rectification and the 

concomitant increa..o;e in excitability demonstrates an important functional role 

of potassium conductances in regulating accommodation. However, it appears 

that this reduction may not be the only determinant in regulating accommoda

tion, since spiking could only be maintained for a maximum of 100-200 ms. This 

observation indicates that sorne other mechanism(s) or factor causes the axon to 

accommodate to the stimulus. A number of possibilities exist which may ac

count for the late phase of accommodation su ch as: 1) repeated action poten

tials remove the potassium channel block; 2) slow (r > 100 ms), second order 

sodium channel inactivation or 3) the activation of a sodium dependent potassi

um conductance (Poulter and Padjen 1989). 

1) The block by 4-AP has been shown to be voltage dependent. lt is reduced 

by depolarization (Arhem and lohansson 1989; Hermann and Gorman 1981; 

Meeves and Pichon 1977; Ulbricht and Wagner 1976), and 50 it is possible that 

a train of action potentials could relieve the 4-AP block. A number of reasons 

argue against any significant voltage dependent unblocking in our experiments. 
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The first is that very large voltage clamp steps (> 100 mV) are required to 

produce significant relief of block (Hermann and Gorman 1981). In our stu~ies 

these voltages are reached only transiently, and the rate of unblock at these 

potentials (:::::: 200 ms; Ulbricht and Wagner 1976) is too slow to assume a 

iignificant relief of block. In addition, despite SOrr.i~ removal of blockade 

Ulbricht and Wagner (1976 ) showed th,:t, with 4-AP of ~ 1 mM, substantial 

block still remained 100 ms after the start of the voltage step. However, it was 

recently reported that there may be an additional short time constant of un

block (Arhem and Johansson 1989), though this was observed only at concentra

tions of 4-AP of less than 50 ,uM. The sa me study also indicates that the channel 

must first open in order for 4-AP to block, and subsequent unblocking occurs 

only if the depolarization is maintained. This observation is contrary to most 

reports of the action of 4-AP, which indicate , unlike TEA, that 4-AP likely 

blocks closed channels (in fact, the voltage dependence of unblock itself implies 

that closed channels are preferentially blocked). In contrast to the above 

studies, Dubois (1981) showed that for the range of membrane potentials, in 

which the two 4-AP sensitive currents normally operate (-80 to 30 m V), the 

blocking effect of 1 mM 4-AP was voltage independent. Indeed, this fact was 

used to demonstrate and characterize the slow potassium current. Despite these 

arguments, if one were to assume that unblocking was significant and this 

phenomenon attenuated action potential generation, the hehaviour of the axon 

would likely be quite different. After attenuation of action potential generation 

one would expect that block would again be reestablished; accommodation 

would be reduced and action potentiaIs would be generated. This effect would 

likely manifest itself as sorne sort of bursting behaviour, which was never ob

served. Therefore, voltage dependent unhlocking of the 4-AP sen~itive currents 

1S not thought to be a mechanism by which action potentlai generation was 
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attenuated. Finally, incomplete non voltage dependent block of GKf1' Gm or 

GKs is not likely a factor since attenuation of spiking occurs long after the full 

activation of any residual cuÀ,"ent. 

2) The possibility of a slow, second order inactivation of the sodium rurrent 

has been suggested by Krylov (1984) to account for accommodation and spike 

frequency adaptation. A diminuition of action potential amplitude. as seen in 

Fig. 3 H, is predicted by this mechanism and therefore, this may be a factor, 

which can lead to action potential accommodation. However, sodium channel 

inactivation with two time constants also predicts substantial adaptation, which 

is cOlltrary to the experimental results. Further examination of this possibility 

could not be explored in our experiments. 

3) Sodium dependent potassium conductances (GK(Na» have recently been 

demonstrated in a number of different neurones (Bader et 31. 1985; Dryer et al. 

1989; Poulter and Padjen 1989, chapter 6; Schwindt et al. 1989). Furthermore, 

this conductance has been shown to modulate the excitability of cat neocortical 

neurones (Schwirdt et al. 1989). Therefore, it is possible that activation of thlS 

conductance may be responsible for late accommodation. This possibility is 

difficuIt to assess in the ab!,~nce of a specifie blocker of GK(Na)' Unfortunately, 

alteration of the conductance by changes in ionic composition of the perfusing 

media also alters the development of the sodium action potential and therefore 

obscures evaluation of the importance of the GK(Na) in the regulation of 

repetitive firing (Poulter and Padjen 1989). 

In agreement with previous studies (Baker et al. 1987; Kocsis et al. 1987; 
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Poulter et al. 1989), these results indicate that pharmacologically distinct potas

sium channels regulate a number of distinct properties in myelinated axons. 

Specifically, the voltage dependent fast conductance, GK.f2' was found to be 

responsible for action potential repolarization and the conductance GKs was 

important for the slowing of action potential generation during a prolonged 

stimulus. We have reported ear1ier (Poulter et al. 1989) that in the absence of 

potassium channel blockade the axon responds to depolarizing current steps by 

generating only on~ action potential. This is most likely due to the inability of 

high resistance electrodes required for these studies to pass suffident current to 

generate multiple action potentials. Studies using extracellular stimulation 

(Bromm and Rahn 1969; Katz 1936), as weIl as, physiological stimuli (Calton 

1976) have shown that dorsal root fibres are capable of sustained firing. The re

fore, GKs may play a role in regulating firing when sufficient stimulus is applied. 
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ABSTRACT 

Mter blockade of the voltage dependent potassium conductances, intracellular 

depolarizing constant current steps in frog myelinated axon generate trains of 

action potentials, lasting a maximum of 100 - 200 ms. Vnder these conditions a 

hyperpolarizing afterpotential (AHP) appeared. The purpose of this study was 

to investigate the properties of this AHP. It was found that the AIIP was 

dependent on: 1) the number of sodium dependent action potentials generated 

either by a prolonged current step or by a train of short current pulses; 2) action 

potential broadening and 3) the level of depolarization during a current stcp. 

Application of tetrodotoxin prevented the activation of the AHP by any of the 

above stimuli. The AHP was unaffected by 1) 8-acetyI-strophanthidin, an agent 

which poisons the electrogenic pumping in the axon; 2) blocking calcium influx 

with 10 mM magnesium or 2 mM manganese; 3) EGTA in the recording 

microelectrode which buffers intracellular calcium. The AHP was shown ta 

reverse at z -92.3 mV. Increasing the external potassium concentration from 2 

to 10 mM shifted the reversai potential + 14.5 rnV indicating that the AHP is 

potassium mediated conductance. Reducing the internai sodium concentration 

or replacing the external sodium concentration with lithium ion suhstantially 

reduced and\or abolished the AHP. These results are consistcnt with the 

presence a sodium activated potassium conductance in frog myelinated axons. 
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INTRODUCTION 

Previous studies from this laboratory have shown that large myelinated frog 

dorsal or ventral root axons respond to depolarizing constant CUITent steps by 

producing only one action potential. Furthermore, this ability to accommodate 

to a stimulus was shown to be primarily due to the activity of the three voltage 

dependent potassium conductances present in these fibres (GKf1 , G Kf2, and 

G Ks Dubois 1981; Poulter and Padjen 1988; Poulter et al. 1989; Chapter 5). 

After blockade of the voltage dependent potassium currents by DTX, 4-AP 

and/or TEA, trains of action potentials lasting a maximum of 100-200 ms were 

observed (Poulter and Padjen, 1988; Poulter et al., 1989; Chapter 5). Despite a 

substantial blockade (see Chapter 5; Hille 1967) of these conductances, trains 

never lasted longer than 200 ms indicating that sorne other phenomenon was 

responsible for this late accommodation. At the same time, it was noticed that 

following a test stimulus, in which a train of action potentials had been generat

ed, there was an afterhyperpolarizing potential (AHP) lasting 150-350 ms. 

Therefore, the aim of this study was to establish the ionic dependence of this 

AHP and investigate what factors lead to its activation. 

Previous voltage clamp studies have shown that the longest tail current for the 

voltage dependent potassium currents present in myelinated axon was in the 

range of 10-20 ms (Dubois 1981). Therefore, it seems unlikely that this ARP is 

due to the slow turning off of any residual conductance a:tivated dming the 

action potential train. Also. in the absence of evidence of there being calcium 

mediated conductances in the se myelinated axons, it was considered very 

unlikely that the AHP is due to the activation of a calcium dependent potassium 
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conductance. Therefore, our investigation centered around testing the hypothe~ 

sis that this AHP was the result of the activation of a sodium dependent potas~ 

sium conductance, mu ch like that reported in other tissues (Bader et al. 1985; 

Schwindt et al. 1989; Dryer et al. 1989). 
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METHODS 

The preparation used in this study was the isolated dorsal root fibre of the 

frog (Rana pipiens). The isolated 9th or lOth root was detached from the spinal 

cord at the dorsal root entry zone. The root with ganglia and a smalllength of 

sciatic attached was placed in a recording chamber (volume 200,u1) and contin

uously perfused with normal frog Ringer solution (NR) consisting of (in mM): 

NaCI, 115; KCI, 2; CaCI2, 2; HEPES buffer (pH adjusted to 7.3), 10; dextrose, 

Il at 15-18° C. Solutions, in which the sodium concentration was reduced, were 

replaced with choline chloride in order to maintain osmolarity. Lithium Ringer 

had the same ionic composition as normal ringer, except for the substitution of 

lithium chloride for sodium chloride. 

Glass microelectrodes, fi1led with KCI (3 M) and 10 mM 4-AP and 20 mM 

TEA in order to block voltage dependent conductances in a single fibre had a 

D.C. resistance of 40 - 100 MQ. An estimate of the amount of blocker which 

enters the fibre has been provided in Chapter 5. Electrodes were selected for 

their low noise and ability to pass up to 2 nA without rectification. Microelec

trodes were connected ta a fast amplifier made by Dagan Corp. An active 

bridge circuit allowed simultaneous current injection and recording through the 

same electrode ("eurrent-clamp" technique). Results were analyzed from the 

chart record, oscilloscope traces and/or from thp. data digitized and stored on 

videotape using a PCM based A/D converter (conversion rate of 22 kHz at 16 

bit resolution) after a low pass 8 pole Bessel fil ter set at either 5 or 10 kHz. Off 

line analysis was aceomplish~d by A/D conversion of the video tape playbaek 

using a microcomputer based A/D converter (Modular Instruments Incorporat

ed; 12 bit resolution). 

Page 6-5 



Chapter 6- EV1den~ for a GK(Na) ln frog myehnatcd non 

RESULTS 

Since depolarizing current pulses do not normally generate multiple action 

potentiaIs (Poulter et al. 1989), accommodation was reduced by addition of 4-

AP and TEA to the recording microelectrode (Chapter 5), in order to facilitate 

action potential generation. Establishment of potassium conJuctance block is 

manifested by an increase in excitability. Increasing the current stimulw. inten

sity results in the plOduction of more action potentials withrn the current pulse. 

An increase in spike number was accompanied by an increasingly large afterhy

perpolarizing potential (AHP, FIGURE 6.1 top). These AHPs were 200-400 ms 

in duration and, at resting membrane potentials in the range of -70 to -80 m V, 

were maximally 4-1 mV, respectively. Addition of TIX (0.25 ,uM) to the perfus

ing solution resulted in the abolition of the action potentials and tht! disappear

ance of the AHP (FIGURE 6.1 bottom). The AHP could also be elicited by a 

high frequency train of action potentials generated by short depolarizing intra

cellular pulses. Dependence of the magnitude of the AIIP on the number of 

action potentials is shown FIGURE 6.2. In a few recordings, when the impale

ment lasted ::::: an hour and the potassium conductance blockade continued to 

increase, broadening of a single action potential (> 5 m~ at half hcight) wa~ 

sufficient to produce a significant AIIP (FIGURE 6.3). In addition, if the out

ward rectification was suh~tanl.ially decreased (by blocklng the pota~ ... ium 

conductances) the a.xon could be depolarized ta levels, where action potcntial 

trains ceased to be generated. The size of the AIIP then hecame dependent on 

the membrane potential. to which the axon was depolanlcd. Thi~ phcnomenon 

was also sensitive to TIX. An examplc of thb action potcntlal indep(~ndent 

AHP and its sensitively to TIX is shown in FIGURE 6.1 (compare thc fir ... t 
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pulse at the top of figure to the first pulse on the bottom). Thus, the amplitude 

and the presence of the AHP is dependent on 1) the number of sodium depend

ent action potentials, 2) action potential broadening and/or 3) the level of 

depolarization during a current step. 
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FIGURE 6.1 Effect of action potential number and TIX blockade on AHP 
amplitude. Top. Increasing the intensity of a 200 ms current stimulus 
produced more action potentials and resulted in an increase in the AHP 
magnitude present after the pulse. Bottom. Blocking action potential 
generation by 0.25 ,uM T'TX was accompanied by abolishment of the 
AHP. 

It has been recognizcd for sorne time that a prolonged train of action poten

tials in myelinated axons can elicit an AHP (Bergman et al. 1980; Barrett and 
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Barrett 1982; Ritchie 1970). This AHP is believed to result from the activation of 

an electrogenic pump by an increase in the internaI sodium ion concentration. 

This electrogenic pumping in frog myelinated axons has been shown to be 

sensitive to a number of agents, which poison metabolic pumps (ouabain, and its 

analogues as weIl as lithium ions; Bergman et al. 1980). We used 8-acetyl

strophanthidin (8-Ac-Stroph), a reversible analogue of ouabain, to examine its 

effect on AHP. As demonstrated in the (FIGURE 6.4), thiS agent had no effect 

on the AHP evoked bya current pulse, in which a few spikes had been generat

ed. This implies that electrogenic pumping is not responsible for the AHP and 

by exclusion, it is likely mediated by a change in membrane conductance. 

1 1 1110mvL 300ms 
- ', ___ - I.".. __ ....... ..-J ~_ 

FIGURE 6.2 Effect of increasing action potential number 011 AHP generation. 
Short intracellular stimuli at 70 Hz produce a transient AHP only after 
3 action potentials are generated, which continues to increase wlth the 
number of action potentials generated. (action potentials truncated by 
strip chart recorder) 

In order to establish voltage dependence and reversaI potential of AHP, the 
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membrane potential of the axon was altered by injection of depolarizing and 

hyperpolarizing current, while superimposing 100 - 200 ms depolarizing current 

steps to generate spike trains and AHPs. Depolarizing the axon incr\!ased the 

AHP and sufficient hyperpolarization reversed the AHP. By plotting the ampli

tude of the AHP versus the membrane potentiaI, the extrapolated reversaI point 

was shown to be 91.2 ± 2.3 mV (n = 5 FIGURE 6.5 top), a value which closely 

corresponds to the equilibrium potentiai of potassium in myelinated axons. In 

agreement with this resuIt, the reversaI potential of the AHP could be shifted in 

the positive direction by increasing the external concentration of potassium to 

10 mM (+ 14.5 ± 1.5 mV n = 3; Fig. 5 bottom). These results indicate that the 

AHP is a potassium mediated conductance. 
A 
~r---~--~----~--~--~ 

on 
N 

o 

o 
on 
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r~ 
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o 
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10mvL 
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FIGURE 6.3 Effect of action potential prolongation on the AHP. A Computer 
plot demonstrating the progressive widening of action potentiars de
picted in B. B Prolongation of the action potential duration was accom
panied by the generation of an AHP. (Action potentials truncated by 
strip chart recorder) 
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It is well established that myelinated axons do not possess any voltage 

dependent calcium conductance (SUimpfli and Hille 1976) and therefore, it is 

not likely that this AHP is due to the activation of a calcium dependent pota.."si

um conductance (GK(Ca» in the axon. Furthermore, it was not believed lhat 

the internai release of calcium triggered by action potentials was responsihle, 

since electrodes containing O.2M EGTA had no effeet on the AIiP (result" 

depicted in FIGURE 6.8 used these electrodes). However, it was remotely 

possible that the AHP resulted from the electrotonic spread of GK(Ca) activat

ed in the dorsal root ganglia or any residual terminal region Idt after excision of 

the dorsal root. Perfusion of a fibre with a Ringer solution containing 0.2 mM 

calcium and 10 mM Magnesium had 110 effect on the AHP (FIGURE 6.6 top: 

+ 10 min switlh). Similar results were obtained using Ringer containing 2 mM 

Manganese. These results indicate that the AHP is independent of the influx 

or the internaI release of calcium ions, which might activate a GK(Ca) in the 

axon or elsewhere. 

Control 

, -~ .... _----
\.-..-------" 

1 jJM a-Ac-Stroph 

N 
1 

1 

Wash 

lomvL 
300ms 

FIGURE 6.4 Effect of 8-Acetyl-strophanthidin on the AHP. Application of an 
agent known to block the sodium electrogenic pump had no effcct on 
the AHP. (Action potentials truncated by strip chart recorder) 
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FIGURE 6.5 Effeet of an aIteration in membrane potential and raising the 
external potassium concentration on the AHP. A Alteration of the 
membrane potential by constant current injection demonstrated that the 
AHP was increased when the fibre was depolarized and reversed when 
the fibre wos hyPerpolarized. (Action potentials truncated by strip chart 
recorder record) B Plots show that the extrapolated reversaI point is 
shifted ro<;it i\'e when the external potassium was increased to 10 
mM.(I' 1 ()m different fibres th an the one ilIustrated in A) 

In light of reports of the presence of a sodium dependent potassium con

ductance (GK(Na» in other sensory neurones (Bader et al. 1985) and in view of 

the results presented above, it seemed reasonable to hypothesize that this AHP 

was due to the activation of a GK(Na)' This hypothesis would predict that the 
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AHP should be sensitive to the removal of extracellular sodium. By perfusing 

the preparation with a Ringer solution, where one haU the sodium concentra

tion was replaced with choline, it was possible to demonstrate that the AHP 

could be substantially reduced (FIGURE 6.7). The reversaI potential of the 

AHP, monitored throughout the time of sodium replacement, was not changcd. 

Therefore this reduction in the AHP was not due to an efflux of potassium 

following a reduction in extracellular sodium, like that reported hy Schwindt et 

al. (1988) for cortical neurones. 

Control 10 mM Mg2
+ Wash 

~--

\omvL 
300ms 

FIGURE 6.6 Effect of calcium channel blockel s on AHP. Perfusion with a 
Ringer solution containing 0.2 mM calcium and 10 mM Magnesium had 
no effeet on the AHP. Similar results were obtained using Ringer con
taining 2 mM Manganese. (Action potentials truncated by strip chart 
recorder) 

The OK involved in the AHP generation could he a ... Iow voltage dcpcndcnt 

conductance activateJ by action potential(s), hut not directly dcpcndent on 

sodium ions. In order to rule out this possibility lithium ion<; wcrc used as a 

replacement for sodium ions in the perfusing media. Sodium channel permeahil

ity to lithium ions is 93% percent of sodium (Hille 19H4). As shown in FIGURE 

6.8, replacing the sodium with lithium ions abolishcd the AIIP dcspite fully 
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developed action potentials in the pulse (not visible in this ch art record). This 

experiment also demonstrates that this conductance is not activated by lithium 

entry into the fibre, in agreement with results of Dryer et al. (1989). 

This protocol also tested another possibility. Since the potassium channel 

blockers are being applied intracellularly their concentration fades with distance 

from the si te of microelectrode insertion. Therefore, the AHP may be the result 

of electrotonic spread of a signal from a site where the voltage dependent 

potassium con:.1u<:ances are incompletely blocked. If this were true, one would 

predict that the AHP would be dependent only on the presence of conducting 

action potential(s) independent of the carrier ion. Since lithium mediated action 

potentials were unable to activate an AHP this mechanism is also ruled out. 
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FIGURE 6.7 Effect of reducing the sodium ion concentration in the externat 
media on the AHP. Perfusion of a fibre with a Ringer solution with one 
half the sodium concentration replaced with choline resuIted in a sub· 
!ltantial reduction of the AHP. (Action potentia}s truncated by strip 
ch art recorder) 
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FIGURE 6.8 Effect of lithium ion on the AHP. Replacin~ the sodium with lithi
um ion abolished the AHP indicating that, desplte full deve!opmcnt of 
spikes in the pulse, the AHP is dependent on the presence of sodium in 
the externaI medium. (Action potentials truncated by strip chart record
er) 
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DISCUSSION 

The results presented in this study are consis ·ent with the presence of a 

sodium activated potassium conductance in frog mvelinated axons. This con· 

ductance is activated by a number of action poten~iaIs, action potential prolan· 

gation or a substantial decrease in outward rectification; conditions which 

presumably promote an accumulation of sodium in the axon. 

One of the more perplexing problems !!! rationalizing the existence and the 

activation mechanism of this conductance is the apparent contradiction between 

an insignificant increase in the total intracellular sodium ion concentration 

produced by action potential generation (Dryer et al. 1989; Hille 1984) and 

reports that millimolar concentrations of sodium are required to activate this 

conductance isolated in membrane patches (50 mM, Dryer t:t al. 1989; 12 mM, 

Haimann and Bader (1989). In the frog naGe of Ranvier, Bergman (1972 ) has 

shown that a 250 ms long train of 1 ms voltage clamp pulses shifted ENa ap· 

proximately 10 rnY more negative. From this value one can calculate the appar

ent internaI sodium concentration to be approximately 24 mM (an apparent 

increase of 8 - 12 mM from resting levels). The change in ENa decayed in two 

phases: one fast « 1 sec time constant) and one slower phase lasting several 

seconds to minutes. The fast phase predominated in short volleys and was 

presumed to reflect diffusion of the sodium ions into the intracellular space 

from a local accumul"don near the inner surface of the nodal membrane. The 

rate at which the sodium concentration decayed correlates with the time course 

of the AHP. This interpretation would thus reconcile the contradiction stated 

above, as far as GK(Na) in axonal membrane is concerned. It may still be 
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necessary, as suggested by Dryer et al. (1989), that there is a close proximity of 

potassium and sodium channels in the axonal membrane, a condition similar to 

that required for calcium dependent potassium conductances (Pennefather and 

Goh 1988; Roberts and Hudspeth 1987). 

A GK(Na) with comparable propertizs has been demonstrated in Betz cells 

of the cat somatosensory cortex (Schwindt et al. 1989). However, the activation 

of GK(Na) in mye1inated fibres appears to be more rapid (5 - 100 ms, depend

ing on action potential duration) than the IK(Na) in Betz cells (1 - 2 s). This 

difference in the rate of activation might reflect a difference in the cell sizes and 

consequently different rates of build up of the internaI sodium concentration, 

rather than a real difference in the channel characteristics. The density of 

sodium channels on a nodal membrane (3000 ch ... :tnels/ ,um2; Dubois and 

Schneider 1982) is presumably larger than on the Betz cell and therefore, the 

amount of sodium influx should be much larger. Considering the substantial 

difference in the volume of the se cells (node = 200.um3; Betz cell = 5 X 105 

,um3) it is not surprising to find sizable differences in kinetics of AHP. For 

example, it takes 1 - 2 s of high frequency firing to activate the AHP in Betz 

cells compared to one action potential for the node of Ranvier. Of course, one 

could not exclude that the GK(Na) in myelinated axcns is more sensitive to the 

rise in sodium ion concentration. If any case, its rate of activation in myelinated 

axons is intermediate between the fast one (1 - 2 ms) reported by Bader et al. 

(1985) and Dryer et al. (1989) and the !:IJow one (1 - 2 s) reported by Schwindt et 

al. (1989). 

Another factor that may contribute to the Tise in the intracellular sodium 
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Chapter 6- Evidence for a GK(Na) in fmg myehnated axon 

concentration and the generation of GK(Na) is a TTX sensitive persistent 

sodium conductance demonstrated in the node of Ranvier by Dubois and 

Bergman (1975). This current is evident with voltage clamp step~ lasting 160 -

300 ms and membrane potentials greater than -50 mV. The presence of sucb a 

current would account for the AHP observed in our studies under circumstances 

when the transient sodium current is inactivated. Activation of a similar current 

has been hypothesized to activate the GK(Na) in Betz cells (Schwindt et al. 

1989) 

Although GK(Na) May be important for the regulation of adaptation and/or 

accommodation in myelinated axon, these experimenb were not designed to 

directly assess its role in regulating repetitive activity. If this conductance does 

terminate action potential generation, one might predict that the reduction of 

the AHP by lithium might lead to a decrease in accommodation. However, this 

was never observed, perhaps due to sodium channel inactivation following an 

aèditional deerease in outward rectification with lithium ions. On the other 

hand, this observation may indicate that activation of GK(Na) may promote 

firing by minimizing inactivation of the sodium conductance following the 

membrane repolarization. Il then May aet as a safety valve limiting action 

potential generation later in stimulus. 

In conclusion, this study demonstrates that a potassium mediated AHP is 

de pende nt on the presence of sodiU,ll ions in the external media. The AHP was 

not affected by agents, which normally block calcium influx (Mg2 + or Mn2 +) 

into the neurones nor was it affected by agents, which prevent an internai in

crease in calcium (EGTA). Agents, which block the electrogenic pump also do 

not alter the AHP. These results are consistent with the activation of a sodium 
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dependent potassium conductance operating in frog large myelinated axons. Its 

function may be important for reguJation of action potential generation during a 

prolonged stimuli. 
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INTRODUCTION 

The development of myelinated axons represents a major evolutionary step. 

The abiIity of an organism to rapidly receive information from the periphery 

and respond as quickly confers great advantages ta their abiIity ta respond ta 

external stimuli. For example, spindle fibres give muscle tension information 

from the periphery. The frequ'!ncy and number of action potentials transmitted 

"tells" how much force to supply back to our muscles to resist the force of gravit y 

50 that we May stand erect, lie prone or sit. This information must be relayed 

quickly, efficiently and accurately. We cannot wait a second or two every time 

we change position to receive new tension information and then respond. 

Therefore, owing to myelinated axon's relative importance, from a teleological 

point of view, one might expect that the electrical properties of myeIinated 

axons should be tightly regulated. 

Until very recently axons were considered to be relatively unsophisticated 

structures, which were faithful servants (propagators) conducting the action 

potentials provided them. This view made axons a rather unique neuronal struc

ture; they were the only neuronal structure which did not regulate their excita

bility. The work presented in this thesis, as weIl as other recent studies (cf. 

Black et al. 1990) have provided a new view of myelinated axons which is 

considerably more complex. The primary difference between the c1assical view 

of myelinated axons and the present one is the realization that there are a 

multitude of functionally distinct potassium channels. Clearly myelinated axons 

are really no different than other neuronal structures having potassium chan

nels which regulate their excitability. By comparing the role of potassium 
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conductances in myelinated axons to those in other neurones, one may draw 

wider conclusions as to how conductances with similar properties regulate 

function in neuronal structures, in general. Table 7-1 summarizes the cla..c;sifica

tion of the potassium conductances in myelinated axons into the relevant classes 

of potassium conductances discussed in the introduction. 

Conductance C1ass B1ocker(s) Function Ref 
---
---

GKfl I DTX TEA;4-APiDTX VRA-APR;DRA&VRA-EAcc 1,2,3,13 
---

GKf2 Icap TEA;4-AP DRA-APRiDRA-EAcc 1,4,5,6 
Capsaicin VRA-LAcc 

? VRA-Adp 13 

GKs I K TEAiBa2+ DRA&VRA-Adp 4,9,5,6 
DRA&VRA-LAcc 2 

GAR Type2 cs+not Ba2 + Limits PT-ARP 8,10 

GK(Na) ? TEA LAcc 7,11,12 

G1eak NIA none none ? 
-

AbbrevialJons. DRA Dorsal Root Axen, VRF. Ventral Root Axon, APR. Action POlenllal RepolaruÂlIOn, f:.-\cc f:.arly 

Accommodation, lAce LaIe Accommodation, Adp' Adaplatlon, PT-AHP Post Tet301c-AfterhyperpolamÂllon 

References. 
1. Dubois 1981,2. Benoit and DuboIs 1986, 3 Poulter el al. i989, 4 Dubois :'J82; 5 Chapler 3,6 chapter 4, 7 Chapter 

2,8 Chapler 3; 9. Chapter 1; 10 Schwtndt et al 1988 11. Dryer et al 1989; 12 SchwlOdt et al 1989 13 Gnssmer 1986 

(complete references 10 Reference secllon) 
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FAST ACT/VAT/NG POTASSIUM CONDUCTANCES 

Currents which are selectively blocked by DTX and 4-AP appear to activate 

quickly (r< 2-4ms) \. l1d inactivate very slowly (r> 1sec; Gustaffson et al. 1982; 

Feltz and Stansfeld 1988; Penner et al. 1986; Schauf 1987; Stansfeld et al. 1986; 

Stansfeld et al. 1987). Block of DTX sensitive currents reduced accommodation 

(Feltz and Stansfeld 1988; Stansfeld et al. 1986; Stansfeld et al. 1987) and 

prolonged action potential duration (Penner et al., 1986; Schauf 1987 ) in a 

number of preparations. Binding studies have suggested that this conductance 

is widely distributed throughout the CNS in many species (Dolly et al. 1987). 

MCDP, a toxin with similar specificity and the same binding site as DTX, had 

similar pharmacological effects as DTX (Bidard et al. 1987; Stansfeld et aL, 

1987). Thus it would appear that there is a distinct conductance, IOTX' present 

in many types of neùronal tissues, whose function is to regulate cell firing and 

action potential repolarization. 

The results of this study appear to agree with the above stated conclusion. 

However, owing to the presence of GKs' GKf1 is only responsible for accom

modation of action potential generation in the early part of a continuous stimu

lus in ventral and dorsal root axons (VRA and DRA, respectively). In addition, 

it was demonstrated that action potential repolarization is regulated by GKfl in 

VRA. These conclusions are based primarily on the use of DTX, a specifie 

blocker of GKfl (Benoit and Dubois 1986) and 4-AP which blocks both GKfl 

and GKf.; (Dubois 1981). By comparing the gating characteristics of GKf1 to 

the properties of other potassium conductances sensitive to DTX hlockade, it is 
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evident that GKf1 fits into the classification for IDTX suggested by Feltz and 

Stansfeld (1988). Therefore, myelinated axons might be included in the list of 

tissues which have an IOTX' 

The primary role of GKf2 in DRA appears to be the repolarization of the 

fibre. This conclusion clearly differs from the accepted explanation in which the 

large ''background'' leak conductance is responsible for action potential repoIar

ization (Hille 1984; Schmidt and SUimpfli 1964). However, the voltage depend

ence of GKf2 is not likely the main determinant of its function, since GKfl , 

which has a different voltage dependence than GKf2' is responsible for action 

potential repolarization in VRA. These conductances repolarize the axon 

primarily because they represent the majority of the total fast conductance. 

That is, their action is independent of their voltage dependence ar.d they behave 

like a large leak conductance. A~ mentioned in Chapter 4 it is likely that GKf2 

partially contributes to the ability of the axon to accommodate during the carly 

part of the stimulus. This condusion is based on a comparison of the effects of 

DTX to 4-AP, since 4-AP reduced accommodation more than DTX application 

alone. 

However, owing to its voltage dependence, (it activates sorne 30-40 mV 

above resting membrane potentiaI) it is difficuit to compare the role of GKf2 in 

axons with a similar current in othe\' tissues. Its pharmacology may place it with 

other fast activating potassium currents found in mammalian and avian dorsal 

root ganglia neurones, ~ince they are selectively blocked by the plant toxin 
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capsaicin (Dubois 1982; Peterson et al. 1987). Capsaicin also had a similar 

effect to 4-AP, since application prolonged action potentials recorded from 

cuItured chicken and rat DRO (Godfraind et al. 1981). Therefore, GKf2 

(ICap ?) might be phannacologically and functionally grouped with other cap

saicin sensitive currents. 

SLOWLY ACTIVA TING POTASSIUM CONDUCTANCES 

GK.s 

The gating characteristics of 0Ks are similar to the gating characteristics of 

the delayed rectifier (IK)' present in vertebrate neurones. In general, the 

activation kinetics of IK are slow (compared to lA and IDTX)' Its voltage 

dependence is varied, but IK threshold seems to correlate with the resting 

membrane potential of the neurone where it is located. A recent review by 

Rudy (1988) states that one function of IK is action potential repolarization 

and thus it regulates action potential duration. Based on the pharmacology 

presented in Chapter 4 this is not true; blockade of GKs appeared to have no 

additional effect on action potential repolarization after GKfl and GKf2 were 

blocked. In faet, it is difficult to rationalize how IK ' a current which activates 

with a time constant of 10-100 ms (Rudy 1988) or longer (cf. Segal et al. 1984), 

could have a signifieant effeet on action potential repolarization. 50, although 

TEA blocks 1 K and TEA has been shown to affect action potential repolariza

tion in a variety of neurones (Rudy 1988), this probably reflects a lack of TEA 

selectivity (for exarnple it also blocks the fast GK(Ca» rather than the function 

ofIK' 
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On the other hand, the properties of IK make it weil suited for legulation of 

late accommodation and/or spike frequency adaptation. Since it requîres a 

prolonged stimulus to turn it on, its slow development would be expected to 

alter action potential generation during a prolonged stimulus. Aside from the 

evidence presented here there are few studies which have addressed this at

tribute directly. Indirect evidence that IK may function in this manner cornes 

from a study by Stansfeld et al. (1987), who found that there is little or no TEA 

sensitive component in the total cell potassium current found in A cells of the 

rat nodose ganglia. There is only a fast activating DTX sensitive current ie. 

there is no IK. After application of DTX or ~fCDP, contiruous spiking with no 

spike frequency adaptation was observed in response to CUTrent clamp steps 

lasting up to 300 ms (Stansfeld et al. 1987). Tnerefore, the lack of IK seems to 

be linked with an inability of the cell to alter its action potential flequency after 

blockade of IDTX' Analogous results were reported using hippocampal cells in 

culture, which have no IDTX' Application of TEA blocks a slowly activating 

potassium conductance with concomitant increase in excitability (Segal and 

Barker 1984). 

Chapter 3 described the anomalous or inward rectification present in frog 

large myelinated primary afferent fibres. This rectification is activated slowly 

(r> 400 ms), blocked by cesium ions but not by barium ions, and is reduced by 

decreasing the external potassium or sodium ion concentration. Inward rectifi

cation with these characteristics has been classified by Spain et al. (1987) as 

being Type 2 inward rectification also reported to exist in otheT neurones (HalIi-
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we)) and Adams 1982; Mayer and Westbrook 1983; Spain et aI. 1987). 

Our results suggest that G AR may regulate the length of the post tetanic 

afterhyperpolarization in myelinated axons. The stimulation protocol used likely 

activates the electrogenic pump in axons (Barrett and Barrett 1982; Bergman et 

al. 1980). Therefore, it is believed that G AR acts by limiting the length of the 

hyperpolarization produced by such a stimulation. Electrogenic pump activity 

can last as long as 15 seconds (Bergman et al. 1980) suggesting that G AR is 

weIl suited to regulate this activity as evidenced by the DAP observed after a 

hyperpolarizing current pulse (as opposed to the DAP following an action 

potential). This DAP lasts as long as 10 seconds and likely reflects the slow 

closing of G AR after activation. 

GK(Na) 

It is weIl established that there are no calcium channels in axonal mem-

branes (Stampfli and Hille, 1976) nor is there any effect of raised internaI calci

um on any of the identificd potassium conductances in myelinated axons 

(Dubois 1981). Therefore it is interesting to note, in light of the absence of a 

GK(Ca) operating in myelinated axons, that the sodium ion "steps in" to play a 

role left vacant by calcium. The function of this conductance may be similar to 

the slowly activating GK(Ca)' IAHP' in hippocampal neurones (Madison and 

Nicoll 1984). Reducing IAHP by calcium channel blockade (Madison and 

Nicoll 1984) or Pl receptor stimulation with noradrenaline de(.(eased accom

modation (Madison and Nicoll 1986). Similarly, Foehring et al. (1989) reported 

that norepinephrine (noradrenaline) suppressed both a calcium and sodium 
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dependent potassium conductance in Betz ceUs of the cat somatosensory cortex. 

This raises the possibility that the channel in the CNS activated by slJdium or 

calcium may originate from the same gene. Both clones code for similar pro

teins (potassium channels modulated by noradrenaline) and alternative splicing 

or post translational modification bas altered the cation site which activates the 

channel. Similarly, in frog one rnight speculate that the sodium dependent 

potassium conductance is a clone of calcium dependent potassium conductances 

which exist in the dorsal root ganglia. 

OTHER FUNCTIONAL ROLES OF POTASSIUM CONDUCTANCES IN 

MYELINATEDAXONS 

Aside from the general conclusions one can draw from the comparison of 

the potassium conductances in myelinated axons with those in other neurones, 

these conductances display functions uniquely important to the axon. Functions 

such as conduction velocity, and neural coding are particularly relevant to 

myelinated axons and may also be modulated by potassium conductances. 

Conduction velocity 

Large myelinated axons are unique owing to the speed thcy are able to 

conduct action potentials. As mentioned in the Introduction conduction veloci

ty depends on the capacitance of the internodal membrane, internodallength 

and fibre diameter. In mammalian fibres blockade of the fast potassium con

ductance with 4-AP had only a small affect on conduction velocity (Ritchie and 

Stagg 1982). However, Figure 4.5 in Chapter 4 (Poulter et al. 1989) may indicate 
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that potassium conductances may affect conduction velocity in frog. Before 

decreasing the axonal conductance with DTX the conduction velocity is not 

measurable since the stimulus artifact is too close to the rising phase of the 

action potential. However, afterwards the stimulus artifact is resolvable indicat

ing that the conduction velocity had slowed without a change in the upstroke 

dV /dt. This might be explained by an increase in the time constant in charging 

(due to the increased resistance). So, white voltage threshold is unchanged by 

DTX treatment (Poulter et al. 1989) the time required to reach this threshold is 

increa'\ed and the conduction velocity slows. 

Also evident in Figure 4.5 is the long depolarizing after potential, which bas 

been attributed to the passive discharge of the large effective intemodal capaci

tance in other vertebrate large myelinated axons (Barrett and Barrett 1982; 

Blight and Someya 1985). This phenomenon was only rarely seen in our record

ings with the potassium conductances unblocked (unpublished observations). 

However, in the presence of DTX (or 4-AP,TEA) this phenomenon was always 

observed. This implies that only after the nodal membrane resistance is suffi

ciently increased does current flow through the myelin sheath. That is, the 

myelin sheath becomes a relatively low resistance path for current flow only 

after potassium channel blockade. It has been suggested that the functional 

significance of a lower resistance myelin sheath may be ta minimize the time 

constant of the internodal region compared to the nodal time constant and 

therefore increase conduction velocity (Blight 1985). However if this were the 

case one might expect that conduction velocity would increase after potassium 

channel blockade . 
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Leak conductance: Action potentiaJ repolarization and resting membrane po/ential 

After blockade of anomalous rectification the resulting steady state resist

ance Rss Iikely represents the leak resistance of the membrane (Ohmic or non 

voltage dependent) in parallel with leak resistance associated with the seal of 

the membrane around the microelectrode. On average this value was ~ 140 

MO. This value is most certainly an underestimate of the true leak resistance 

since damage caused by penetration of the microelectrode will tend to make 

this value smaller. Therefore, the effective leak conductance is even less than 

the 7 nS (1/140 MO) calculated from Rss. It is unlikely that a conductance of 

this magnitude is able to significantly contribute to action potential repolariza

tion. Furthermore, it is unlikely that the leak conductance is largely responsible 

for resting membrane potentiaI. At resting membrane potential, the resistance 

of the fibre may be estimated to be as small as 5-10 MO. Therefore, the con

ductance active at resting membrane potential can be 30-15 times greater than 

the leak conductance. This suggellts that other conductances are responsible for 

goveming resting membrane potential (GKs, GK(Na) ?). It has been suggested 

by Baker et al. (1987) that the leak resistance is not in parallel but in series with 

the other membrane resistances. This was suggested to account for a component 

of the resting membrane potential which was insensitive to variations in the 

external ionic composition, that is, a component which is non Nernstian in 

behaviour. While this May be true, it still does not account for our observations, 

unless one is ready to propose that there is a voltage dependent series (or paral

lei for that matter) "leak" resistance which inactivates when the membrane is 

hyperpolarized. 
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Excitability and neural coding 

Obviously the excitability of myelinated axons will have a profound effect on 

how reflexes and nociception are controlled. Perception of the periphery begins 

by the stimulation of a receptor organ. For example, when a constant tension is 

applied to a spindle fibre organ it produces a train of action potentials. At first 

the potential generated by the spindle receptor fires a rapid burst of action 

potentials after which action potential generation slows to a constant rate 

(adaptation). If the tension is held constant the frequency of action potential 

generation remains constant; when the tension is released action potential 

generation terminates (Ottoson and Shepard 1971). This burst of action poten

tials now traveling in the myelinated axon is subject to further modulation by 

axonal conductances. 

First the axon will limil the maximum frequency that the action potentials 

can be transmitted. In the absence of potassium channel block (unpublished 

obsetvations and in chapter 4,5 and 6) the maximum rate of action potential 

generation was ~ 150 Hz, which corresponds to a minimum "lag time" between 

action potentials of ::::: 7 ms. One might first suppose that this rate is primarily 

set by the recovery from inactivation. However, Aldrich et al. (1983) have 

argued, based on results obtained from single channel recordings, that the time 

constant of inactivation is ::::: 0.5 ms. Assuming that the recovery occurs at the 

same rate and sodium channel kinetics were the ooly factor regulating maximal 

spike frequency, axons should be able to produce rates of firing greater than 

150 Hz. Because this is not the case, it implies that other factors set the upper 

limit at which spike~ can be generated. 
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Another possible factor will be the time constant (Tm) of the axonal 

membrane, which is determined by the membrane c(lpacitance (Cm) and the 

resistance (Rm; ie. Tm = RmCm)' The larger the t'm the slower the maximal 

firing rate (Hodgkin and Stâmpfli 1949b). Any conductance active at the resting 

membrane potential will tend to make Tm small. In opposition to this effect any 

rectification present would shunt the stimulus and limit action potential genera

tion. In the absence of block, it is likely that the large outward rectification 

limits the spiking frequency, since the time constant of the axonal membrane 

(1'< 1.0 ms, Hille 1967) should support a faster rate than 150 Hz. Therefore, 

potassium conductance~ limit the frequency of discharge from the spindle fibre, 

limiting the maximum frequency action potentials can invade primary afferent 

terminaIs. 

The second attribute which may be affected by the properties of the axon is 

an aiteration in the rate of firing produced by the spindle fibre. Recordings from 

sensory axons originating in the semicircular canals demonstrated that an in

crease in action potential disch"rge rate signaled an increase in the angulae 

velocity of spin of the subject. However, unlike spindle fibres, which do not 

adapt, a slowin~ in action potential generation to levels observed at rest sig

naled the maintenance of angular velocityand not, as one might expect, a 

siowing in angular velocity (Fernandez and Goldberg 1976). If the neural 

coding for relaying tension information is the same as that relayed from the 

semi circular canals, constant action potential discharge from the spindle fibres 

may be slowed by the axon to signal the maintenance of tension. This mecha

nism may have the added benefit of preventing neurotransmitter depletion of 

the primary afferent terminais allowing for the prolonged stimulation of the 
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ventral root cell body. 

To concIude, the speculation provided above suggests that output from a 

receptor organ can he greatly influenced by the excitability of the axon. Conse

quently, the release pattern of the neurotransmitter from the primary afferent 

terminal will be affected and the perception and reaction to peripheral stimuli 

will be affected. Thus it is evident that the role of myelinated axons may be of 

fundamental importance to how neural coding signaIs information from the 

periphery. 

SUM~RYANDCONCLUMON 

Frog myelinated axons are endowed with a number of potassium conduct

ances which have relatively specifie functions similar to ç Jnctions of potassium 

conductances in other neuronal structures. Fast activating potassium conduct

ances regulate action potential repolarization, early accommodation, adapta

tion and perhaps action potential conduction velocity. In frag myelinated axon 

the conductance GKf1 is pharmacologically and functionally similar to the 

curTent IDTX found in other neurones; whereas, GKf2 may be related to a 

family of potassium channels, which regulate action potential repolarization and 

are selectively blocked by capsaicin. It also may play a role in early accommoda

tion and adaptation. The slowly activating conductances regulate longer lasting 

phenomena only. The conductance G Ks or IK has no effect on action potential 

repolarization, but it appears to be responsible for late adaptation and accom

modation. The type 2 anomalous rectification lirnits the AHP resulting from the 

activation of the. electrogenic pump by a long lasting tetanus. The function of 
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the sodium activated potassium conductance is speculative, but it may play a raie 

in adaptation and accommodation as 'vell. These specifie roi es of potassium 

conductances in myelinated axons indicate that they are regulated in an analo

gous manner to other neuronal structures. Therefore, their regulation and 

behaviour are considerably more complex then previously believed. Thus it 

would appear that the axon may be an important regulatory site for neural 

encoding and "hard wired" reflexes. 
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