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TTX is a very specific inhibitor of the Na conductance in

many éxcitable mqmbranqg.,Mammalian skeletal muscles, whigch are normally

6

susceptible to 107 M TTX,'becqme partially resistant after dener¢§;:¥n.

It was thus of interest to study and compare the Na channel system of

the mammalian skeletal muscle before and aftér denervation. - Initially

3H—‘I‘TX binding studies were done on the normal and denervated muscles.

~

P .
However, the data were not precise enough'to allow unequivocal inter-

pretation.

Electrophysiological experiments yielded some interesting

results.  The maximal rate of rise of the action potential underwent

a temperature transition at around 32.C, so that essentially there were
two temperature components - at low temperature, the QlO was 1.07, and.
at normal physiolog&cal temperature, the Q10 was 1.29. The TTX sen-

sitivity also changed with temperature. At low temperature, the TTX

8

sensitive range was about 10 ° - 10—6M while at'35°C, the range was

10—9 - 10—6H. Imidazole Eould reduce the maximal raté-af rise aé 35°C

to the level as that of low temperature and produced no obvious effect

at 25°nd 30°C. The TTX sensitive range at 35.0“&% the presence of

8 6

imidazole was also about 100° - 100 M. The maximal rate of rise of

the action potential was reduced at all tempgratures after denervation.
The binding- parameters and the electrophysiological obser-

vations were 1ntefpreted in terms of several possible models. Thege

was no conclusive evidence to support the validityiof any of the models,
. ' .2y ' e

_however, the two component system, which requires two types of Na chan-

4
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nels in both the normal and ‘the denc.vated muscles, appears to be more ///

-

easlily interpretable. 1In this model, the electrophysiologécal obser-

vations were also more compatible with the empirical binding parameters. .
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[HTRODUCT TON

The enhanced novement of fons during an action potential has

been described by Hodgkin and Huxley in terms of twa major permeability

—

changks, an early one for sodium, ahd a delayed ‘one for potassium

and Huxley 1952a, 1952b). The early change is due to a

(Hlodgk

transient \\nward flow of Na ions, moving through what have come to be

known as the Na channels. The characteristygg of the Na channels could

be described by two gating factors - m for Na activation and h for Na
inactivation. In the squid giant axon, the Na current is proportional
to m3h.

The ée]ayed permeability change is thé'resuls of a)maineainea
outward flow of K fons. The potassium channels have only one gate, n,
for K activation. Iﬁéﬁhe squid giant axon, the K cur?ent is proportion-
al to n“. These gating factors of the Na and the K channels are func—c,
tions of time and membrane potential. The success of interpretating
many of the excitation Processes in terms of two majér fonic co&ponents‘
m;Les the Hodgkin—Huxlez_model.extremely attractive.

The Hodgkin-Huxley équgﬂions suggest that axons would be
{nexcitable in the absence of Na ions, this was borne out experimental-
ly although other cations,'such as Li and ammonium, could subsgitute
for Na (Tasaki et al 1966). External Rb ion 18 a K substitute with
a permeability almost equal to PK (Muller-Mohnssen and Balk 1966).

The idea that there ére two different discrete, localized pathways for
Na and K is best dem:nstrated by pharmacological studies of squid

giant axons under voltage clamp conditions.

When the squid giant axon is inrérnally perfused with 40mM

1



TEA, the potassium current is eliminated leavipg a current that behaves
as the sodium current described by the Hodgkin-Huxley equation (Arm-
Htrnng and Binstock 1965), The abtlity of TFA to b{oﬁk the k channels
is believed to Tie fn the fact that the ethyl groups aYound the rhnrged
nitroécﬁ.glvvs this portion of the molecule a diameter of nbput‘B.A,
which is approximately the size of ?‘K fon with a complete hydrat iod
she}l (Armstrong 1975). Armstrong and Binstock (1965) sugpested that
TFA is swept into the membrane with the ocutwiard flux of K fons, block-
ing the chunne]é from further movement of K. ) o
Tetrodotoxin (TTX), which will be discussed more fully later,
eliminates the sodium current leaving a current that resembles the
potassium current of the Hodgkin—nuxley model. The experiments with

¢
TEA and TTX gives strong evidence for the exfstence of separate Na

and K channels. Further support of this hypothesis comes from internal
'Qerfusion eXperiments’with the'protedlytic enzyme pronase. After
pronase treatment, the sodium current activates in the usual way,
howe&er, it does not 1nactiVate.‘ The onsgp® or the amplitude of the
pot;ssium current 1s not affected (Armstrong et al 1973), but could

be 1naependent1y blocked with TEA.

It is thought that ions traver;e excitable membranes d‘ring
an action potential by means of pores rather than carriers. This is
becauge the excitable membrane can transportvions much more rapidly
than any known membrane carriers. Estimates of K channel conductance
are at least two orders of magnitude highgr than any kndown carriers
(Lau;ef'1972). A'major reason for slow movement of-an ion carrier is

electrostatic. According to calculations by ?aréegian (1969), an ion

passing through a lipid membrane in a carrier faces an energy barrier



J

<

of at Teast lhkcal/mole, corresponding . . QI() of at least 2.4, The

Ql() of sodjfum permeability was found to be 1.3 and that of potassium
)

142 in the myelipated nerves of Xenopus (Frankefthauser and Moore 19613),
which would (niff:pund to an ecnergy barrier of no greater than 3kcal/

mole. This I8 much too low for a carrfer, but not far from Parsegian's

LY
estimation for a pore, Q)

o

THE SODIUM CHANNEL

Based on peimeability ratios estimated from the constant

field equation of erganic and metallic catioms, Hille developed a

-

rather specific geometric model for thé‘por!iqn of the Na channel

that is fon selective (Hille 1971, 1972, 1975). The model calls
“~N

L ]
for a rectangular hole of about 3 x S A as all the permeanmt ions

can fit through an ape}tu:e this size. Hille (1972).a%§o postulated
that the constriction of the pore would be linéd~with oxygen atoms.

Experimentally, it was observed by Hille (1972) that although hydroxyl-

- -
ammonium ion and methylammonium ion are similar in size and dimension,

bnly the former can pass through the Na channel. This was argued by

.

Hille as evidence that.the pore's constriction is lined with oxygen
atoms as the hydroxyl hydrogen of hydroxylammonium ion can form a

hydrogen bond with the oxygen of the pore, with the result that the

hydroxyl group and the entire ion can pass through the pore. The hydro-

gens of the methyl group of methylammonium, hobever, cannot form hydro-

gen bonds, rendering it too large (3.8:A in diameter) to go through.
Hille -also éroposed that the. Na channel contains a high
field strength anion because titration with acid produces a block of -

Na permeability which is half complete at pH 5.2 (Hille 1968, Wood-
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L J
hull 1973).  This hlock follows the titration curve of an actdic Bl oup,
.o ' ' -
the most likely candidate-betng carboxyltc actd.  Because of the small
piz«- of the orifice, the gpermeant fons have to be dehydrated and
stabilized by the strong ncegative charge. Tha. selective filter,
" .
which discriminates the-permeabtlity of different i(ons, would be the
. ' -’ .
highest energy barrier and lies just belind this negative charge,
’ A
» Most cations can bind t8 this negative charge, however, only the

>

. , —
permeant ions ¢an get through the short narrow selectivity filter

while still remain coordinated with the 'rata]ytlc”'ncld group. -
. N

This is {he rate limiting "activated complex'". TTX, .a potent
blocker of the Na current, prvsumﬂbly agts by binding with this
acid group, thus preventing Na from entering the pore (Henderson
et al 1974).

)

An efficient pore mechaninsm should combine selectivity with
high transport rates (Lauger 1973). The high selectivity of the Na
- N 8 9 .

channel and a rate of trahsport_in the order of 10" to 10’ Na ions
per setond make the model proposed by Hille even more attratrtive.
In otder to delineate the structural properties of the

b}

Na channel, biochemical ané en;ymatic’reagents have been empi;yed

to see how they affect the excitation.process. Heavy metal {ions such
as Hg, Ag, Cu and tﬂ( more selective SH—reqet;ve agents ;uch as
N-ethylmalkimide ‘NEM) and p-chloromercurobenzoate (PCMB) all reduce
tfe excitabil}t; of axons in proportién to their gbility to‘form
inséluble saits'wifh'sulfidea. Their a;tIOn could be prevented or
reversed with cygF;ine'or giutathione,(Casaillo—Nicolau and Hufschmidt
1951, Huneens-Cox et 81-1966, Takahashi et al 1958). These fipdings

suggest the presence of essential SH groups closely assoclated with



the Na channe!. This in turn implies that the channi) is composed (3’
at least in pa‘ef protein.

However,® application of a wide variety of proteases externally
to the squid and lobster axons were found to have no effect on the
resting and action potentials. The enzymes tried include trypsin,

A ‘hymotrypsin,"Y—chymotrypsin?¥papain, ficin, carboxypeptidase A

and carboxypeptidase B (Narahashi and Tobias 1964, Nelson 1958, Sevcik
and Narahashi 1973, Tasaki and Takenaka 1964, Tobias 1955, 1958, 1960).
When internally applied, these engymes do hinder the conductance
mechanism. Tritiated-TTX binding experiments also confirm such
findings. Only two proteases, chymotrypsin and pronase, were found

to be effective‘in redd%ing TTX binding with garfish olfactory

nerve (Benzer and Raftery 1972).

The involvement of membrane phospholipids in excitation
has also been studied using phnspholipéses, which hydrolyze phospho-
glycerides at very specific sites. Phospholipase A depolarizes the
lobster axon and blocks conduction (Narahashi and Tobias 1964).

Voltage clamp analyses with internally perfused squid axons show

that this enzyme suppresses transient current and the steady state
current,and the leakage current is affected only after prolonged
perfusion (Abbot et al 1972). Phospholipase C, when perfused internally
through the squid axon, also causes a gradual depolarization followed

by conduction block (Freeman 1969). However, for squid giant axons, ~
externally applied phospholipases exert no effect at all.

Treatment of garfish olfactory nerve homogenates with phos-
pholipase A inhibits binding of TTX while phospholipases C and D are

not effective. Prior treatment of phospholipase A followed by



applicatiochf-proteolytic eﬁzymes results in.greatef reduction of
binding (Benzer and Raftery 1972). Similar studies on axolemma
preparation from lébster walking leg nerves also show that while
pho8pholipase A and phospholipase C reduce TTX binding to various
degrees, protecases such as pronase, trypsin and chymotrypsin have
no direct influence on tﬂe binding properties of TTX (Villegas et
al 1973). .

.These results indicate that the protein part of the channel
is probably embedded in a phospﬁslipid environment, which then may
explain its-immumity against(girect attack of proteolytic enzymes.
Recent TTX binding studies with subcellular fractions from lobster
walking leg nerve (Barnola et al 1973) and from garfish olfactory
nerve (Villegas et al 1974) show that the channels arenlocated on
the plasma membrane. Unfortunately, morpholpgical studies using
electronmicroscopic techniques to identify such entities as Na or
K channels have so far been unsuccessful.

However, the success in electrophysiological measurements
using the Hodgkin-Huxley equations and permeability measurements from
voltage clamp experiments do indicate very convincingly the existence
of such specific channels. The real challenge then is to characterize
and isolate the channels so that not only the physical properties of
these channels could be studied, but also the basic mechanism of

membrane excitation could be unravelled. /

-
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TETRODOTOXIN (‘TTX)

. TTX, the non-protein eitract from {he ovaries and livers of
the pufferfish, was first reported to hav@ an inhibitory ef%ect on the
action potential of frog skeletal muscle in 1960 (Narahashi et al 1960).
This action was found to be highly specific as it .selectively blocks‘
the membrane trangient conductance increase upon depolarizing stim-
ulation: This unique property of TTX was demonstrated more conclusively
with the squid giant axons (Nakamura et al 1965), lobster giaﬁt axons
(Narahashi et al 1964), and the frog nodes of Ranvier (Hille 1968) under
voltage clamp cbnditions. Only the Na current was blocked by TTX while
the K and leakage currents were not affected. .

The action of TTX is to block the ionic channel through
which the transient current flows. For most excitable membranes,
this current is carried essentially by Na ions alone, although TTX
could block this current regardless of what ion species is sérving
as the Na substitute (Moore et ;1 1967, Rojas and Atwater 1967).°

TTX is a very complex molecule. It is assumed that ‘the

guanidinium group is essential for its activity. This is substantiated

by the fact that saxitoxin (STX), also a non-protein poison that comes

from the dinoﬁlaggliate Gonyaulax catanella and having identical effect
on the sodium conductance as TTX, also contains the guanidinium group
(Wong et al 1971). It is also known that guanidine itself could

substitute for sodium and penetrate the transient channel to produce

action potentials (Watanabe 1967).(Fig. 1) .



Fig. 1. Structure of TTX(I)
and STX(II).

Intern erfusion studies using the ﬁquid giant axon offer
an excellent opportunity to study the site where TTX acts. Tbenty;
six minutes of internal perfusion with up to f0_6H TTX do not in

any wa; hamper the sodium conductance whereas only 10-7M is required
to block the éonductance completely from the outside (Narahashi et al
1966, 1967)° From measurements of the dose-response curves under
voltage clamped conditions with different nerve and axon preparations,

and also from tritiated TTX binding studies, it was concluded that

TTX is bound to its receptor on a one-to-one basis (Cuervo and Adelman

metaifﬁa;ion binding site (Henderson et al 1974). It was suggested
that this site is the principal coordi;ation site for cations, normally
Ni} as they pass fhrough the membrane during an action potential.

Both these physiological and binding observations fit very well inteo

' the pore madel of the Na channel as proposed by Hille (Hille 1971,
'1975). As the TTX molecule'contains several hydroxyl and ammonium
groups which could form hydrogen bonds with the oxygens lining the
pore, the positively charged TTX is bound to the ﬁegatively charged

acid group within the channel. (Fig. 2)



TTX ON SELECTIVITY FILTER

AN

nN~H

*

Figure 2 A' perspective view of the molecular structure of tetrodotoxin and a space-fllin
modgl showing the hypothesis for asscciation with oxyéens of the selectivity ﬁlterp The tw:
drawings have exactly the same orientation and “magnificanon.” Oxygens of (hev flter are
numbered (1-6) as in Hille and shaded with curved lines. TTX model: Carbons black
oxygens ‘doncd. nitrogens hash-lined, hydrogens all white, hvdrogen bonds dashed. Thf.:
drawing is not meant 1o imply that oxygens of the sclectivity filter are the only coinponents of

the TTX receptos® (from Hille 1975)

TTX BINDING STUDIES

As demonstrated in electrophysiological investigations, the
high specificity of TTX action makes it very attractive“for biochemical
use in the labelling, characterization, and isolation of the Na channel
if indeed‘the TTX molecule doeéjzct by binding directly to the Na
channel as proposed by Hille. 1In such characterization and isolation
studies, especially with tissue homogenates when no direct physio-
logical measurements could be taken simultaneously as control, it is
necessary that the observed TTX-membrane interaction is relevant to

that uhder normal physioclogical conditions. In other words, the range
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of toxin concentration used must be cl)he to;that which is JctiQ;'in
electrophysiological studies. “From the many publications of such
binding and characterization studles of/??ﬁ"on various nerve prepara-
tions, it is quite eviaeﬂt that TTX does seem to be an adequate.tool
in many respects. ,

All the binding experiments carfied out so far make use of
tritiated TTX of high speéific activity. Such iabelingAcould be
achieved by“a modified Wilzbach exchange method.(Dorfma; and Wilzbach
1959). Binding studies have also been carried out before labeled TTX
became available by bioassay methods although the scope of applicability
';n such casés are rather limited. By such a method, the number of
binding sites of the lobster walking leg nerve had been estiméted.
(Moore et al 1967).

More accurate estimation of the numbef of TTX binding sites
ha; been achieved using radioactive binding techniques. As is evident»
from Table 1, the biﬁding estimation and the dissociation constants
determined agree very well with experiﬁents done with biocassay and
physiological techniques. The binding component shows saturation
at the physiologically active concentration ;adge of TTX.

Binding of TTX is coﬁpetitivgly 1nh;bited by STX (Célquhoun
et al 1972, Henderson and Wang 1972). Lidocgine and batrachoto;in,
both thought to have a di%ect effect on the Na channels by acting in-
ternally, have no obvious effect on TTX binding (Colquhoun et al 1972).
This agrées well with the internal perfusion studies of the squid giant

axon which shov that TTX could act only on the outside of the membrane
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Table 1.

TISSUE PREPARATION

0 OF SITES/ua’

Binding characteristice of TTX in excitable membranes as determined by various technjiques

Carfish Olfactory Nerves

Nodes of Ranvier - frog
zenopus

Rabbit Brain Nerve Endings

Lobster Walking Leg Nefve

Mouse Neuroblastoma C 1300

Squid Giant Axoa

Radbdbit Vague Nerve

3.9

(purl“’l’lrnci tom)

2.

22

13
. 16

27

b

lD METHOD
I L, ) B,
8.3 Binding
5.9 Binding
10.1 Binding
6.0 BPinding
12.0 11-. flux

Voltage Clamp

3.4 Voltage Clamp
28 Binding

- N Bliocesesay

10 Binding

11 12'. uptake
3.31 Voltage Clamp
3.0 “ Binding

Benzer & Raltery 1972
Chacho et al 1974

Colquhoun et al 1972
Henderson & Wang 1972

Renderson & Strichartz 1974

Schwarts et al 1973

Hafoman 1972

Moore et al 1967
Colquhoun et sl 1972

Catterall & Nirenberg 1973

. Cuervoe & Adelman 1970

Colquhoun et sl 1972

11
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(Narahashiqet al 1966). Divakent cations such as Ca, Mg, Ba_and Sr,

trivalent ions such as La and Sm as well as monovalent cations such

as L1, T1 and H compete reversibly with TTX (Henderson et al 1974),
//\

Thi competition confirms the existence of a strong negatively charged
gréup which is thought of as the Na coordination site during ang:ction
potential. Binding studies done in subcellular fractions pinpoint the
localization of the Na channels as on the plasma membranes (Villegas
et al 1973,°Barnola et al 1972).

\\\ Preliminary characteriﬁation studies have shown that the
Na channel is at least in part composed of protein which is embedded
in a phospholipid environment (Benzer and Raftery léizj’ Solubilization
of garfish olfactory nerve extracts yields .a soluble TTX binding com-
ponentjof 500,000 molecular weight (Henderson anq Wang 1972). Despite
the apparent success in corroborating the binding data with that of
the physiolog{;al observations, further attempts in purifying and
iéolatigg the TTX binding sites have not been very fruitful.

As pointed out by ‘Narahashi (1974), there are several tech-
nical difficulties in isolating the TTX receptor. The intrinsic pro-
blemAislof course the scarcity of the transient channels. Therefore,
an extremely sensitive method for detecting the binding and a high
degree of purification of both the labeled TTX and membrane preparatiqns
are required. Another problem is also intrinsic in that the binding
component is very labile so that isolation or purification of the
component may iea&s to alteration of its property.

The best example illustrating the difficulty is the work by

Henderson &nd Wang (1972). They were able to solubilize and retain

TTX binding activity from the garfish olfactory nerves only with the

o

12
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mildest treatment with Tritbn X-100 amnd sodium cholate. Other deter-
gents such as sodium deoxycholate, Tween-80, digitonin and sodium
dodecyl sulfa(e\fgiled to solubilize the binding component. Further
purification of the solubilized fraction led to loss of activity.

If the solubilized material was kept at 0 = 4%c, very little drop in
binding activity was observed over a period of several days. However,
even after one hour at room temperature, the binding activity would
complegely disappear. The half-1ife was aboqt 30 mins at 20°C. This
is in contrast to its stability whife still in the membrane.

In addition to the intrinsic difficulties discusséd above,
there are other limitations to the binding method. Because of the
scarcity of the binding sites, it is desirable to have the label
on TTX as hot as poésible.f However, the only available label at
the moment is tritium. Introduction of other stronger radioactive
labels poses a great technical problem as any modification of the
TEX molecule greatly reduces its activity (Deguchi 1966) and attempts
to synthesize the molecule chemically have so far been unsuccessful.
Despite its high specificity in action, TTX also binds non-specifically
to the membraqg (Colquhoun et al 1972,.1974, Almers and Levinson 1975).
Therefore, %; is necessary to differentiate the true binding of TTX to
the Na channels a the non-specific binding.

Although there are limitations to the method, the merits and
validity of such undertakings should not be disregarded. Obviously
furtﬁer refinement of the technique,lin particular a more powerful
radioactive~1abe1 and improvement in membrane subfractionation or
solubilizat{ion procedures, would allow the full potentia} of this

-

approach to be achieved. At thid'point in time when there 1s no

13
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better means to allow for the exploration of the nature of the Na
channel, and if we are fully aware of the lim{tations of the method,

TTX binding studies prove to be a sound approach to the problem.

14



THE NATURE AND OBJECTIVES oOrI PROJEG&
The effect of TTX on skeletal muscle was first reported by
Narahashi @t al in 1960 of the sértorius muscle of the frog. It was

found that 10_7

M TTX could e]iminat% action potential generation al-
thou&p the resting.mcmbrane potential and the resting membrane resis-
tance underwent little or no change.

Unfortunatély, subsequent studies of TTX action were con-
centrated on nerve prepartions, for the obvious reason that the vol-
tage clamp te:hnique is.weII suited to that kind of study. 1t was not
until very recently £hat moderate success has been aéhieved in voltage-
clamping the skeletal muscle fiber. The renewed interest of the action
of TTX on skeletal muscle began in 1970 with the works from Thesleff's
laboratory. 1One very interesting discovery they made was that while
the aétion potential of rat skeletal muscle could be abolished with

10_6M TTX, concentrations of up to IO-SH could not block the action
potential completely after surgical denervation (Redfern et al 1970).

This finding immediately raises two questions:

1. " IS THE TTX RECEPTOR (Na CHANNEL) IN SKELETAL MUSCLE THE SAME

AS THAT IN NERVE?

Of all the TTX sensitive nerve preparations studied, 10-7M

TTX was sufficient to abolish the regenerative process. These include
squid giant axon (Nakamura et al 1965), lobster giant axon (Narahashi
et al 1964), frog nodes of Ranvier (Hille 1968a, 1968b), rabbit

vagus nerve (Keynes et al 1970, Colquhoun and Ritchie 1972), frog

( 7



sciatic nerve (Strong et al 1973), and the nerve axons of the cauda
equina of tﬁL ;at (Evans 1969).

For the mammalian skeletal mus¢1es, the effecéive range of
TTX is much broader, stretching from 10_9M to.lO—bH. The muscles
studied so far are the e*tensor digitorum longus (EDL) of the rat
(Redfern et al 1970), the soleus muscle of the rat (Albtherque and
Warnick 1972), and the extensor digitorum longus of the mouse (Grampp
et al 1972).

As was reflected by- the effective range‘of TTX concentration,
fhere is no reason to bel?eve that the TTX receptor should be the same
in skeletal muscles as those in nerves. Indeed, one should not even
expect the Na channel to be exactly the same from one nerve prepara-
tion to another. In fact, the regenerative mechanism of the skeletal
muscle is quite different from the nerve. Althpugh the action poten-—
tial of skeletal muscle is also the consequence of a rapid Na perﬁegbi—
lity change (Nastuk and Hodgkin 1952, Adrian et al 1966, 1968, Idel-
fonse and Roy 1972), in general the spike-in muscle is slower in deve-
lopment than in nerve and its velocity of propagation is about one-
tenth (Gopfert and Schaefer 1938). Skeletal muscle also exhibits a
negative afterpotential whereas the afterpétential is generally’posif
tive in nerve.

From the above diécussion, it is evident that the TTX recep-
tor of skeletal muscle may not be exactly the same as those.in the

nerve, although one would expect them to share many properties, both

physiologically and structurally.

-

16



2. HOW DOES MAMMALIAN SKEL: FALL MUSCLE DEVELOP TTX RESISTANCE

AFTER DENERVATION?

Following denervation, the membrane properties of skeletal
muscle changes markedly. Morphological studies indicate that while
the muscle fibers decrease in diaﬁetgr, there 18 an overdevelop-
ment of the sarcoplasmic reticulum after denervation (Margreth et al
1972). Accompanying these changes is an 1ncreasé in protein syn-
‘¢hesis (Muscatello et al 1965).

Electrical measurements also show an Increase in membrane
capacitance, time constant and membrane resistawme of a unit area
(Albuquerque and Mclsaac 1970, Albuquerque and Thesleff 1968). At
the same time; the resting membrane potent ial decreases from about
72mv in the normal innervated rat extensor digitorum longus to

about 55mv.{(Table 2)

.

TABLE 2
ELecTarcal Mavpaang Constants of 1uE Inngavared axp Desrmvatio Frrgnsoa Musass
RMP Ra ) A e » ;coii)i h » (up’)‘ - 7R.-V i C;
n (mv) (\ohm) (mm) (maec) ) =) (ohm cm") (F /cm™)
¢ wel 17 a1 041 o 005 053 « 007 1S 2012 196 x 13 188 219 MS & T 18 203
(38
] 10 & 39 048 200 o + 01 13 202 183 12 160 & Q38 $28 &« 98 23 a07
™
3 T+ 26 040 » 082 % 0.1 20 2 01 211 x 08 1170 & 07 500 2 &4 34 & 06
[\ .
4 4 &30 039 » 01 039 &« 02 11 204 170 & 1.1 160 & 23 703 & 61 30408
an
3 6 & 37 06 & 0.2 033 & 01 16 & 03 160 & 1.7 150 4 16 668 & 140 19 %18 .
(81
' 39 & $2 067 a 03 070 x 0.2 51 403 170 = 23 143 & 21 960 «.109 $3 & 06
”)
] 924 068 & 02 068 2 0.2 43 & 03 168 & 1.1 131 & 16 W & M S6 418
ul)
g $4 % 41 082 013 070 % 0.1 64 208 157 &« OB 10 * 14 1250 & 130 St 12
30} o
» SO+ 2t 0% 0.1 067 % 01 69 & 1.7 1218 & 10 30 x 09 1310 & 110 $34x18
o)
5 3 x 27 087 & 01 071 = 0.0% 60 2 03 1S3 210 91 & 1.1 1185 & 146 31 220
8
[ ] y ..
3 29 09 « 0.1 ¥ » 01 7$&10 137 & 21 83 a1} 1610 & 103 7 ?‘) ]
[t } -

(from Albuquerque & Theslgffri§68)
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In both the rat extensor digitorum longus and soleus, the

threshold for excitation increases after dencrvation. The amplitude
and the rate of rise of tpe action potential also decrease (Albuquer-
aue and Thesleff *1968), TTX at 10_6H can abolish the action potential
of the rat EDL, whereas up to 10‘SM TTX cannot completely climinate
the spike mechanism following denervation (Redfern and Thesleff 19J1b,
Albuquerque and Warnick 1972). This regenerat ive response that is
;csistant to TTX is also Ng dependent (Redfern and Thesleff 1971b,
Colquhoun et al 1974).

With the technique of anodal polarization, no correlation was
found between resting membrane potential and the maximal rate of rise
of the action potential in the depo[prized fibers (Redfern and Thes-
leff 1971b). Therefore it is unlikely that the fall in rate of risg
following denervation ;s secondary to the reduction i; resting mem-—
brane potential. Denervation thus produces a genuine reduction in
the rate of rise of the action potential in the muscle fiber. The

L2

change in the time constant following denervat ion, which mighﬁ affect
>

the maximum rate of rise, however, is not coincidéntal with the fall
of the rise rate (Albuquerque'and Thesleff 1968). ~

The reduction in the amplitude and the maximal rate of rise
of the action potential following denervation could be explained by
a reduction of the number or the efficiency of the membrane sites res-
ponsible for the action potenttal. This still would not explain the
phenomenon of the TTX resistant action potential. Therefore, qualita-
tive changes at these membrane sites must occur. It is possible that

-
upon denervation, the deprivation of certain neurotrophic factors may

alter the gene expression resulting in a structural/conformational change

.
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"of the membrane sites (Gu:'i et al 1970, Samaha et al 1970). This idea

-1

.

is supported by the finding that inhibitors of protein synthesis chh

as actinomycin D inhibit the development of extrajunctional choliner-

gic recepsg.‘ TTX resistant actlion potentigl, and the fall in resting
membrane po?entlal of the denervated mouse EDL (Grampp et al 1972).

The aim of this research project then is to try to answer the
questions raised above. The use of TTX binding seems to be a reason-
able approach to the problem as the method, despite its limitations,
have been well proven in studies with the nerve preparations. The
attempt in this project is not to go so far as to isolate the TTX
binding sites in skeletal mu§c1e, but ;ather to study the binding
characteristics of both the normal and denervated muscles of the rat
so that a valid comparison between the two may be made, and hopefully,
clues as to the development of the TTX resis;ant action potential after

denervation could be provided.



METHODS AND MATERIALS

TISSUE PREPARATION

The énevmammalian skeletal muscle that has been subjected to
most investigations is the extensor digitorum longus (EDL) of the rat.
This muscle is appropriate for denervation studies a® it is easily
accessible to surgical procedures. The contralateral muscle which is
not operated on could serve as control. i

The EDL, which is innervated by the peroneal nerve, was
denervated by sectioning the sciatic nerve (the peroneal being omne of
its branches) at the thigh,under ether anaesthesia. At various i -.r-
vals following surgical reﬁoval of about 1 cm of the sciatic “ve,
the denervated muscle along with its contralateral control w*s J ssect-
ed out for experiments.

It is unfortunate that only mammalian muscles show TTX resis-
tance after demervation. The frog skeletal muscle, which is more in-

tensely studied, was shown not to develop such resistance after dener—

vation (Colquhoun et al 1974).

PREPARATION OF TRITIATED TTX

Purified TTX, extracted from the ovaries of the pufferfish,
was obtained from the Sankyo Co;, Japan. 10mg of TTX were then sent
to the ICN Corp. to be labeled by the modified Wilzbach method (Dorf-
man and Wilzbach 1959). The treated TTX was then subf%cted to purifi-

cation as only 2 to 3 mg out of the original 10 mg would still be



There are :+0 successful procedures developed for purifica-
tion of the radioaetive TTX. One employs électrophoresis {Colquhoun
et al 1972) and the other makes use of chromatography (Benzer and
Raftery 1972). It is the latter methodlthat was used ‘throughout the
project. A flow-chart of the procedure is provided on Fig. 3. Essen-
tially the material is run through a Biogel P-2 column twice afid
fiﬂally through a Bio-Rex 70 column, which is a weakly acid cation
exchanger. The desired fractioms containing the active TTX were o

>

assayed by its abili;y to block tﬂe actioﬁ potential of frog sciatic ‘ *
nérve. The purity of t;e product was determined by thin layer chroma-
tography. Not gll the crude TTX was purified at once. Usuallywit

was divided into 5 batches so that each batch would last for 2 to &4 -
weeks, thus eliminating the risk of the breakdown of the purified

product into'ﬁndesi;able impu:it;es.

'To determine the concentration of TTX in the purified
fractions, a bioassay is necessary as no spéctropho{ometric or other
conventional means is available. fhe frog sciatic nerve is used in‘
the dbioassay and its action potential is recorded éxtracellula}ly by
a pair of platinum eMctrodes. The nerve is stimulated through a pair
of platinum electrodes by a Grass SD 5 stimulator. B& soaking the =
sciatic nerves ;n different known concegirations of non-radioactive |
TTX for 20 mins, a dose response curve of the size of the ;Etion po-
‘tentials against TTX concentration was obtained. The unknown con-
centration of a 3H-TTX solution was determined by the percent reduc~

tioh in the size of the action potential using this dose response

curve. (Fig. 4)




FLOW- CHART OF PURIFICATION STEFS

10uCi of crudef H-TTX from 1CN

Titrete to pi 5.0 with acetic acid

1.5 x 55cm Biogel P-2(100—200nesh) column

lml fractions

Assay of TTX activity on 10ul aliquots radicactivity
frog sciatic nerve deternined .

fooling of act ive fractions

Repeat Biogel P-2 Chromatography

i

Active fractions Jyophilized and
dissolved in 10mM asmonive acetate(pd 7.0)

. Bio-Rex 735200-600—:-?\_) .
. Elution with 100sl linear gradient
from 10-200mM ammonius acetste

. 10ul aliqu l radiocactivity

Assay of TTX sctivity

’ Pooling, ctions lyophilized

Thin-layer chromatography -
(silics gel)
Solvent - butanol:acetic acid: water
8:3:9

Purl fied Fractiom -

rig. 3. Purification procedure of 3“—‘!1’!
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RINDING ASSAY Qa

Weighed rat EDLs, both normal and denervated, were removed
and homogenize§ using a Polytron Type PT 20 homogenizer (Kinematica
Gm;H, Luzern-Schweiz). The crude homogenates were then spun at 650g
(4,500rpm) for 15 mins with a Beckman £3—&0 ultracentrifuge to remove
the nuclei, contractile protein and other heavier parﬁicles. The
supernatants were saved and spun into a pellet at 160,0003 (35,6000rpm)
for 30 mins. The pellets were resuspended Ii‘physiologicai buffer for
binding studies. hAll these procedures were performed at o°c.

The rest of the proc;dhte was done at room temperature. In
a typicai experiment, the final concentration of the homogenate was
diluted to about 40mg of tissue per ml. The reaction mixture consisted
of 1.5m1 of TTX solution, 1.5ml of homogenate, and 0.5ml of Ringers
solution in each tube #nd this was allowed to react for 15 - 20 mins
before centrifugation at 100,000g for 30 mins. At the end of the run,
0.1ml of ;he supernatant was collected from each tube and the rest of
.the supernatant draiﬁed by vacuum suction and discarded. The collected
. supe¥natant fractioné vere counted and would be the free TTX concen-
t;ations for their respective sample. The pellets left behind were
solubilized with 0.5m1 of NCS (Amersham/Seéarle) overnight at 37 “c.
IOul of acetic acid was added to each tube for neutralization before
transfetring the solubilized membranes to vials for counting.

The amount of free 3H-TTX trapped in the pellets was estimated
by a correction factor deternined_for each run byAusing 3 control tubes

which contained the same amount of homogenate and made up to the same

volume as those of the assay tubes. However, in- these tubes, the TTX
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was substituted by 1:(:-1nu11n. By counting the pellets of the control
tube, the volume of' liquid trgpped by the f)ellets could be calculated
if from each tube, 0O} ml of the supernatant was taken out for counting.
The amount of free fluid in the pellet would bé equal to (dpm pellet/
dpm of 0.1ml supernatant) x 0.1 ml. The average of three control vah;es
from each centrifugation run (togethe.r with 9 assay tubes) was used.t
In calcula“ting the net amount of TTX bound per assay tube, the contri-
bution of cg?\‘mts from the free TIX in the pelleto was subtt;cted. This

me thod eli“&es much of the errors and cumbersomeness of the double-

label technique. ' L/

COMPOSITION OF PHYSIOLOGICAL SOLUTIONS

Frog Ringer (Hodgkin and Horowicz 1959)

NaCl 116mM
KC1 2.5aM
CaCl2 1.8aM
N?Ok 1.08aM
NaH PO, ©0.43m

Y
Rat Ringer (Liley 1956)

_NaCl © 135mM
KxC1 = . se .
rigc12 1mM
CaCl2 ‘. A 2mM
NaHCO, | )  1seM
Na_HP lmM

2 4




RADIOACTIVE COUNTING

The samples after digestion with NCS were allowed to dark-
adapt for at least 48 hrs before coﬁnting. The counging efficiency
for each sample was determined by the channel ratio Method (Baille
1960) and the true dpm was calculated‘with a PDP-8 computer. The
counting time for each sample was 30 mins. fhe Bray's Cockfail(Bray

1960) was used as fluor for all radioactive countings.

ANALYSIS OF DATA

The binding curve was analyzed by the least squares estima-
tion of the paraﬁeters using the Patternsearch method (Colquhoun 1971).
At;empts were made to find the simpiest,equation containing the hyper-
bolic saturable components of Langmuir (1918) that would fit the ex~—

perimental data. (Equations 1 and 2)

U = b(TTX + C) + M(TTX)/(K + TTX) Eqn. 1
U = b(TTX + C) + M(TTX)/(K + TTX) + N(TTX + D)/(L + TIX + D) Eqn.

C and D are constants

The Patternsearch procedure (Colquhoun 1971, p. 263) is a
program written to find the estimates of the parameters that minimize
a certain function. In this case, we minimized the sum of the least
squares of the relative ﬁifference S = ¥((y - Y)/y)2 where y is the
observed value and Y the calculated value. This conpens;tgs for the
great difference in y at the two extreme ends. In other vords; each
point vas weighed equally rather than dominated bf the high values at

o

the high concentrations.

2
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The Patternsearch method starts from thec initial guess of the
parameters by trying steps of specific size in each variable to see
whether the function S 1is reduceda When the function cannot be reduced
further the step size is reduced and a further exploration carried out.
During the estimation of the final parameters obtained here, the
procedure was repeated several times so that no further improvement
of the.function S could be achieved.

In fitting a Iuhctioﬂ. it is usually reascnable to use the
simplest relationship éonsistent with the observations, i.e., it is
desirable to find an equation that contains the smallest number of
parameters, the values of which have to be eétimated from the obser-
vations., (For more detailed AIscussion, see Colquhoun 1971, Chapter 12)
In most cases, adding more parameters to the equ;:ion do not necessarily
improve the estimates as shown by the size of the function S (Colquhoun
et al 1972). A very important criterion to see which equ%tion is more
appropriate is their physiological reievance, which 1s explaingd in

more detail in the Discussion section.

The estimation of the experimental errors were done according
to Colquhoun et al (197&).~ In most cases, there was only one observat-
ion at each TTX concehttation, therefore the sum of squares of de-
vqatioqqigfon the fitted curve, S, will be'an estimate of sz(y)
.(Calquhoun 1971, p. 258) The approximate S.E. for the parameters we;e
found as the square roots of the diagonal elements of the inverse of a
5 x 5 matrix (-d L/dx dxi), evaluated from the Patternsearch parameters,
where xi(i = 1...5) are the parameters M, K, N, L, and b 'of Eqn. 2 and

L=-5/2 1s the observed log likelihood assuming Gaussian distribution.

27
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ELECTROPHYSIOLOGICAL EXPERIMENTS

Male Wistar rats weighing 200 - 300g were used. Both the
normal and the denervated EDL were taken out and bathed in normal Ringer
(Liley 1956) bubbled with 95% oxygen and 5% carbon dioxide at 37°C.

For temperature studies, the temperature of the organ bath was con-
trolleé by circulating water around its jacket. The muscles were
mounted by strings tied to'both eénds of the tendéns. The solution

inside the bath was also bubbled with 952 oxygen and 5% carbon dioxide.

Recording Details

Essentially only the surface fibers were studied. Intracellu-
lar recordings were made with 3M KC1 microelectrodes having resistance
of 8 - 20 Megth{: The‘muscles wvere stimulated by a pair of external
platinum electrodes with a Grass S4 stiﬁulator through a Grass SIU-4B
stimulus isolation unit. The voltage change was recorded through a
WPI M4A eI;ctrometer and'differentiated electron;cally by an op-amp-
circuit. The records were displayed on a Tektronix 5031 sto;age
oscilloscpe. -For TTX and imidazole studies, the muscles were allowed
to soak in the drugs for at least 20 mins before recording, and 30 mins
were allowed for equilibration to any change of temperature in the
temperature studies.

As the denervated muscle is depolarized after denervation,
it would be necessary to adjust the membrane potential to that of the

innervated muscle so that a meaningful compafiso; of th!rdata could be

made. This is accomplished by passing a constant hyperpolarizing

)
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circuit of the WPI electrometer. At least 4 secs were allowed for the
fibers to adjust to the new potential to ensure complete activation of

the Na channels at that particular membrane potential.

Drugs and Solutions
TTX (Sankyo Co., Japan) in 3.1 x 10~6M stock Ringer solutions
/
were kept in the refrigerator and proper dilutions were made before
each set of experiments. Imidazole (S}gma) were prepared in 10—2M

Ringer stocks and also diluted to the desired concentrations Just

“pbefore each set of experiments.
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BINDING OF TTX TO NORMAL T *DL

Since as little as IO—QM TTX has some effect but close to
IO_GH is required to block the generation of action potential complete-
ly in EDL, it is within the range of 10—9 to 10—6M TTX concentration

that binding assays were done. From reports of similar experiments on

* .

nerves, it was known that TTX'binds saturably to a hyperbolic component
and als; binds non-specifically to a linear camponent (Colquhoun et al
1972, H;nderson et al 1973). Therefore when analysing the bindiné
curves, attempts were made to distinguish a saturable component that
might be associated with its physiological action.

As the range of TTX concentrasion 3sed is over a 1000 fold,
two curves were plotted to show the binding. Fig. 5 shows binding
of TTX at®the low concentration region and Fig. 6 {s more concerned
with the binding at higher concentrations. The experimental data were
processed by computer for curve fitting using the Patternsearch method,
which performs least squares estimation of the parameters. Using the
same computer program, Colquhoun et al (1972) were able to fit their
data to the function

U = b(TTX + C) + M(TTX) /(K + TTX) Eqn. 1

i.e. the uptake, U, is defined hy a linear component of slope b, and a
hyperbolic saturable component, which they identified a® the specific
physiological binding site. K is the equilibrium constant and M the
binding capacity for that site.

By fitting the experimental data (from 38 observations) to
Eqn. 1, the/best parameter estimates were: b = 0.0448 x lo—llmoles/g

wt; M - 2.09 x 10-11moles/g wt; and K = 20nM. The values of U and the
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sa‘iiiﬁperimentgl ;Zta could be fitted equglly well in terms of the
miniqized function S with the equation

U = b(TfX + C) r M(TTX)/(K + ?IX) + N(TTX + D)/(L + TTX + D) Eqn.-2

' -

i.e. instead of one saturableqcomponent, there are two hyperbolic com-
ponents. The parameters determine%'with Eqn.‘2 were: b = 0.0419 x 10‘“11
moles/g wt, K = 3.856nM, N = 2.939 x 10 ''moles/g wt and L = 71nM.

The teason for fitting the data with two hyperbolic components 1is di;—
cussed below. The ratio %f the function S for Eqn. 1‘to Eqn. 2 is
1.097. The binding data, along with the two theoretical curves from

equations 1 and 2 were also plotted on a log-log scale for easy com-

parison.(Fig. 7)
BINDING OF TTX TO DENERVATED RAT EDL

The contralateral side of the control (normal) EDL was
removed 4 days after denervation. The experimenéal procedures for
binding assays of the denervated muiples were exactly the same as
that on the normal control. T;e weight of the denérvatéd muscle is
often reduced by 2 - 8% as compared to the control. As muscles under-
go active protein synthesis after denervation (Margreth et al 1966,
1972), thus altering the protein composition of the muscle, it is
preferable to express the binding in terms of its weight r;ther than
protein concentration.

A wider range of TTX concentrations was used (up to 10-5M)
in the binding assays for the denervated muscles as it was reported

that 10—6M could only partially block the action potential of the

denervated muscle (Redfern and Thesleff 1972). Fitting the experi-
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mcntal data to Eqn. 1 was found nqt to be very satisfactory in terms of
the function S. It was found that by adding a second hyperbolic com-
ponent to the function as in Eqn. 2 would much improve the fit. This

is evidenced by the much lower sum of lkeast square .value S - the ratio

of S from Eqn. 1 to S

1 2 fron Eqn. 2 being 2.04.

The binding values against TTX concentratlons were plotted in
Fig. 8 for the low concentration region and in Fig. 9 for highgr con~-
centrations ( 2 points of higher concentrati;ns were left out: they
are S1.34 x 10_11m01es/g at 2.35 x 10—6M and 226.58 x 10-11moles/g at
1.17 x IO_SM; the corresponding estimated values were 56i65Q and
250.67 x 10—11moles/g respectively). The estimated parameters for thé
normal and denerQated EDL from both equations are summarized in Table 3.
The experimental points and the theoretical curves were also plotted on’
a log-log scale in Fig. 10.

After denervation, the parameters of the first component M
and K remain essentially unchanged, if we look only at the parameters
frbm\Eqn. 2; It is the N and L parametersnof the seco ponent

» .
that undergo the most drastic change. The& value after denervation
increases by'fourgold ?Bile the L value is shifted from 71nM to 538nM.
Fig. 11 and Fig. 12 show the three theoretical components of the denerv-=

ated EDL according to Eqn. 2.

\
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A
ELECIROPHYSIOLOGLICAL EXPERIMENTS &’{
. wig *

There are two sets of parameters that fit the experimental
data frop the binding experiments. It was .then hoped that the binding
parameters of one of the sets could be correlated well with electro-
physiological measurements so that a suitable model of the Na channels

’

in the mammalian skeletal muscle could be proposed.

Effect of Temperature on the Rate of Rise of the Normal EDL

Temperature variation from 20°C to 38°C has.no significant
effect on the resting membrane potential. ' The ampI¥tude of the action
potential , however, is decreasea with higher temperature and reaches
a plateau at aroundA30°C. (Fig. 13)

Looking at the maximal rate of rise of the action potential,
which measures the rate of Na entry during the aétion potential (Hodg-
k%n and Katz 1949&), a very drastic transition is observed at around
.32°- 33°C. (Fig. 14) From 21°C to 31°C, the Q,, is 1.07 and shows

little temperature dependence. From 34.C.to 37.C, the QlO is 1.29.

. Thus thereé appears to be two different femperature dependent components.

Effect of Temperature on Denervated EDL

. The resting membrane potential of rat EDL denegvateé 4 - 10
days were much lower than the normal restiag membrane potential of 71mV.
They nged from 52mV to 60mV. By passing a constant anpodal current

through the recording microelectrode, the membraxé/potential at the
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site of penetration w.a: hyperpolarized to around 71mV, the resting
membrane potential of the innervated muscle. ABS in innervated muscle,
the temperature effect on the rate of rige of. the ;Clion potential
was then studied.

It was found that the effect of temperature on the denervated
EDL was similar to that on the normal muscle. Temperature has little
effect on the rate of rise for temperatures below 30°C. There was
also a sharp transjtion around 32 - 3S'C, as in the normal muscle.
In fact, it looked as if the whale temperature curve for the normal
EDL was shifted downward by a factor of about 100V/sec. (Fig. 15)

-

Effect of TTX on Normgd EDL

As the temperature affec late of rise quite dramatical-

ly, it would be interesting to study how the change of temperature would
affect the action of TTX. Fig. 16 shows that TTX at 3.1 x 10-9M reduces
the rate of rise of the action potential at 35‘C, whereas up to 7.75 x

9M of TTX has little effect at 25‘C. At high concentrations, the

107
two curves of 25°C and 35°C merge and excitation “ompletely abo-
lished at 3.1 x 10-7M at any tempegatuAe. The effect of TTX on the

action potential is very similar at 30.C and 25°C. (Fié. 17) ";

Effect of Imidazole on the Rate of Rise of the Normal EDL

&
Imidazole is a simple molecule with-a ring structure and con-
tians part of a guanidinium group, thus bearing some resemblance to

the TTX and the STX molecule. Several imidazole derivatives have been

\
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éhown to be selective ngainst sodium conductance of nerve; and frog
skeletal muscles (Geldberg and Kao 1973). Therefore, the effect of
{midazole on thé action potential of rat akeletal muscle was investi-~
gated.
tmidazole had no effect on the resting mgmbrane potential
(Table 4 ),nor did it appear to have any effect on the time course of

the action potential (Fig. 18). At 10”‘6 to IO—SM, it reduced the rate

of rise of the action,potgntial of the normal FDL at 35°C to about

b 1ittle further effectl However,
PR : -
imidazole had very 11ttle effect On the rate of rise if measured at

206V/sec, and higher coneéngf

ZS’C which remained very close to the control value of about 200V/sec.
(Fig. 19 The lack of effect of imidazole at 25 C is more prominent in
Fig. 20 ir» which the action potentia} was shown not to alter at con-—
tations‘of imidazole:ranging from 10_6M to 10_3M.

" o

Fefect of TTX on Imidazole Treated Normal EDL

: The dose response curve of TTX in the preéenée'of imidazole
at 35 °c is very similar to that done at low temperature, i.e., the
sensitivity to TTX is from 10 -8 to 10—6M (TableS ) Preliminary experi-

ments with imidazole produced. similar results with the denervated EDL.»

}
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Fii 18. Intracellular recording of a typicél
action potential (lower trace) and tts first
derivative (Lpper trace) from an innervated
rat EDL (A) at 35°C. Imidazole (107*M) re-
duced both the size and the max. rate of
-tise of the action potential (B) . Addition
of 7.75 x-10-9H TTX do not change the action
potential significantly ). See text for

further discussion.
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Table 5. Effect of
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TTX on the Rate of Rise

TTX 25 ¢ 35 ¢
(Imidazole 10_‘51
7.75% 10°% 193.8 t 11.7V/sec(6) 190.8 *+ 7.0V/sec (6)
3.1°x 1078 164.7 * 5.3 (20)° 163.8 + 7.5 (17)
1.55 x 107 98.9 * 5.2 (20)~ . 107.2 % 8.3 (6)
AN
,j‘ xi 'fr p'. .- =3
g
‘ [ 34 o'. D .
L]
, T . :, - C‘i



DISCUSSION

Using the Patiefﬁsearch method, it was found that the binding
curves could be fittedueither with one saturable component or with two
saturable components. In fitting a function, it is desirable to find
an equation that contains the smallest number of parameters that is as
ths same time relevant to its physiological function. Since the para-
' meters are subject to errors in curve-fitting, all the possible inter-
pretations must be exhausted and compared with physiological observa-
tions. The curve-fitting procedure with eqns. 1 and 2 suggests three'
most likely ways to interpret‘the binding data: 1) There is8 only one
type of channels in both the normal aﬁd the denervated rat EDL.‘ %)
There is one type of channel in the normal EDL but two types af ter
denervation. 3) There are two types of channels in both the normal
and the denervated rat EDL.

1) One Type of Channel

Using eqn..l to fit {he binding data, it was found that the
binding capacity, M, was decreased from 2.09 x 10-11moles/g to 0.853 x
10_11molés/g. The dissociation constant, K, also shi{ted from 20mM
to 9.5nM. This implies th;t there are fewer channels in the denervated
muscle, which may then explain for the reduction .in the rate of rise
of the action potential,

However, this interpretation with one type of Na channel

appears to be inconsistent with the partial TTX resistance. It 1is

56
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obvious from Table 6 where the percent occupancy of the binding sites

was calculated according to the Law of Mass Action that all the éhannels
7

would have been filled at concentrations close to 10 M. Electrophy-
siblogical studies, on the other hand, had shown that close to 10-6H_
TTX vap required to block the normal muscle and greater than IO_SH in

the case of the denervated muscle (Redfern and Thesleff 1971b).

2) One Component in Normal and Two Coﬁponents af ter Denervation

The TTX resi;tance, which is not sétisfactorily explained with
a one chann;l model, could be argued as the reduction in the number of
normal channels w%}h the simultaneous formation of a new population,
e#ther through protein synthesis or by conversion of some of the normal
channéls after denervation.

A similar proposal has been put forward by Colquhoun et al
(1974) from their study of. the rat diaphragm muscle. Using the same
Patternsearch method for estimafing their parameters, they fitted
their data to Eqn; 1 with one saturable componeﬂt. These authors
concluded that there is one type of channels in the normal musc;e.
After denervation, the number of these ch#nnels is reduced by one-half.

The TTX resistance, they reasoned, is due to another population of Na

channels developed after denervation.

3) Two Types of Na Channels in both the Qthal and the Denervated EDL

Eqn. 2 suggests a two component model. The two components
have different affinity to TTX. After denervation, :Bgre is drastic

change in the component with the lower TTX affinity so that the binding
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capacity, L, increases almost fourfold and the affinity to TTX decreases
by a factof of about 7.5.

By fitting the experimental data with the two component equa-
tion, there is some improvement in tarms of the minimized Tunction S,
especially for the denervated mﬁscle. Thus the ratio of S eatim’;ed .
from Eqn. 1 to that obtained with Eqn. 2 was 1.097 in the case of the
normal muscle and 2.04 for the denervated muscle. Whether this improve-
ment is statistically significant or not remaigp to be determined. In ~
certain cases, adding more parameters to an equation do not necessarzzi
improve the estimate S significantly. For example, in a binding study
with the garfish olfactory nerves, it was found that the data fits a

single component equation. ‘%dding a segond saturable component did

not improve the fit (Colquhoun et al 1972).

Eiectrqphysiolqgical Experiments

From analyzing the binding data, three likely models were pro-

posed of the Na channel system in mammalian skeletal muscle. However,

due to the limitations of the technique, it was not possible to resdlvegf‘ ;gg
. PERN e

the different possibilities. The physical and pharmacological -properns- . ,éh

Xy
..

[ 2
ties of the channels, on the other hand, could be studied directly; P e
through electrophysiological measurements. It was hoped ’haglthe elec- e
o G Ry
trophysiological observations could be correlated with the blnding

-
-, 0
-

parameters so that an appropriate model, whACh satisfies both
binding parameters and the electrophysiological properties,
found.* In the ensuing discussion, the electrophysiological 1at Y

interpreted broadly in the context of a one component system én,

;lt r
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2 component system without direct reference to the L:nding models,

1) One Component System
-

There i8 a temperature effect on the Na channels 8o that a
transition occurs at around 312°C. This transi?ion may be the consequen-
ce of a gfoss membrane phase change which also affects the excitation
process.

The action of TTX ls also affected by temperature. On the
basis of electrophysiological experiments, Colquhoun and Ritchie (1972)
suggesteédthat the equilibrium dissociation constant for TTX decreases
with decreasing temperature. Klnet{c studies on the rate of action éfc
TTX on the myelinated nerve fibres of Xenopus usder voltage clamp
conditions showed that the wWlissociation constant has a Q10 of 1.53
(Schwartz et al 1973). Therefore, if temperature were to have any
effect on the action of TTX, it would mean increased sensitivity at
lowe: temperature. Contrary to this expectation, TTX did not have agy

discernible effect on the rate of rise at 25°C and 30°C at concentrations

- - .t .
below 10 8M. At 35.C, 7.75 x 10 9H caused a nQ‘icable drop in the rate i’

o

gékfise. This observationt could not be accounted for by the direct
Ef-ﬁ¢t of temperature on the equilibrium rate constants. In the con-

text of a one component system, this would imply that some kind of

- gtructural or conformational change must have taken place at low

temperature so that the TTX sensitivity is altered.

Imidazole has no eff.ci on the rasting membrane potential, but

it reduces the rate of rise -and the rate of fall of the action potential.

>

Therefore, it is not as selective as TTX or STX although it 1is also
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active at very 'ow coneentrations (10 "M). At concentrations greater

than IO—SM. the rate of rise of the action potential was reduced to
the level of that at low temperature. Increasing the concentration
had no further effect.

“M imidazole at 35°C, the effect of TTX

In the presence of 107
is similar to that at low temperature in that more than IO—SM is re-
quired to produce any effect. As in the case of the temperature effect,
the action of imidazole could also be viewed as an effect on membrane
fluidity. By this definition, imidazole does not interact with the
Na channel specifically but causes a gross membrane effect. K

This model with only one type of channels in both the normal
and the denervated muscles necessitates that the effect of temperature
on the rate of rise of the action potential be a‘membrane effect.

Thus both the normal and the denervated muscles would be expected\to
be affected'in the same way, i.e., lower activity of the channels at
low temperature and vice vFrsa. If.the consequence of denervation was
a reduction in the number of channels only, the rate of rise of the
denervated muscle would be expected to be reduced by the same percent-
age at all temperatﬁres. Fig. 15 shows that at low temperature, the
rate of rise of the action potent{al of the denervated muscle was
reduced by about 100V/sec, which is about 552 of that of ghe normal.

At physiological temperature, the rate of rise is also reduced by

approximately the same percentage.

2) Tw ponent System

The effect of temperature on the maximal rate of rise could

61
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also be gnterpreted in the context of a tvo component system. At low
temperature, only one type of channel 1s functional. The sharp rise

in the rate of rise at around.30'c signifies th vation of a second r

type of channel , which is very sensitive to-

0

ture,

In the preceding discusaidn, it was agreed that the action
of TTX at low temperature could not be accounted for by the effect
of temperature on the equilibrium rate constants. This discrepancy,
on the other hand, could be explained with a two component system.
The low temperature component is less sensitive tg@ TTX in that more
than 10—8M is required to produyce any reduction in the rate of rise.
At physiological coﬁditions, both types of channels are operating
so that the observed action potenéial is really a sum of the two
components. The difference of the dose response curves at 35°C and
at 25°C yields a component that is sensitive to TTX at 10—9 to 10—7M.

'The action of imidazole could also be explained in a similar

manner. As imidazole blocked only partially the action potential
(reducing it to that of the low temperature level), one reasonable
iﬁterpretation along this line would be that that the imidazole
15 selectively active on one type of channel, the more temperature
sensitive component.' This argument is based on the fact that many
simpler chemicals, as compared\to TTX and STX, that bear a ring struc-
ture and containing the guanidinium group were found to be effective
against the Na current in nerves and frog skeletal muscles (Goldberg
and Kao 1973). Several imidazole derivaéives were reported to have
this spEcific property.(Fig. 21) Thus it is very likely that the

action of imidazole 1s direct on the Na channels.
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In the presence of imidazole at 35°C, the effect o{ TTX iz
similar to that at low temperature. 1t thus appears that both the
low temperature and imidazole affect the Na channels via a comﬁon
mechanism.

1f the notion thét the temperaturetransition of the rate
of rise ds interpret?d as the "turning on' of the second component
is correct, th€ raie of rise of: the denervated muscle then would not
be expecééd‘to be reduced by the same percentage as in the previous
model. Rather it would depend on how ﬁikﬂ\denervation has affected
the properties of each qgmponent. Fig. 15 sh%gg’that the temperature
curve of the dehervaféﬂ muscle is depressed almost by a constant amount
og 100V/sec. This would be consistant with a two component model in
which only one component, the low temperature component, is~ drastically
changed after éenervatioﬁ. Unfortunately, the témperature curves them-—
selves could not differentiate between the one component model and the
two component model. This is because the rate of rise just happens to
be reduced both by a consFant factor an? by a constant percentage in

this particular case. However, the work of Ward and Thesleff (1974)



~ :
shows that th. two component model fits their data better under their
experimental conditions when the membrane potentials were held at
100mv, ¢

»

Correlation of the Binding Parameters with the Electrophysiological

» N

Observations

-

Although both the binding data and the electrophysiological
data could be broadly interpreted with any of the three proposed models
by themselves, one very important consideration in choosing the appro-
priate model will be the campatibility of the twe sets of data acquired
from two different approaches. This means that the finding with one
approach has to be able to becaccomodated by the other. Thus the
correlation between the two sets of data allows a bgck check on the
.véiidity of the model. 1In drug-receptor interaction studies, this
type of correlation is extremely important because thgre is no direct
ﬁroof that what the binding meagures is what is hoped to be the specific
sites of action. In most cases, the binding is considered specific 1f
the drug-receptor interaction demonstrates high specificity, saturabi- .
lity, and the affinity and kinetic rate constants of binding correlate
with the biological properties of the tissue under normal physiologiénl
conditions. However, this is not always easy, and at times; not thgt
well defined. For example, for years what was regarded as the binding
of 3H-noradreﬁaline to catecholamine receptor.bin intact cells and
microsomes may prove not to be the casc;dku;"rather binding to a mem-
brane catechol-binding protein which ma; be related to the enzyme

catechol-O-methyl transferase, although the "drug-receptor" interaction

L& .i

+
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satisfies many of the criteria listed above (Cuatrecasas et al 1974).

Since the parameters of a bindiﬁg model prescribe a certain pharmaco-

logical and physiological responses, the vaiidity of a model thus could

bé tested by how well the electrophysiological observations correlate
!

Qitﬂ these prescribed parameters of the binding,e:;fl.

One Co@ponent Model

A Y

The binding parameters from equat%on 1 pre;cribe a non-speci-
fic linear component and a specific binding component with a binding
capacity of 2.01 x 10—11mq}es/g in the normal muscle. After denerv#tion,
the binding capaqé%;bis reduced to 0.853 x 10—11moles/g. If the pro-
perties of the j; channels were to remain unchanged after denervation,
one would expect the maximal rate of rise of the denervated muscle to
be reduced by approximately 50%X. Th;s was found to be the case in the
present study.

Although this model is simple and thus most worthy of consi-
deration, the fact that it cannot provide proper explanation for other
physiological observatipns renders it a very weak work;ng model. The
' problems with this model can be summarized as follows:

1) The TTX sensitivify range calculated from the dissociation
constants do not match the dose response curves from electrophysiologic—
al studies, i.e., using the Law of Mass Action, all the sites would
have been oégupied at 10_7M, bﬁt actually, 10—6M is required to block
the action potential of the normal muscle and greater than IO-SM is

required for the denervated muscle.

o«
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2) The reduced sensitivity to TTX at low temperature from
the electrophysiological studies was contradictory to the expect;h
outcome {fom the effect of temperature on the rate constants alone,
i.e., rather than a decreased sensitivity to TTX at low temperature,
it would be expected to be more sensitive to TTX.

3) Although the reduction in the number of channels may

explain for the reduction in the maximal rate of rise after denervation,

‘the partial TTX resistance remains to be accounted for. According to

the binding model using one component, the action potential would have
been eliminated with 10_7M TTX before and after denervation.

4) Assuming that the temperature transition 1s“a membfane
phase change, the perceétage reduction of the paximal rate of rise
of the dene(vated muscle would be expected to be the same at all tem~-
peratures. Although this appears to be true in the’present study
when the measurements were taken at the re;;iné membrane potential of
71mV, it 18 remarkably different 1if the effect of temperature were

studied at a membrane potential of 100mV (Ward and Thesleff 1974).

The percentage reduction is much lower at higher temperatures.

One Component in Normal Muscle and Two Components in Denervated Muscle

To accomodate for the TTX resistance, a two component model
for the dgnervated muséle offers the necessary flexibility. Whereas
the least dhuare function, S, is much smaller from the two component
equation for the denervated muscle, it is not too much different with j.“
the normal muscle. Thus by uainé tﬁe parameters of Eqn. 1 for the

normal muscle and those of Eqn. 2 for_the denervated muscle (see the

.
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following section for the discussion of the two component systcm), the
TTX resistance phenomenon could then be accomodated. However, as in
the previous madel, the parameters of the one component model defining
the normal muscl o'cutfer from l)iihe“TTx sensitivity rangchio
broader tﬁan expﬁ from calculation from the equflibrium dissociation

constapt, and 2) the need to explain the reduced sensitivity to TTX at

low temperature for the normal muscle.

)

.

Two Component Model

The biﬁding parameters from this model derived from Eqn. 2
are more compatible with the electrophysiological observations. Afcord-
‘to the binding model, there are two types of binding sites. The TTX
sensitivity range calculated frcu the equilibrium dissociation con-
stants of 3.85nM and 71nM are 10“9 to 10_7H and 10"8 to 10-6M respect-
ively for the normal muscle, and for the denervated muscle; the equi-

l1ibrium dissociation constants of 2.59nM and 538nM corresponds to

1.0—9 to 10-7M aﬁd 10—7 to 10-5H respeétively.

In this model, the observed transition in the maximal rate of

rise of the action potential at 30°C is taken as thd "turning on" of a
o

second component. The TTX sensitivity at temperatures below 30°C was

[~} - B
10 8 to 10 6M for the normal muscle. At normal physioclogical tempera-

tuét, when both.types of channels are operative, the sensitivity range

was 10—9 to IO-GH. This would correspond to the sum of a fb-’ to 10—7M

-8

éomponent and a 10" ke 10 6H component. By this 1nterptetatioh the

.discrepancy between the expectod'&luenco of tefiperature on the equi-

librium dilsociat!on constant. aud the decrea-ed sennitivity to TTX ‘at
N » -
° . PR T . . ]



low temperature could then be resolved.

In d@port of this 1nterpt.tion is the efféct of imidazole
on th? maximal rate of rise. Imidazole reduces the rate of rise to
the same level as that at low temperatures. The TTX dose response curve
at 3570 in the presence of imidazole is also 10'-'8 to 10—6H, as that
of low temperature. Aa 1u1dazol¢rreaemb1es that part of the TTX and
STX molecgggp which is fhought to ge essential for thei;*ka current
blocking abiiity and that severékwimidazole derivatives had been shown
to be specific against the sodiﬁ; conductance, that the action of
imidazole is direct on the channels themselves rather than on fhe
memprane fluidity 1s more likely. The reason that imidazole, unlike
TTX and STX, is selective 6§1y against one type of channels could be
interpreted as the following. Since TTX and STX are molecules special-
ly engineered by nature to block Na channels?ix would not be unrea-
sonable to propose that other parts of the molecuies, other than the
guanidinium group and the ring structure, could impart Na blocking
ability, especially ;n c?annela that are different from the conventional
ones, a8 in the case of mammalian skeletal muscle.

Nevertheless, in order to account for the reduction in the
rate of rise of the action potential gfter denervation, this interpre-
tation requires the assumption that the affinity of the channels to
TTX reflects the general capability of the channels as the coordination
sites for the current carrying ion. This assumption is justified by
the work of Henderson et al (1974) on nerve membranes where they showed
that various cations, including Na, compete with TTX for its binding
sites. These authors suggested that these binding sites are the prin-

cipal coordination sites for cations as they pass through the membrane
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du;ing an ac;ion poténtlal.
. With this assumption, the reduced rate of rise after dener-
.vation could tgen be interpreted as the cbnaequence of reﬁuced affinity
to Na ions of the low affinity component, i.e., the dissociation con-
étant. L, of the second component was shifted from 71hH in the normai
muscle to 538nM in the denervated muscle. Therefore, deapite an ap-
parent increase in the number of these channels (the binding capacity,

11moles/g)'. the over-

N, increased from 2.9 x lo_llmoles/g to 11.2 x 10
all contribution from this component would still be reduced by a factor
of two. The high affinity channel, on the qther hand, remained essen-

tially the same after denervation.
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A Comparative Review of the Na Channels of other Excitable Membranes

‘ ". With the help of the voltage clamp technique, perhaps the
best studies on the Na channels in excit;ble membranes Qere done on
non-mammalian systems, especially on nexve p;eparations. Kingtics
studies had shown that fo iﬁ;eraCt with the channels on a one-to-one
basis (Cuervo and Adeiman 1970). The activatfon energles for the rate
of association and th; rate of dissociation were found t; be 9.8kcal/
mole and 20.5kcal/mole respectively for the myelinated nerve fibers of
Xenopus (Schwartz et al 1973). Based on voltage clamp analysis, the
number of Na channels in the squid giant axon was estimated to_be
480/um2 (Keynes and Rojas 1974), which is in close agreement with the
value of 553/um2 obtained from TTX binding studies (Levinson and Meves
1975). The conductance of a single Na channel has been estimated to
be 2.5 x 10-12mho in the squid giant axon (Keynes and Rojas 1974). For
all the nerve preparations studied, only 10-7M TTX would be required to
block the action potential, the only exceptions being those from the

Californian newt, Taricha, which also produces TTX in 1its eggs, and that
of the pufferfish (Kao and Fuhrman 1967, Kidokoro et al 1974).

The effect of temperature on the propagation of the action
potential appears to be highly influenced by the environmental factor.
Thus propagation of impulse fails in 1solated mammalian or tropical
frog's nerves when cooled to a temperature at which the response of the
- squid giant axon reaches its maximum amplitude (Gasser 1931). The rate
of rise of éhe action potéﬁ%ial of the squid giant axon has a Q10 of
about 1.3 and the Na permeability measured under voltage clamp conditions

also has the same temperature coefficient (Table 7).
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The situation is more complex in the skeletal muscle because
of the tubular sy;tem.'which is very likely to be capable of.generat—
ing action potentials (Constantin 1970, Adrian and Peachey 1973). The
only muscle system that has been.studied more extensively in this area
is that of the frog skeletal muscle. The conductance of a single chan-
nel in the frog skeletal muscle has been estimated to be 10_12mho
(Adrian et al 1970, Idelfonse and Roy 1972 , Almers and Levinson 1975).
As in most other nerve preparations, the action potential of frog
skeletal muscle could be blocked gy less than 10—7M TTX (Idelfonse and
Roy 1972, Almers and Levinson 1975).

The mammalian skeletal muscle differs from the frog skeletal
mhscle and the nerves in three major respects: 1) 10-6M TTX is required
to block the action potential although it is also sensitive, as in the
other excitable systems, at concentration as low as 10‘9M. 2) After
denervation, the mammalian skeletal muscle becomes resistant to TTX

so that more than 10—5

M TTX is required to drastically reduce the
rate of rise of the action potential. 3) Temperature causes a tran-

o
sition on the Na permeability at around # C. At low temperatures, the

rate of rise of the rat EDL was not very sensitive to temperature change

(Qlo- 1.07). At physiological temperature, the rate of rise has a Q10
of 1.29.

Obviousiy, the structure of the excitation system of the mam-
malian skeletal muscle must be different from that of the nerves and
the frog skeletal muscle. Based on their stuéy of the rat diaphram
muscle, Colquhoun eé al (1574) proposed that there is one type of

channel in the innervated muscle. After denervation, these channels

)
were reduced to half of their original number, and that the TTX resis-
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tance could be due to another population of channels that are not-sén- " .

sitive to TTX. They also estimated the conductance of a single channels
to be 10—10mho. However, 1t 1is known that the denervated muscle is not

completely resistant to TTX. With IO_SM TTX and at a 'membrane potential

+
of 100mV, the rate of rise of the denervated muscle is only 10X of that

of control (Harris and Thesleff 1971). Thelr estimate of the conduct-—-
ance of a single channel also appears to be too high for an ion select-

ive channel. Even a rather non-selective ionophore like Gramacidin A has

11

a lower value of about 100 "mho (Hladky and Haydon 1972). Another pro-
blem with their study might arise from the fact that they only investi-
gated the effect of TTX at relatively low concentrations. The highest
concentration they tested was 5 x 10—7M even though it was known that
10—6M would be required to block the action potential of the normal
muscle.

The present study looked into some ﬁossible models from the
binding studies and electrophysiological experiments. Unfortunately,
there is no conclusive’evidence that any of the models investigated
i8 correct. However, 1t does appear that a two component model may
be more convenient in interpretating many of the physiological obser-
vations of the rat EDL.

There are supporting evidences from Sther excitable systems
that there may be two types of channels. Some very interesting studies
in this ar%f were done on'chick embryonic heart cells. Ventricular
cells of young (2 to 3 days old) chick hearts were found to have small
amplitude action potentials and also low maximal rate of rise. This

action potential is insensitive to TTX (2.7 x 10-6M) but Na dependent.

Anodal shock excitation does not increase the rate of rise. These

T
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- observations led Sperelakis and Shigenobu to postulate H.presence of

-

a slow Na channel system in tuese cells (Shigenobu and“Sperelakis 1971,
;o

1972). Fast Na channels, whiéﬁ’Oare sensitive ,o TTX, first appear on
about day 5, and incxease in number during development whereas thit of
the slow channels decrgffsed. The slow channels have low inactivation
potentials (20mV) and are Aot blocked by Mn ;or abolished by low Ca.
After day 8, the major inward current is carried by the fast channels
as evidenced by the fast rate of rise (120V/sec as compared to 20V/sec:
beforés. This channel is blocked by TTX. It can also admit Li w?ile
the slow channels cannot (Sperelakis 1972). ’

Hearts removed from 2 - 7 day embryos and put into organ
culture retain thfialow channels and do not gain any;fast channels -
(Sperelakis and Shigepobu 1974). This observation suggests that the

L

youpg cell may qof be programmed genetically, i.e., further develop-
ment of itsg mem?rane properties must rely on some external 1nfiuencé;
Thé appehrapce of the fast Na channels was found to coincide with the
development éf,innervation. Rat embryoniéﬁhearts were found not to
be seébifiVe to TTX until day 12, about the time of innervation (Gar-
gouii and %erna;d’197i). Further evidence that this might be the case
came from st;dies of mature‘hearts where the membrane properties were
fully dev?ﬁdped. Mature intact hearts in organ culture do not lose the
fast cha&nels, however, when these hearts were minced and placed into
monélayér cell culture, they regain the slow channels and lose the TTX
sensit#vity (McLean and Sperelakis 1974).

From the chick heart studies, it seems that there are two

types of Na channels, which are functionally and pharmacologically

different, and that the development and expression of these channels

=
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are. dggfndeyt upou Lnnervation A very similar mode of development

of miéﬁngnc excftability occurs in the rat skeletal muscle.

- ..y The L6 line_of myoblasts from rat (Yaffe 1968) have been in
. '_ llit_ .
Sontinqu;-%ul'hreufor several years. The development of excitability
T . -
from thje.clonal rat skeletal mulcle cell line has been reported by

4

several groups, ang they all have similar findings. At the myoblast

)

»stage,'%Ategeneratike mechanism is present and is Na dependent. Action
poféhtials overshoot zero potential only in the myotubes. However, in

both cases, action potential could only be generated by anodal break
- ¢ ’

excitation. Some of the action potentials in the myotubes are fast
. A .

spikes and some are composed of two components. an initial fast spike
N 3

followed EX a hump or in some cases, a very distinct second peak. The

fast spike- is Na dependent and its overshoot decreases with decreasing

L

external Na toncentration. The second compenent could be evoked in

Na®*free solution if the external Ca concentration is increased to 10mM.

faC13"cou1d eliminate thig second component leaving the initial com-

ponent intact (Kidokoro 1975b) With depolarizing current, only the

slow action potentﬂhl ‘was evoked as the fast component was completely
4

b
inactivated (Kidokoro 1975b).

P R .
. in Qross—sqriated fibers, slow regenerative action potengials,

sinilar to thosé’found ip the myotube were seen using BaCl2 as a

e

Supbressor of the de}ayed ‘rectification which curtai\s the hump in
«.normal saIine(Kidokoto’1973). It is noteworthy that while the fast

cgpﬁo;%pt is TTX.sensitive, the slow component is ﬁpégnsitive or only

reduced in amplitudé at IO_SM TTX (Kidokoro'l973,{Land et al 1973).
. . Foetal rat diaphragm muscles are also capable of generating

action potentia{. in the presence of 10 Gu TTX and the nunber of fibers
~

'o"'; «
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squid gilant axon could produce inward currents wvhieh are blocked by

" TTX. This current is carried by Ca in the absence of Na, ilthoukih t:th"_ Y

76

!4:5pab1e of doing this decrease with age. Thus about 10 days post pat-;

tum, all muscles could be blocked by TTX (Harris and Marshall 1973).

It gia also more than coinc’iderita}. that the time at which all the muscle
fibers are susceptible to TTX action corresponds to the time at which
the normal adult pattern of endplate innervation is ‘established (Reid—
fern 1970). An even more interesting finding on foetal rat skgletal
muscle was that while there exist ‘some areabs of the membrane wfnich are
highly sensitive to TTX (10 M), there are areas which are very resis-.
tant and require 10 SM to abolish the action potentills (Vy;}.,o'cil ﬁ?b’t

. . o
As for the case of the denervated skeletal muscle, wheré® ..

was found th.at lO-SM TTX could not block the action potential complete-

P

ly,)one would wonder 1f a true second component which is more resistant

to TT® really exists. In other words, the loss of nétiral control ';:ould

very well produce ¥eversion of some membrane properties of the muscle

to its mere émbryonic state. This is exemplified by the chick heart

studies. The cloae similarity of action potential sensitivity gp TTX

between theg denewd:jmudcle Q‘& foetal muncl*ﬁn that both are¥

partially resistant to TTX shou}d be well taken into tonsideration.

That some ‘fundamentalA chnnge/_ih th:'membrane properties ‘)ftet dener-

vation is also stiggested by_thé fact that actinonycin D could prevent

all of the denervation changes such as ACh lupetlenliiivity and TTX |

resistance (Grampp et al 1972). _ - a ‘ .’/7 .
- Even in the squid giant axon, two type of TTX sensit '

channels have been reported (Meves®and Vogel 1973) "Int.mljper- /

fused with CsF¥ and placed in a !h-frec -olution of 100w CaCl the

2.

: e
3 ) '
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current would be much larger in the preSQQCQ of Na, the permeability
ratio of Ca to Na being 1/10. The time course of this inward current,
which 18 less sensitive to inactivatien than the usual fast component,
is different from that of the normal current, |
However, it must be euphasized that the appearance'of this
second TTX sensgﬁlve current is a very marginal event occurring only
under very specigl experiment@l conditions. The main poigt of tﬂil
.example is that multiple forms of a functional unit may be an universal
phenomenon governed by some genetical or, developmental factors. There-
fore, the existence of two populations of Na channels in the mammalian

-

skeletal muscle is certainly possible. It 1is very likely that after

denervation, new chagnels are formed, which may be genetically identical D

to those of the second component of the normal mugcle, but which are
chalged structurally and.physiologically due to the drastié alteration
of the membrane structure as a result of large pfotein and 1lipid ég‘ -
overs (Graff et al 1965a, b, c).

There are indications that the Na channels of mammlian skele-
ta?! muscle do undergo qualitative changes after denérvat;oh. Batra-

chotoxin (BTX) is a very specific agent fhat causes depolarization of

excitable membranes by opening up the Na channels (Albuquerx et al

'S

1971). As little as 1.5 x 10" /M BTX is required to depolarize fthe
innervated or denervated rat EDL-completely. In normal rat £DL, when
3 x 100

M TTIX 1is ﬁ;ed in combination with BTX, no membrane depolariza-
t"i(on is observed. However, in denervated muscles, TTX's ability to /
antagonize thq effects of BTX is éorrelnted with the time“»fter dener-
vatiﬁn m that TTX could partially restore the resting nmbr"ﬂxe poten-

~ tial in the figst few days, and by day 10, TTX would be totally ineffect-
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ive in preventing depolarization caused by BTX. As BTX presumably acts
on a different site of the Na channel (Albuquerqge éi'aL 1975), this
observation may indicate tRat while the BTX sites may not be affected

®
by denervation, the TTX sites are certainly altered.

Conclusion

.

From the above discussion, it is true to.aaf that no definite
conclusion‘about an appropriate model could be drawn at this stige of
study. Nevertheless, the -two component model seems the most attractive
in the 1nterpreQation of the physiological data. It is much easier to

inéerpret the TTX resistance 1in dcnequted muscle in terms ofnf two

component system. The c

thi/etiEb{gsﬁzfiologica

the poasible gizafiﬁte~e£ two component system in mammalian skeletal
- s
muscle will have to be tak#n into consideration in future experiment-

-

tion between the binding parameters and

is also better in this case. Therefore,

da

. e
ation. l “‘

-

There are two possible approaches to test whether there exists

a two component system in the nlm?alian skeletal muscle. If the two

types of channels were not exactly the same, then one would expect

diéferont physical characteristics between the two. If the difference *
were large .nohgh. 1t'wou1d not be hard to separate the two. The other .
way to distinguish the two components yould be Ppharmacological; one

would require an agent which could selectively act on '‘one specific
component and have little or no effect on the‘osher.

, -
Physically, not too much information about the Na channel is

.

known. Hov‘%@rf it is known that the Na channel of nerves has an any
. * '
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ionic group of 'pl(. 5.2 (Hille 1971, Woodhull 1973). Since the binding
) " |
characteristics of one of the components in muscle appears to be very

similar to that in nervesy it would not be inconcéivable that this
. ) _

component also possesses a strong negative group. As hydrogen ion

Vcould block this type of channel (Woodhull 1973), .a titration lof the

muscle would probably yield valuable information if the second compon-

. ent does not have a similar group.

It has long been worked out that ionic currents are functioms

of temperature and voltage. It would imply that the parameters defin-

v

ing these currentsi would be different for diff‘\t types of channels.

Frog‘w*:brk‘ done on ohick embryo heart, ﬁxyotubes of skeletal muscle

and ternal. ﬁ&fuaed alquid/ giant axon, in all cases where a second
- " '.,' . ‘l'-u' , . K
component was found, this ‘secagid component had a lower inactivation ﬂ .
. i - : 2
voltage than the fast. channe®.” efore, the effecs o_f temperature,

-

. . : . S
which had been investigated €p some extent i}: t£ present study, and

~

the degree of. inactivation at various membrane pofeﬁtiall %elp to
: -~
resolve the two components in the rat skeletal muscle. ¢

e Pharmacologically, the ideal case would be to have some drugs
that are '.eluiti‘.v-e for one type of channel only.- ’The remaining chan_ncl
should then exhibit TTX sensitivity as one of the components in the

«
Rkinding studies. In this study, the effect of ¢midazole had been inves-
tigated because of ,its structural similarity to :r'rx. The results indi-

-

cated that the effect of imidazole may be dirﬁctly on the channels.

However, further experimentation need to be done to establish the spec—

ficity of its action. . .

Carbofiimides, ;hich had been used to alkylate the ACh recep~

‘ > )
tors by reacting with 1tl&carboxy1 group (Stuesses and Katz 1973), as

- [
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well as those at’ the Ni channels (Shrager and Profera 1973§, may also

be useful. However, the-condiitiona for the e_xpcﬁ‘ment are very d_l:"an--i

tic. . | ~
Above were listed some of the possibilities that might -help

.
to test and differentiate the two channels. It has to be emphasized

that very little basic study on}the electrophysiology of the mammalian

skeletal muscles has been donc.’ The frog skeletal muscle, which is

[ 4
well studied in many of its membrane propertie-, does ‘z:t cr

1

lop TTX
resistance after denervation (Colquhoun et al 197 ’ ",

Recently, .‘le skeletal muscles of mice VRN - "_-platc
. . K

disease and v‘trai hQgn cell dige -(Wobbler) hav AR oy)n to

resemble the denervated skelet in many ways. They have 10‘9

membrane potentlals, slow act als, and the action potentials

4

are resistant to TTX (Harris an " ‘1’974)."There£o.re. the study of
_‘.dgewited muscle may also contribute to the understanding of the

nature of some neurdmuscilar diseases.
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