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/ ' ABSTIRACT - '

Volcage-clamp experiments were carrled out on single

myellnated nerve in order to 1nve<tlgate the stablllzlng

action of various 'drug ’ Experlnental results vere

(

aualyzed in terms of the Hodgkin and Huxley model of nerVe*

exc1tah111ty.

Drugs that are usually cla551f1ed as deneral cellular

deprescants - such as 'phenobarbital, pentobartital,

e

. chlorpronazine,'diphenhydranine and procaine, were found-

o 'plock,,excitabilityb'ty reducing the maximum sodium

r

conductance with »cr’,vithout“ effects on - the pota551ul'

conductahce or the sodlun or pota551um klnetlc paraneters.

block exc1tab111ty as-a reeult of both reductlon in the

maxlnun o SOdlUl conductance and altering the voltage

dependence‘of the sodiun systenm kinetiqs,

Further experllents uere conducted Hlth sose of the

~above drugs to exanlne the p0551b111ty that altering the

'Chloral hydrate and trlchlorbefhanol on the other hand

- external calc1ul concentratlon voulad uodlfy their'

' 1n reducing the scdlul and potassrul conductances when the - .-

qepreSSant"effects cn -the lenbrane conductances. There

uas some’ 1ndicat1cn that chlorpronazlne vas uore effectave.

extracellular ca1c1un concentratlon was reduced whereas

By

the qctlons cf phencbarbitalg" peutobarbltal and"



’ .‘ tos (f\, ‘." :\’\" ) L
‘trichleroethanol were modified only slightly Or not at
-all.

Drugs 5u=eful in ;he treatment cf grand mal epliepsy
such as phenobarbltal an&’d1pbenylhydant01n were found to

. b
stablllze the nodal membrane against hyperexc1tab111ty by

an actlon on- the kipetic parameterc of the sodlum systen.

The/;ptlon of one 'latilizer? (sfrychnine) ‘wag 'also 
.v."“’ ;)n,\ L

Studied;lh StIychnine wase ‘found to Prolong the actlon"k”
Potentlal and producé potacslum 1ﬁact1vatlon.
A 3 o o
O g
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THE IONIC BASIS .QF EXCITAEILITY IN FBOG g INATED NERVE

===
2

: IBRES

»

.lf.” In 1952 Hodgkln, Huxley and Katz publ1shed a /setieﬁj

¢

\Pf flve papers descr;bing the ionic. ba51s of exc1tabi11ty;
.flnAglant ;;on fron Lollg_ (Hodgkln and. Huxley, 1952 a, b, } fa<-f'
: _C; d Hodgkln, Huxley, andg Katz,.1952)- These papers gaveo;. 
Ea \quantltatlve descrlptlon of nuch of what had been‘foun o
'fron cla551ca1 studles on exc1tab111ty 1n both netveéxédz'
-aosc%e. o‘ More - 1nportantly hou ver,x they laiﬁ- the ;
foundatlon for the “éodlnl hypotheszs" and thereby openedif.

J\era 1n nenbrane blOthSlCS by denonstratlng thatllt“ 

he ﬁlov cf Sodlﬂl ‘icns vhlch produced .”actJQn.'%'
potentlal and :nOt 51up1y a . nonspec1f1c 1ncréase"in,

nenbrane perneablllty to all ionc _as ias orlglnally'

~

"proposed by Bersteln f;ﬁ. 1905 (Cole, 1968)¢ It uas the

%e:clalp technlque by Cole. (1909)
’*1‘

Egr Hodgkln. Hu:ley and Katz (1969)f j ;§§; 

o . X
. and -1;5 1nprovele%§%

that' allowed Hodgkln .aﬁﬁ Huxley to . d1ssoc1atef‘1thg.i

Ly

. conponents 6f the exc1tab111ty process 1n nerve 'andi

v

.exanlne theu 1n detall It 15\/pprbpr1ate then “that the

N

vvdlscu551om' begln ‘ Hlth . brief descrlptlon of the
-pr1nc1ples of the voltage cla-p technlque and the Anesdits.’

‘o'_obtained. “'.:f‘3 ?' ; S o 1' , 5\[ “ T
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'Yoltage Cla!p°P£inciples,

S , ) o R
’EsSentially the_’voltage Cclamp technique allows the

fpotentlal across a patch cf lembrane to. be -neasure% and'
under control at all t1l€S¢ Cole (1949) acconpllshed ‘this

control in’ the Sgu1d axon by 1nsert1ng an axial wire 1ntol

v .
“the" axoplas-.-. The potential dlfference betveen the
'

intennal\ ¢lectrode and  an externalitelectrode across”a

}siall;’batchfgef iethiane c6u1d~'thed be“-measured and’
' co-pa:edf to - a connand voltage at; the lnpnt of at feedback-
'a-plifier, "Any dlffetence betueen the connand voltage and

) the le-brane voltage fotces the feedback ampllfler to‘ add

2

) or snbttact current fron the_ menbrane ¢o uaimta;n the -

: potentlal dlfference across the 'meﬁ%rane .egual tb .the .
conland. voltage./ The cnrrent which flovs in the feedbacklf

anpl;fler 1s then a neasnre of the current, vhlch flows‘

through thé neubrane at that partlcular voltage. 1f a

voatage step. 1; applled at the connand 1@but, the uenbrane

Hlll be forced; toc'follov th e, voltage Step,A and the"

_ currentsr Uthh_ flow uh11e the nenbrane 1s reachlng a new

».._}.'.

- egulllhrxup‘can be@yeasured., In pr1nc1ple ‘the” voltage
clanp techn;gue ‘is Sllllat to te-perature junp technlgues

' uhere ‘the temperature of i'ehzyhe systen “or cheaical

reaction B .1xtnre h§y‘ mbe_ suddenly changea addv_the
telaxatlon klnetlcs of the process Studled Ny
_ o A _ .

>

}"\



& -~ The Voltage clamp method is an important”fadv%nce";n_ ff
technique fcr . tvo reasons. Firﬁé;.it'hllqwé~méasuieﬁent
~ o R - . = = . 3
o o . . ) ¢ FEEE DR
of the current“tlcvlng'ac;é;§ the nmembrane.,’ . Since’ tée

- , o ¥

nerve fibre may kte treated as a leaky cable, the Kelvin'

oable'equation‘{Géwcutrent'floﬁ which vafies'uithotimeanda
w“ . botential wmay be given by ‘ . ‘ » 'Scln '.' .
.y . R . L - 2N |
; iﬁ?; c aV/at’4'V/ro = [.1/(r +r.) ] xészaxz;
i i m - m g e i . ] : i
%} X ; S . | ) = . R *TJV/

where 1m 1s th%fradlal @eplrane current in am;eres/cm, Ch ‘ -

- . is the ne-brane capac:ty in faradS/cm, re and ri'are the

external and ‘1nterna1 longitudinal re51stances s

.respectively ip ohn/cn, X 15 the distance along the cable | '
Y D ce, V is the potenfial difference across the  memtrane
$e X yé : ’

Ain é?l&f;ﬂt is the tinme ln seconds,»®.anhd T, is the memhraneé{
qgge .1n§-ohx cﬁ; . Since the action péténtxag is a :  ’
diM7V‘bance that varies 15 potentla and time as it Fasses °
down a. nerve fztte, it can ke seen t at a solutlon to the
current. flcu would be extrelely dxfflcult. thgda ferve
is voltage clanped hovever, thete is no voltége gfadient‘
along the flbre over Fhort dlstanCe so. the equatlon

t

reducee ‘to the sinple dlfferentlal eguatlon.

~ . _ ‘ g | ' o ' '_10
- o : in=Cy QV/dt?f V/rm_ 8

. + s

Burtkéz,asince after a step of pqtential dv/dt = 0 e

- PO B R Lo



the equation reduces-to, |

o Ap = v =g o E 3)
.. ‘ \

;7"59Ie ii is the;icn%c Current floying-threugh the mentrane

.in amperes/cm. | | L o .(/f'

\

The second reason of importance is that memtrane'

cendnCtances ‘have been fcund to be a function of time and.e

of the potentlal across the @membrane but not current.

~That - 1s, vhen- the uelbrane is under potent1al control and

:‘the potent1a1 1° changed ‘the ‘currents 1pxodnced show a

1"graded response."'Houever, 1f the ', nenbrane is under

"current contrcl. (current clalp)\gnd the current ‘is changed

_1n_$uch a ‘way that the mesktrane is depolarlzed, then a

'.Stéinf is 'feached uhere the membrane: producec an ungraded-‘

actlon potent1a1 vhich” is not turned off by reduc;ng the

o

‘

=)

stable under potentlal control.

A o Ce .
In pr1nc1p1e the voltage clalp lethods for thﬁ sgui:

'iaxon and the node< of Ranvier are s1l11ar' 1n‘practice it -

is" nore d1ff1cu1t to Clalp the nod because the,’dianetefr

._;of the nerve flbre is sc small b&me nust find other ways
.than.ann axial electrode ,to vachleve potentxal control
*actOSS ‘the lenhtane (ucore and Cole,_ 1963:dDodgeiend
Ftankenhaeueer..19,8‘ Eonner, 1969).\ .

» KA ¥

)

current ’ to zero. '_In cther uerds the mewmtrane is only

o
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g The Nature of the  Ccnductance Changes Underlying///
: _ . . )

Excitation-

%

It is very convenien: to divide excitation intc two

parts; 1) t@{ icns'énd"tbeir driving forces uhlchN‘%re
responsibie' for tHg- curtents and 2) the klnetlcs.pfﬁthe
ioh'nbvélent.(ndble, 1972). Ihe reason for {he division
is that thgﬁ‘tuo procesees may. react very dlfferently to

‘various drags and icmns Uhlch ray be added to the inside or

*he out51de of the axon. ‘for exanple, tetrodotoxln canAt

&bollsh the ncvelent ct SCdlUI 1onQ through the nemtranef

~and yet 1eaveQ the klnetlcs of , the ‘"SOdlpl 'channel"_

nhaffeéted (Hllle, 19Q5a, 1968a; Kéo,_1966; Nérabashi,

1971), vhereas n1ckel nay have larglnal effects on' the

H

sodiunm conductance lechanlcn and et "rolong the klnetlcs

- of both sod;ul actlvatlon aud 1nact1~ut&on (Dodge, 1561).
\ ¢ . .

The coﬂc Et that scdinl_ and Fotassium ions flow

thrdugh'.se?araté “channelsn Hlll te u=ed thrcughout thls

‘yiﬁesis;‘ Bille (1967a, 1970y, bas dlecussed the evidence

for "both tbe Ccncegt of a "channel" and the seperatlon of-

vthe sodln- and Fotassium "channele" The Q_ »values of

: (@)
1.3 ~for botb the sodium and potasSJun conductances is

éhlllat to that for. electrolytes lin agqueous vso;ut;qn‘

@w suggestlng tbat the ions move \through the memktrane by

dlffusxon in an agneous mediun. 'Furthet. ~the’ number of

.'_K ’ ] , i‘ e ) ‘ : 1\?



1ons moved and their directicn is a fn&ctlon of the
dr1v1ng force -cn the ion and does not show any evldence of
saturatlon wvhich 1s~uyat uonld be expected Ulth a carrler‘

nedlated procejé’ I
| | : \

Hodgkin‘and Huxley‘fcnhd +n theisguid aan that, " in
general, the membrane beh ves like an og-ie conductbrk
‘That is, SN ' | |

ip=g., AE )

vhere gm is tn\\ccpductance of the le-htane in mho/cn ahd
AE is the drlv}Qg force cn the ions expressed in volts.e
(gm may be thcnght'of‘as the ease with vhlch the 1one may
pass through the -elbrane and is therefore related to the
perneahlllty cf the lelhrane tc that pattlcular 1on (Bope.
_'1971). ' Slnce the ioms ‘that pas= thtough the ne-brane are
j charged, 1t seeas ohv;ous that the -enbrane potent1a1 u111
1nflnence the dlrectlod and lagnltnde of the ion flow. 1In
uddltlon,'SIDCQ there 1s a potentlal for each ion at vhicﬁ
Do met current will flcu, ~ cme wculd exéect rbhai'ﬁthe

drlvlng force on the 1on ucnld be egnal to thebdifference

—

)

 be 1een . the .meabrane pctentlal Snd che' 'equlllbrlu-'
'potentlal fot_ that-lon. 1he equ111ht1n- potent1a1 Et is:

given Ly the nernst equatlon

s



‘\9.
P o o ; B
vbich for a mcnovalent cation would be as follovs,

o

.;.(Ri)r) ln,[X]e/[x]i o (5

9 : . )
uhere R 1s the gas ccnstant in Joules, T is the absolute

tenperature -in degrees Kelv1n, P 1s&the Paﬁaday constant
Lim coulo-bS/egulvalent, and [X]e and 5}]1 are the external
and .1nterna1 ccncentratlons of the 1ons con;adered
respectlvely (strlctly speaklng these lacter values should

be expressed as actlvltles).

-
[N

In frcg noaes and in;squid axons, the najor currents
are the SOdlUl, Fctassius, and lea*age currents. For the

sguld axous the equations fcr the currents are glven by

o,

| 'Na IngFTENG 7 e
’ . IR )
L-gL(B E) . . (8)

- where E is the lenbrane potent;al given by the dlfference

¢

"betueen the inside and the cut51de potentlal._and ENa' EK’
| and EL are the egu”lihrinl potenQSals ' for .sodium,

B pota551ul, and the . eakage 'ions. These.eguations are

‘ justlfled because the 1nf1n1te (1nstantaneous) frequency

conductances were fonnd to be 11near. That 1s_uhen'the
o . P o3

(A
.

%



membrane was stepped to a new Fotential, the conductance

for each ion corresponding to that potential was reached

- . ; . : . N
immediately, and the current for each ion was ohmically .

related to the conductance and driving fcrce for ~hat
particular ionic species. | |
. ’

| It nodes from frog and toad the 1nstantaneouc
'refaticnships- Eetueen sediue and pota551um currents and

voltages were not linear.. The leakage current houever,

. Was found to he llnear._ That is, the nodal nemhranes shou

vrectlflcatlcn. For the same @mewsbrane conductance the"
. current is larger uhen the ions move fron a  higher to a
rlover concentratlon ‘than '1n the reverse direction. The'

‘Yconstant field: eguat1on" jGoldlan, 19“3) 'gave k a
“reascnable' fit to the data and was therefore used to
’descrlbe the =od1u| .and pctassiunm perneabllltles. If ;ve>

let x <tand fecr sodium or potassxun, then the currents are

[y

-,'glven by o ‘.. o . o
| - : (oo
Ix = Px [X]e (P2E/RT) [ (exp[ (E - Ex) B/RT) -1y *
(exp[ EI/RI ] —1) ] )
where Px is the perleability’coefficientkgiven.by
PX = UX R - (1)

vnere' Ux - is the ‘iobility of thé',ion'x-and'd‘ is the
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nembrane thlckness (Dcdge and Frankenhaeuser, 1959 ' Dodge,
1963).v Because the leakage conductance vas conctant. the

1eakage current IL was given by equation (8) .

9

The Kinetics cf the Current Changes

In the .discuesions of the‘mathematieal vodel of the
current'changes ‘which fcllca, it shculd be\understood that
this model is uholly emplrlcal. Hlthout anﬂ\knouledge ‘of

the structure of the nembrane -cr how the ions actually
)

pass through- the nenbrane, Hodgkln and Huxley decided on a

model which they hoped nlght have a phy51ca1 explanation,

X

' %mt had Do guarantee that it did; nor do we &fday. Other
eguatlegs could have been fitted touthe data qnd the ones:
. :

that were fltded have nct gone unchallenged (Hoyt, 1963'

>

Hoyt and Strieb 1971; Gcldsan and Schauf, 1972)._ In
A o
faCt;» the bajﬁc ‘concept that the nenbrane is the control

s1te for cellu ar perneablllty has teen challenged by Ling

»(1962) who pos ulated an assoc1atlon 1nduct10n hypothe51s,

03

and by a nulb L of Sov1et 'sc1ent1Ct= (Troslin, 1966).

.Nevertheless the_ lodel has proved extreuely poverful in

npredlctlng n rve bebavlor and in analy21ng drug action . ‘on -

nefve. Both he frog node analy51s cf Dodge (1963) and

|

the toad n de analysis pf. Erankenhaeuser. (1960, 1963) ,

!

follow th; Hodgkln and Huxiey analysis’ gulte clo elﬁ.

.

and' voltage -

\

'/%odge" chose’ to describe the tinme
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a

dependent sodium and pctassiul',ccn&uctances' by thr?e

dimensionless vafiables, ®m, h, and n, all of which conld
assume values between zero and one in a manmer similar to
those emplcyed in the squid model. n represents the

‘fraction of the [fpotassium system which is activated,

whereas h deScribés that. fracticn of. the sodium'system‘

availaktle for activation, and m that available fraction of

the sodiu.‘systen’thaf is activatéd. ~1-h is known as

sodium ipactivation. = The socdium current is wcre coaplex

than the - potassium currént because with a sustained

depolarization the sodiu= chrrent' first rises and then

falls, vhile the potassius current turns on and remains
- on. - Each of the parameters was assumed to obey first
brde: kinetics so,

4

dn/dt=£n(T;n) -B.n - . (11)

an/dt=ap(1-m) -Bm = \ (12).
o O

ahyat=A, (1-h) -Bh (13)

o

'vhe:e A and B represent the reSpective forvard ° and
backward rate ‘Constants which are voltage dependent. The

steady state val(gs'are given by:

-

DA/ (Ap+B) (1

b R : _ B .

V/

AN
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4 o ' ’ ' Am/(Am+ ) f ' R : . (15)
T o ’ s ‘ R . é/(} ‘-' :-
L R T e

After a step change in voltage the SOlUthDS to the rate

eqnatlons are, . ; L - Q
Q=§'(E‘ﬁF;jexp (jt/an ~.. . _,A»' ’(17)
‘-'=!;%5'_C9 e}p Lét;;m? ::;, 3 T '(1&
U | hfgl(é-héyﬂe;fﬂ[-t/fh]‘ | '3_ '_ ,. (19y.

vhere CY CY and hCY are the 1n1t1al vaLnes. The t‘ine~

constants T ne T and Th are glven by.

LI

s

. v L | . /"/’ "
- Tn=1/ (A +B,)) , )y o _(20Y

Tm= 1/ (A *B,,) S 21)
Th=V @By 22

Hhen the gpdal membrane is depolarlzea there 1s somne '
‘delay before the scdlul curtent turns on, kut uhen thlS
cnrrent turns off the fall is adeguately descrlbed by a

. s1ngle exponential tera. Io account fog thls delay Dodge'

' - o & ‘ i ',f“”v
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use& the same simplification as Bodgkin and Huxley and
"empirically raiced. x to the third Fover. Frankenbaeuser
fouhd‘that in the toad l2 was a better approximation  than

m3. ' The sodium per-eah111ty in the frcg node may then be.
H" .
descrlbed P o
ey
*.,‘ . ! .

—_—

= 3 23y
PNa Pha m3h ; (23)

P

where ika is the Baxisum sodium 'perleabilitj.» This

_éguation is 1dent1ca1 tc that for. the squid model except

that in vthe latter condnctance is substltnted for

¢

 permeability.

‘ ©
In  the potacslu- syctel there is even a longer delay

than' Hlth the sodium systen so that n was 3ralsed to the

fourth pouer;"‘Thé potassium conductance ias therefore

given iy, o

- g =g as 0 o (24)

uhere §K is fhe~laxi-un pctassiu- conductance. Although

?k should have been .used in place of gK, the app2011lat10n
yas. fcund . tc “be adequate., In the toad n2 gave a better

fit (frankenhaeucer, 1962).

o

>

- 2 ’ '
a -

'Figure 1, taken from Bille (1971),'shovs tbef voltage

aependence of a ';';h.. and n and the corresponding tine,

2 s .
JEA T N

\1'
.

R A
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pendence of  m,h, and 8.
to h,

Figure 1. V¥o}ltage and time de
Note, in this thesis that he, 8w, and no correspon
8, and p. PFigure taken froa Hille (1971). '

7 \\
BN
"
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comstants. It should be noted that these are espirical
' constants and, as éuch‘{vary sonewhat frou node to nodeL
The reader chculd beconre fanlllar with" these curves

because they ulll be referred to throughoﬁt thlS the51s.‘

Equa “ons 8,9, and 24 mpay be brought together to glvev

the total icnic ¢urrent a S
=?N6 m3h [Naje (F2E/RT) (exp[(E E g ) ¥/RT]-V/
exP[Ef/BI] 1)
(25)

* Gt (E-E) + § (E-E)) ;

_ =
"y .

The . upper Fart of':Figure '2 <hows the total iomic
_ currents mlnucl the leakage cut:fnt which ‘arex Froduced
fuhile in tke voltage clanp nodéi by Stepplng the menmtrane
v;voltage to dlfferent values, - Using - procedures described
in Chapter 3, the tctal icnic  current. may be

.mathelae;;}lly separated into _the- pota551un and- sodium

current cospcnents. which are, shown in the lower'partbof

e

_Figure 2. . : 'g",' AU ,
Klthodgh'the ability tc separate ~the sodiumw - and
.\pOtaésiui currentc nathenatlcally vlth results similar to
those ohtalned experlnentally lends support to the -odel,

e

best teet of the_ model 1s how sucessfully it can



o

.

Figure 2. .Voltage <Jlawp currents. Upper family of curves
produced a apglying depolarizing steps fros ~50 to +6S av
in amplitude. In/tbis figure, currents above the baseline
are outvard. and ‘positive, vhile those below the taseline
~are invard and negative. The gotassium currents (middle
- curves) were derived Rathematically from the model and
Subtracted from the tctal currents to leave the scdiua
cirrents., The leakage-current has beem removed from all
. récords. T=69C, _7;61 82 : O :
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oy
reproduce a notrwal action potential. Osing nunérical

‘integration methods - with  the appropriate boundary

vy
condltlons, eguatlcn (2) g1v1ng thentatal nemtrane current

flow- may be 'Sclved with the ionic current belng glven by

&

'equatlon (25). The results of such an lnte ratlon along

-with a rquiged space clanped action potent#al taken froa
8 6&«9}&4
'Dodge (1963) re <chown in EBigufe B‘R,kffhough there are

.some dlfferences betveen the two actlon. potentials the

-athe-aticall ncdel appeard qulte suff1c1ent to descr1be> 

?

the nodal action potentlal v R
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' Pigure 3. Subthresbold 'and suprathreshold” nodal
Lesponses, ' .Uppér curves show the nodal action potential

and subkthreshcld response obtaiped experimentally. lower
carees are the same responses calculated from thé\ model.

Responses initiated. frow -105 ay. Figure from Dodge
(1963)/ | , | S

o
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Chapter 2

'&‘Thete have been'nany‘theories formulated to exrlainp
hou‘ narcotlcs (the terna narcotlc is used here to devcte a
cellular depressant and uct only an oplate derlvatlve)

depress@cellular act1v1ty, but mcst of these have suffered

" from anm- 1nab111ty ¢°, cpec1fy hou electlcal actlvlty in

electrlcally exc1table cells 1s hlocked., Perhaps the best
- known of the theorles of narc051s isl the Heyer—overton:
-lipoid solub1lity theory. (Butler, 1950 Henderson, 1930;
Hober, 1945; Meyer and. Gcfflieh,' 19263 Seé-au, isse;
1972). Propcnents cf,this theory maintain that narcos15-
occurs uheuever a hafcotic reaches “a certaln nolayv
conceniration conctant ii(,the lenhrane l;plds. This

~ stant is &épendent -on fhe type of cell studled, but »is‘

1ndependent of { the tyge of drug used pro?idihg a

‘suff1c1ent concentratlon can(he reached in the meabrane,

But, as. has been po;nted cut (Butler, 1950).-thi$:is vot < .

rea ly a theory bat a 'rule' as it is <not ‘Stated howv

arcosis is achleved. ucst of the "phy51cal" theories of
narcpsjs (Bntler, 1950) suffer - 51-11ar  diffiqgltiesv‘
because thelr . proponents have cducentrated”uo;é"'%n
correlatlng phy51ca1 propettles - of narcctics‘ vith some
-easure _of narc051s,- than in flhdlng _how these agents

v
produce4narcocls N 'That ls they descrlptlve rather”

Y



with how narccsis - way cccur. .

e '4 ,. | /\\\
Ahan Jnfor-at1ve" (Charnpck, 1973). I should now 11ke tg

- discuss in sowe detail one theory whlch attenpts to‘ deal

N

“)‘.

The Permeability Theory of Marcosis ‘ S

In 1907 Hobér“ found that drugs such as chlorof

phenyl carbanate, and ethyl . carbamate could ‘oppose
@ i '

productlon of 1n]nry currents in wmuscle by potassnum

salts, thus de-cnstrating that these drugs. could reduce,

-elbrane per-eablllty to ions Acited by Shanes, 1958 a).

Lillie (1923) later ~Suggested that "s@ablllzatlon" of the

nenbranes vas the "essent1a1 physical cond1t1cn underlylng

narcosxs" . Ihe ter- “ctab111zatlon" vas used to 1nd1cate

that the -e-brane ‘vas :=cnehou less;,'susceptlble to
structnrai : lodlflcatlon* and therefore the hornal-

| per-eablllty 1ncrease whlcb 1s :espon51ble for the actlon

potential (and for a nu-bet of other: blologlcal phenouena)

f

could not ocﬂur as it tegulted a change ln meutrane

-struqtute. Ap electrlcally excltable cell uould therefore

\

f&ll to propagate a recponce. L1111e dld not suggest bow -

the  ne-btene uas stablllzed bat thls 1s not sutpr1s1ng
2n8
cons1d§§?ng tbat at the t1le allcet nothlng was knowp of
L Y
the nelbrqne perleablllty ox ctructnre.
Ihpdttant' SUFPOrt for the per-eablllty theory came
fron ‘the vork cf Ccle and Cuttls (1939). Cole and cCurtis

s

~

]
kS
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measured the transverse impedance of the squid axon Jduring

the  action  fpotential and found " that the wmeamkrane
- ) : \ ' [
re<istance fell during activity. This :inding gqave

substantial supporr to Eernstefn’s ‘-entrane hypothesis
that én incresse\fn enb ane perleabllity was respons1b1e
for the ‘eeticn, rc§¥nt1a1 (Cole, 1968). | Therefore, a
" reduction in perleahlllty ucnld cer*alnly block the action
potent1a1 ‘
L 4

Many stndies had shcun'the ability of narcot1cs to-
block actlon potentlals (fcr references see Eutler, 1950[
but it was nct antil efter the developlent or_dthe
intracellnlar 'élass llcroelectrode (Llng end' Gererd,r
1909), whlch €enabled prec1se leasurelents of the‘:resting
and actlon potentlals 1n ‘muscle and nerve, and the Bodgkio
“and Huxley (1952 d) lcdel of exc1tab111ty was forlnlated
@hat more exacting tests cf the perleablllty theory becale
possible. To. tbls end, Thesleff (1956) investigated the
' action. of several general anesthetlcs on thresholds and’
,nction potent1a1 prcductlcn 'in frog skeletal . nuscle
Ifibres; : With drug treat-ent the threshold fcr exc1tat1on
r1ncreased .while the rate cf r1se of the_ action potent1al
and vthe helght of the actlon potent1a1 uere rednced.
Assullng that- the Hodgkln and Buxley model vas appropriate
- for skeletal lnsrle, Theslefr 1-conc1nded’ rhat the
_anesthetics SufEressed rhe‘ncrialvincrease in‘thedsodiu-

-perleabilityfnecnanis-;vhich'is resgonsible fcr the rising

P
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Phase of the acfién pékéntialfwfgecause‘ of the parailel
betveen the dcse Deceéssary to anesthetize frogs and the
dosé necessafy fo biock the acticn potentlal Thesleff
' further suggésted at the mechanism of general anesthe51a
| uas‘ a block cf’fﬁgésodlul conductance 1ncrease in neurons
_ulthln the centrall nervous systea. ‘ , L
.In 1958 éhanes'(1958'a, b) exfensdvely crevieved ‘the -
sctibns of uhat he.qiiied "labilizers and‘stabilizéts" on
excitable cells. - He cla851f1ed drugs such as. veratradlne.d
as labilizerxrs because ‘they tended to accentuate electrlcal
, changes. Beductlcn of external calcium also accentuates-
these changeS'dapd; Was classified ‘as ,a- lablllzlng
procedure. Dtugs “such ‘”as' local ) anesthetics,’
».anfihistaninec, and tetraethylanlon1un, which reduce or
vsloi electrical changes; ~were classed as stablllzers;.

12 T . B

High éxternal;calciul alsc 'hasf a ,Ctablllzlng effect._;
Among the concluclcns reacﬁed was that lablllzers acted by
1ncrea51ng ‘ lelbrane : per.eablllty _-vhile f'stablllzers'
 decrease this paraletef.f Dtugs uhlch block theﬁ_action'
’cpotentlal : other than those whlch_ depblarizs, chld
thetefore do co by decre==1ng .ghe' hor-ai increassy7ih-
vvsodlul per-eablllty resgcns;ble for fhevrising‘phase of
c_the actLon potentlal | - T &7_

ak (1959) applied ;thé dvoltégé - clalp

technique to analy21ng the (ction cf local anesthetlcs on



s

'.Squid giantVaxons. Both procalne and cgcalne reduced hellw

.’_'early peak currents and the late steady state currentS‘

uhlle the resting potentlal remalned unchanged. Taylor'v’

"

‘(1959) also‘ exanlned the actlon cf procalne on voltagevf

“ud-clamped sguld axch and presented reeults 51511ar to thosefj.

'of shanes et al.-.}Inﬂ nelther' study vere the cur

separated 1nto the SOdlUl and potas51ul“coaponents.1lno
_uas ‘a klnetlc *analy51s carried out., faylor did'shou‘v
'however that the time tc ;eak of _the‘ early "current' vas
prolonged as uas t tlle tc 75% ct the final ‘steady state
current values. he other‘ parameter uneasured vas the
h‘ resting.scdiun,inactivaticn 'uhich' did not &hange"uith
procaineltreatnent. Both Shanes andgTaylor ccncluded that
the »najorﬂneffect 'of thefdrugs studied»waslto‘reduce the
dna11nul Scdlﬂl and’ pota551ul conductances. The reduction‘
-~ of the sodlul conductance is responclble for‘the block of
*lthe action potentlal but, as Taylor pointed out, the-

effectlveness of procaine is reduced because a decrease in

_'the pota551ul ccnductance tends to 1ncrease exc1tab111ty.'

Since 'these _initlal pharnacologicall studies_usingv
voltage clamg nethods'vuere "conducted._‘several.* cther
classes of narcotics have‘ beenv subjected to.a silllar
'analysis oanifferent nerve and luscle preparations and
have yielded <1l11ar results (see Chapter f1ve for further
dlséﬁ551on and references). It thus appears that Lillle'

initial hypothe813“uh1ch.uas»postulated'ln 19237has ‘been
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proven correct. That is, the blockade of excﬁtibility by

narcotics is due to a reduct1on in the nornal 1ncrea=e in
perléablllty uhlch is resp0651ble for the upstroke of the
action pctential. ~ This thecry has proVéd very iseful in"
vaccounting,gof the mechanism cf . both local pap& general
anestheéia, gﬁd has :1eadi;to~‘the‘ Eonclusion of some
inv, stigatqrgjtpat ;oc%i and‘generall'anesthétics havé a

éohf}n mode of actipn k?fank and Sanders, 1963; Frank,
1972y N\E@ - g |
| o

Although 3 ;educt1on in mgnpraneb’pe;meahility, nay

'account fot : the_' ébilityv 'cf - narcotics to block
exc1tab111’%%‘the mechanism by Uthh the pefmeability' is
p_‘affected _'renalns _unkncun.‘ Recent experinénts ‘uSiﬂg_
~;nternal perfus1on of squld glant axons have 'éhowh that»

k

the axoplasm is not essentlal fcr elther action potentlal p

productlon or blcck by drugs (Clkawa et al%

AL

'1961;
ﬁarahashi’ et al,. 1967; Grueper ‘and vN&rahashi; 19723
Narahashi and Ptazier; 5971- rTasak&“et. al, 1962). ;.In“
expetilents ln uhlch nost of the axoplasm uas renoved and
7the axon perfused uzth art1f1c1a1 qolutlons, such’ drugs as»
the local anecthetlcs, chlcrprona21ne, pentobarbltal, and

Yy )
tetrodotoxinv (ITX) are juet as effective in_blOcking the

actlon potentlal, vhen thé@ re applied externally}1 as-
they - > when the axoplasn is present. Although these
experlments denonetrate that narcot1cs act dlrectly on: the

vne-btane, they-do|n;t,prec1udg the posaﬁ%&lity that soue




E : I .24
narcoticS"lay also influence permeability by influencing
letabollc procecsec vithin nerves (Krnjev1c, 1972). TTX,
hovever, acts only on the nenbrane as internal perfusion
lstudles have‘ shcwn that ‘TTX is unable to ,Cfoss the'
mewkrane (Hatahashi et al, 1967).

There are soue drugs such as the antleplleptac agents
which judging by the actlcn pgtentlal, appear‘-to
stabilize éxcitable neubra;es ulthout, reducihg menhrane
perleaﬁility. In the squ1d glant axon dlpheaylhydantOLﬁ
(.sﬁg)-})' has no effect exceptg to vproduce 'a' slight
increase  in | excitability. Howeve:, uhenJ.‘tha
concenttatlcnQ cf calciua and Ragnesjium aré- redﬁéed,vand
tke axon is spcntanecusly active, thlS sane concentratlon
of dlphenylhydantcln will abollsh the spontaneous actlélty

(Korey, 1951) . In frog nerves, repetltlve st1nulatlon canw.

lead to-a cond1t1en whereby a single stlmulus can GVoke .

trepetltlve flrlng.  In ~ Derves pretreafed vith
) dlphenylhydantOJn this repetltlfe activity is preventeq’
(Towman, 1952). ‘
In trylng tc guantltate the action of antleplleptlc
'drugs cn spontaneoucly actlve squld axon, Rosenberg and ‘
‘Bartels (1967) deterllned a "ratio of effectlveness" vhlch-
-vas glven as. the ratio cf the nlnlnul drug concentration |
»,Aecessary tc tlcck the actlcn_ Fotential,. to the 'drug:

_ concentratlon_ necessary’ tc block spcntaneous activity
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,produced by seauater contalnlng lov calciunm and magnesium,

This rétlo was over 100 for dlphenylhydant01n, tventy for
trlnethod;one, thlrty three fcr phepcbarbital,_and five
for ba:bitel. This certainly’suggests ﬁhat 4 wmechanism
disfcht ffcl a ‘simfle reductiohv_,ih the sodium
conductiviiy is operating vith these'agents. : Althduéhl a

redaction in the norsal increase in sodiun ~conductivity

‘\A

can reduce Spontaneous act1v1ty, cther sugge&ilons bhave

1nc1uded stimulaticn of the =od1un Fump or a uodlf1cat10d
of the sodium system kinetics (shanes, '1958b' Hoodbury,

1969) . Unfortunately.. there is. 1nsuff1c1ent 1nformat10n
1

'to decide among these alternatlves.

Because calc;u- eeelc to play such an 1mpottant ‘role

in -e-braue‘ exc1tab111ty nuch attentlon_has been focused

.on the 1nteract10n between drugs actihg on menpranes . and.

ca1c1ug_ (Shanes. 1958a, 'b} Seeman, 1972) . Caicium’is‘
required_fot tﬁe proper fgpctidning of nahy_ memhrape
Frocesses: includiné exqitatibn_ (uaneey,' - 1967;
Frahkenheeqeet and Hodgkin, ,1957;  frankeehaeuser, 1957;

Brink, 1958). ‘Since a loﬁerinj of the external calcium

: concentration increases eXCitabiligg uhereae’ 1ncreas;ng

-~

the- concentratlon of th1° ion has the converee effect, it

has been suggested that calc1u- may either regulate

membrane perleablllty and thus exc1tab111ty or that it is

'1nt11ately 1nv01ved in the regulatory process (Blausteln

and = Goldman, - 1966b; Btlnk, 1954; Goldwan, 19¢€y; Totias,
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calciuns 'alone will <

1964) .

’

act by competing with ca1c1ul for crltlcal b1nd1ng

on’ ;hqsph011p1ds. He found that both phOSphot1dyl serlne'
and cephalln cculd bind calcium Ly weasuring the é-cunt of

calc1ul -oved fron an aguepns phase to a chloroforu phase.’

additicn of a) lccal anesthetic such as prbcaine. .Since

bothilocai ane~thestics and célciul Were fcund to bind to

the-'polar .grcdps cn the ;hosPhollplds, vhen” both agents

are Present' they co-pete for these s1tes. Feinstein

~postulated that on biological wstatranes calc1u- and 10cal

?

anesthetlcs -ay cc-pete fecxr spike _generatlng sites, but
hpfzrt regepexation; the local

anesthetlcs pzcduce a block.

v

~

Elausteln and Goldman (1966a), fcllovlng Feinstein's

N

vbrk. de-onstrated a competitive action betneen proca1ne
gand calc;n- on lobster axcnc. ‘Both calciua and procaine

‘increase threshold and shift the sodium conductance versus

mex'brane pctential curves - in  the ~ direction . of

‘depolarization. However, elevated calcius ccncentrations.

do mnot usvally geducé the maxisum sodium conductance

\..

- whereas pgrocaine does. This . reduction  in scdiq-

A\

~conductance  is an inverse function of the calciua

concentration. That 1is, the greater the calciua

\

This translocat1cn of ‘calciua was prevented ky tbed'
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concentration  the smaller the reduction in scdium

: conductance prceduced. by ptocalne.'i The potassium system

shS\ed 51-1lar effects.

o

-
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/Statement of the Probiém

ihev objective of this ‘thesis vas tc carry out a
vdliage clané apalysi§ of the stahilizing action of
'difﬁgren£‘ classes naICCthS and antleplleptic dru%f on
- frog nyélinated nerves in order to clarlfy by ErGﬁhat
~ mechanism of action these drugs exert thbir effects.; Part
of this objective was to test the hypothe51s that calciunm
or the sztes that blnd ca1c1un may glay an important role

in the membrane action cf Scme of the drugs tested.

4
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‘Chapter 3

¥

/ METHODS AND BATERIALS

|

Nerve Fibre Pgep#ration

¥ .
| . . \
; | }
»

a sectlcn of sciatic nerve 3-4 ca. long was relovad
dfrou the upper €g cf the frog Rana pipiens and placed on
the glass di cect;n.ng plate of a blnocular -1crcsccpe.

Under dark fjeld 111u&dnat10n the nerve hundle  was
desheathed and a 51ngle flbre lscleted by the -ethod of

“Stalpfll (1964). At least cne internode and the greater>
part of the tqc eurroundlng 1nternodes were 1solated !he
:rena1n1ng fibres vwere trlnned back ieav1ng the <1ngle
flbre Letveen tvc nerve bundle stumgs. The single fibre
uas ~ then “transferred _under Ringer #olntiond to  the
recordiag chaeber shown - in- Figure 4. Zihe node undéf'

investigation was mounted over conpart ent A and held in

‘place vith a snall dab - f Vasellne fn the stu-pc in

conpartnents C_and,E.‘ Vacellne seals were then formed on
all ridges usingd’a 30 gauge hypodgr-1c needle. Ihe.
recording*‘chalber vas then lcnnted in a bras= enclocure
Auhlch <erved to =h1e1d the chanber electrlcally and to
saintain the telperature (see belou). Electrodes vere
- conmnected to co-partnents C, A, B, and E v1th 3 molar KC1

salgﬁprgices in 1! agar.- The 1evel cf the Rlnger solntlon‘

- in. the recordlng cha-ber was louered until the Vasellne
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Figure 4. Becording chaskteér. The nerve is indjicated by
the dark line and the node by the break in the 1line over
compartment A. Solutjons were introduced through the hole
which is shcwn in the upper part of the figure and are-
drawvn off by a vacuus line Rounted above A (not shown). ,
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o,

'\.A

seals emerged, leawing flve ' isolated compartnents. - The
flaid renalnlng in“conpart-ent F was.removed by suction
leaving anfair gap. Iu order to prevent re31st1ve changes .

in the nodes in cclpartneth E and C a 1% solutlon 'of"

- - formalin in 1°oton1c Kei’nas added to these ccmpartments‘“

\J‘

for 30 seconds after uh1cb isotomic KCl alone was added
(Hllle, 1967a). ’ ,‘ | | ’ ‘ o S
. ‘ : P - ' .
The recording ‘ChambeI ‘uas.}iode1led after that of
Nonnerx (1969»9 It vas conetructed from‘,élexiglas (Rohm
~and Haas) and deslgned such that “the  width of the ;o
‘conpéft-ents cculd _be wvaried. - Thé“ coméaéﬁmént§~ uidths:
. were usually adjusted to 200, 250 and 200 m1crometre< for‘
conpartnents- 4, B, and ¥ rerectlvely.. Tﬁé tthkneQS of‘
‘the ridges on vhlch the nerve rested were 90 nlctometres.
A llght coatlng of Vaseline applizs to the chamber parts
before asse-bly 1nsurred that the they‘?ﬁialned 1n place
Jafter adjust-ent and that the conpattments did not 1eak

Y

Drugs
‘_Thé' following drugs were _used' for the research.

reported in this thesis:

-sodiu-'bronide o ' Pisher Scientific

. 9 . ' :
chlorpromazine hydrochlerige ~ Pzulenc Ltd.
Chloral hydrate o ilnnlpeg General Hospital

d1phenhydra-1ne hydrochlorlde - Signa



‘sodiua diphenylhydantoin . Park Davis
sodiunr phenohatritai‘ . BDH |
sodian péntobarhital ~ BDH

procaine hydrochloride - - Matheson
‘Strychnine sqlphate BCH |
trichlctoethancl’ . - Aldrich -
Sbintigps’“i o ' -

The Ringet solation used had the follewing.

co-9051t10n in -1111-cles.huacl 111.8; RCl, - 2.5; gaClz,

1.8; glncose, 11.1 trls (hydroxy-ethyl) anlnonetbane free

'1bésé,.1. The pR of all sclutions was adjnsted hetueen 7.1

and 7.2 at 200 C. by add1tlon of hydrochlorlc ac1d Drug,

- solutions uere made up by dlssolv;ng the drug to be uséd
in Ringéf solution (uhilé'if -ias helng made) and then
adjusting_vfhe pH to the range used in this study. Drug
solntigps made up in this uay vere therefore hyperton;c to
, qo:-a; Bipger»eclgtlon. Elphenylhydant01n vas made up bg
dissolviﬁg ‘the . drug in the solvent supplied by tﬂg
nanufactuer (;ropylene glycol and sodlu- hydroxide at pH‘

11 5). and then addlng the requlred anount of this solubdon

to- the Blngerc ﬁéﬁytlon. 'Solut1ons contaxning hlgh"
.

lower concenttatlcns ¢f calcius were -ade by ivax;‘»ji the
'anountS‘ of CaC12 added. The . uater used to, [{{make dp
solutions vas. obtalned fre¥ the 1ahtatory dlstll{e vater

A

snpply and pa@sed tbrongh two -1xed bed r951nsibefore use.;"-

# .

./

- '
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The specific resistance of this water vas betveen 9 and 18’
Ngegohls. The osmolarity of all solutiones was checked
u51ng a freezxng pcdnt de[reSC1on OCsmometer and vere. found_
to lie between 220 and 250 1i%llos-cles.

Ny

Electronic Control and Qeasutelent Systenm

s

The experluents repotted in’ thls thesis 'are' of two
types. current clalp experlgents in uhlch voltage is the
dependent vatlable. and vcltage Clamp experiments vhere
- current is ’the‘ dependett variable. e&o perforn these
experllents elthet the current or the voltage respectlvely
must be ccntrclled. Prankenhaeuser (1957) and later Dodge
and Frankenhaeueer (1958) developed the wethods ‘necessa;yl
to carry‘Qqe”these‘experiyents on single myelinated neree
fibres. The‘-ethods uce&bin thlel'thesis” are  based oh‘
these of Honner (1969) Uhlch are similar ig'prinqiplevtoQ
those of Dodge and Prankenhauser..’ Theee ~wethods ‘are
briefly destfibed'belcv. o | |

figure eS is a sche;atic,diagiaeeof the electronic
conttclv;ircuits used. Ihe, lettérs 'A,‘ B, ‘C,, énd E
,qb;respond to the compartments of the recordlng chaaber .
ehonn”in iig; 4. The letter D stands for a point in, the.
'aibblasi.  The ;es;stances Rea and Rab represent the

- resistance cf the Vaseline ‘seals betveen cchparfnegts.

Bbc is the lumged resistance of the Vaseline seals between

[
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Voltage damp circuit

_/Pigure-s- ‘Clamp circuits. Circnitsmﬁagd to’ control  the
voltage across the ncdal wemkrane. ) ¥riangles imdicate
operational asplifiers. E,A,B, and c, correspond to  the

. compaxrtments in Fiqare 4, :
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B and C ané,bthe air gap forued.by co.Parnent F. The
aup;ifier, narked A, hadﬁa vbltage‘fullovér inéut vith ‘a
.‘gate current less than. one Picoamp and an ingut 1npedance
of greater than 1011 ohas. ‘The f-axlnuu ‘gain - was ~one
thousand u1th a handuldth of BC to 10s Hertz -
N
" In ihél current clamp c1rcu1t the aupllfler As
_connected in a negatlve feedback conflguratlon vlth Foint
C;_as the summing Junctlcn.’: By the actlon of negatlvef‘
 feedback the alpllfler 1nject< a. :vcltage at pc1nt Anvto_
_keep p01nt C and therfore p01nt D at ground fotentlal. If
the node 1n ccapartlent C is bathed 1n 1soton1c KCl then;“
the;rotentlal leacured at. p01ut A u1th respect tc ground?
.is " equal to the 1nverted rectlng nenbrane potential.w Alif
potentials in this the51s are on’ the E scale wvhere ﬁ‘ ié»

’

ulglVen as 1n¢1de pctent1al llnus outsxde potentlal:”
1f a ,ccostant voltage is nou applled at p01nt E by

the StllulatOt, a conctant current glven:Abyx yed/Red is

‘injected 1nto the ne-brane at p01nt A. In fhis ianner_fhey
'vjnode way: be polarlzed._ If . i depolarlzlng pulse’}of_'
'sufflent nagn1tude is applied to thg node then an 1nverted
'actlon potent1a1 of ncr-al a-plltude Hlll appeat at pqlntf'
A, Tbis lay be ea51ly leasured by ‘ osc1l;@équpé;
bconnéutedto,theluutput'ci the‘alplif‘* | | -

in the‘VCitage'clamg :cde.theuédustén; voliqgevoutbut



of the stluulatcr is applied to po1nt A and the output . of
the ampl;f:er applled tc p01nt E.»' ﬂhen a pulse is
1n]ected at a the anpllfler 1njects a current At E glven
by Ved/BRed in order tc maintain p01nt c and therefore.
-éoint‘D-at'gfcund pcténtiai, Since the voltage measured
at point E.is Fropcrtional to the current, the carrent nayf

be calculated by assuning 'that the noda1 resistance 1s

equal to 40 megohnc (Iasakl, 195%5) .

The batteries’ shown iv Figure 5 are used to  balance
the c1rcu1t such that whben it is svitched back and forth
from the current claip’tovthe voltage ‘clamp_vthev circuit
" remains in halance; In tke currentb ciaip mode when
conpart-ent C contalus 1scton1c KCl the potentlal at A }is
adjusted te 75 lllllvolt Th1= value is close to the

nornal restlng potentlal ot these f;bres (Dodge, 1963)..-
’Thé battery at A 1s3then u<ed t0°adjust thls potent1a1 to-
?éro. The circuit is ncw Qutched to the' voltage clanpn
_-oae' and tﬁe battery at 'E adjusted S0 the. output of the.
' anpllfzer st111 reads. zerc. The c1rcu1t at this 501nt is

‘nbuﬁ fully balanced and- cnly needs sllght adjustuent v@pn _4

the anpllfler drlfts. _ ; L _
_(f; L ' 3"



Recording R

Lo SR

In order to fac111tate analys1c of ‘:f:j experiments,

all data wWas collected_ and stored on: DP—BEvconphter

7

using methods very sinilar to those described by Bille:

‘(1967a). The methcds used uillvbe*brielly deScribea in

this sectlon.

g

In order to process and store the signals fronm the

'exper-u-rﬁ they aust be ccnverted frem analognelto digital

Pl

'clanp rgn are -shoun in flgure 6., The voltage 'signal is-

' signals This is acco:pllched in the experluents by

leading the vcltage and current outputs to the 1nput cf a

'nultlplexed 10 bit ,analogue " to dlgltal ccnverter (AvD
converter) in the - computer Hhich _can sanple from the
~incoaming sxgnals at ‘a predetern1ned rate, thus convertlng

" the anélogue value to a digital ¢pcint' which is stored in

memory. ¥

The 31gnals tc be prccessed frcnf'a typical voltage

taken fro. the output of the stlnulator and consists of a

4o nllllsecond hyperpolarleng prepulee uced to remove. the

restlng sodlun 1nact1vat1cn of the sodiun systen and a 30

» - \
nnllllsecond test pulse. Since 'the uraticn of these -

C

phlses - was kncun, thé3only other 1nfor ation requlred was:' -

the auplitude of each. Th1s was obtalned by salpllng “the .

e

'ryoltage pulseS/;nﬁ averaglng these val#es for each yoltége

i



Base line -

~— 30msec—

*  Hyperpolorizing

prepulsg

Is

Pigute 6. 'Vcliage.g;ggg

- Test pulse

signals.

Current record

~ Voltage record
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This is a schematic of
the voltage pulses applied to the node and the .

: résulting
carrents to be recorded. W¥ot drawn to scale, . h ‘
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step. Theﬁ‘a-plitude ’otb.each veltage_step wWas theréby
reduced to one 'Ecipt® which was saved.

The cﬁtrent signal from the output of the. con%;oi
‘anplifie;‘_duting: the 'pre;ulse' yés treated-in‘the’s;me
‘manner as the voltagejﬁulses,“'The current during the‘test
 pulse is different frcm the other signels in that -it
'varies vith time. Because of the high rate'of change of
the current signal durlng the early part of the test pulse‘
a salple wvas taken every 30 nlcroseconas 'and_ stored.
._After 100 pc1nts had keen taken the sampllng rate uas
changeu to cne pc1nt every 300 mlcrcseconds.

Aftef.fhe sanpling vas ccaplete and the mean values
jcoeputed the data was transferred tc magnetlc tape for
storage. The a-pl1tude of the test pulse was then changed
and the next Tun ctarted. A voltage clamp series
‘con51sted of 20 rums u1th the amplituade of the test pulse
ebeing varied frons =713 11111v01ts (the holdlng potentlal)
to  +77 millivclts, in 8 tllllvolt cteps.- At the end.of a
_‘series the soluticn snrroundlng the ncde was changedi and‘ﬁ
Q_after a‘§u1tat1e tlle (usually 3 -1nutee)'a negkseriee was 

carried out. ' N

{ A lxstlng cfE the prograns used for the coliectlon,

storage, and analy51s ot data in thls the31s is available
1

on request frcn the Departnent of Pharnacology. Un¥¥ers1ty

‘

/
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_of‘Alberta.)
Tewperature

Becanse, at room te-perature and at the Salpllng rate
used, the -rate at uhiéh ‘the sodium system tarns on 1s too
~high tc he accurately reccrded, the _te-perature of the
bnode vas kept he@veen 3 and 6 degrees C. The temperature
vas ccntrolled 1§y £fluid, frca _a ‘ ther-ostaticallyv
controlled bath ;ubich 'uas c1tculated €%%“%gh the brass
:enclosure surtoundlng the recordlng chanber.,‘ To ensure
that the telperatgya; of incoaing test 501ut10nelvas the
same as that cf ‘the ncde qndex obcervatlonj the solutions
vere added via a 2.f§6;_' syrivge -ounted in a heat
exchanger cooled';ythe.fgéne  fluid ;circuiating in the

i

brass enclosure. °

©It sh&ulqﬂi be §cinted ' out thét 'reﬂucing,'tye‘
teupératnte'of'tﬂe< nodal'”-e-bréne does not appear' ﬁo
produce any effeits other than those expected from the QK). 
values of the conducth;e and kinet;c‘paraleters (Cole,‘

4

1968) . r
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/

- Data Analysis ' '. ' - .

Analysis‘of fhe data 'vasr usually carried out by
graphical means in a sequence of several steps The
'procedgres used arg 31nllar tc those of Dodge (1963)‘ angd
‘Hille (1967a). The first step was the reloval of hasellne
- offsets, | the capacztlve - tramsient, and the leakege
‘cutrent. Baseliue offsets, due to imbalances in the
measuring and recording’netvork,‘vere teuoued by sampling
the baseline vo1tage‘énd current éignals after each clanp
Pulse_ and StCtingl tue' mean values. These mean of fsets
vere lacer suEtracted from . the"curfenf iand _jvoltage_l
signals. The capacitive‘trauslents vere removed by taking
'thelvtransient' obtdined ‘when the test pulse was egual to
the lenbrane pctentlal aud Qcallng this to ‘the magnitude

of the test Fulse. Because poise is also scaled ap with

this procedure the tran51ent was f1ICt dlgltally flltered.

The leakage -écnéuctauce - was ‘obtaiued' from ., the
auplifude-~A the_ current apd voltage sxgnals du;;ng the
preplse. Thd leakage conductance wvas -assuned Jto be
constantb SO the leakage current was given by the prcduct
 of the conductance and the test vcltage. ‘ThiS'current was

'theu calculated for each tect pulce and subtracted from

each current fp01ut‘ during that pulse.

The seccnd step was tc plot the current records in g

5 . - -
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real tiwe on an Y-Y recorder. Froms these plots the early

peak current (I ), the late steaay state'currents‘(IK')

and the sodium egu;llbrlum potent1a1 (ENG) vere ohtalned.

3

The peak and steady state current values wvere then used to
determine - the bsodlul and pota=51un *conductances® by

evaluatlng the the fcllowing expresC1on,_ : L9

Px[Xle P2/RI= Ix/E(exp[(E-Ex)E/hT]';1/

exp[ EF/RT] -1) i C(28)

wvhere X stands for elther 'sodium or pof%ssium. In ay

» Y

éxperiments fheh, §, -and gN Stand for Px[X]é F2/RT. - v

K-
~ The third step‘vas’ tok pexform. a lOg-lég plbt of'
current 'Versus‘ tiié;bs Froﬁ ihis' Plot the value of the
potassium tiﬁe consfant (I,) wmay ‘be‘ obtainéd ' Dodge
(1963) .bad fcund that lf the peumbrane uas hyperpolarlzed
for a =uff1c1ent length of time such that the steady state'
'vaiue cf o apprcached zero then the potassium current (I )

could te descrlhed by:

14 o IK=A,(1f€["t/'In i) . L . ‘27) ,
where 2 is the awplitude factor and ,Tﬁ is thev,tine
‘constant for the turn1ng pn‘ of the potassium, systes.

Therefore if the total current mlnus the factors ip. step

one is giotted logarlthllcally then ‘the cuxves for IK will



Bt S

. _ A @_. a 43

| - - -
be identical except for differebces in Tﬁ and A. A
template of éguaticn 26 can be néde and slid cver the loq;
log plct to determiume 3 and Ty~ In some cases I, did ot
level pff as vould"gg,_expected,fro- equaficn (Zi) but
cohtinued to rise. In these tases'the‘tenpléte.ués fitted v

only to the rising pcertiop of the carve.’

The npext step was the natheuat;cal separatlon of the

sodium currents fros the pota siam currents. Thlc wvas -

Rl

acconpllshed by us;ng the value of Tn and’ 5 obta;ned fro-

the log- log Flot and then calculatlng the valae’ of I,  at

K

éach 'polnt' and cubtract1ng this from the.current record

The renalnlng current. accqtdlug to the -odel presented in

Chapter 1 is IN . -B° plct >cT thls. current - versus © time

_conflr-s that the separatlon vas carrled out correctly.

That is, the currents are Qllllat to those ,pre41cted by

the nodel.‘l»ihe currents are also similar to those

;gproduced under the 1nflueuce of tetraethylammopianm which

s ec1f1cally reduces g (Hzlle, 1967a, b). The last'step
P v (8 .

”vas to: plot the sodiva’ -currents in a seuildg fora to
'extract the' sodlun time \constants Lh and I Frog thei

‘flnal =lo;e of ‘the seu1log plot the tlle constant Ih is"

obtalned. h7‘11ne ;arallel to thlS slope tut log (. S),?

belov_;t_ihte;ssctc the r1<1ng pha*e of the scdium current

at»a’boin€~uhere t/T = 1.,8 and Tm ls therefote deter-1ned

by th;e procedure (Hllle. 1967a)

2



. Exrors

The €rrors in both neaeurenent and analyels have been
dealt u1th‘%y Bodge (1963),' Hllle (1967&), and - Nonner

4

(1969): and will cnly be btiefly described below.

fhe exrcrs may be dividead intc 1nstrunenta1 and
qualytical error. ~The najot 1nstrunental prdblem uas.
drift in the input amplifier. 7o conpensate ‘for Arift the
sodium equilibiiuﬁ potential was used as a reference
point In the frog ncde the eod1un equ;llhrlun potentlal,
As quite stahlx because the large 1nternodal volune of thev
axcplae- prevents the - kuild up of sodlun in the nodal

teglon.ge

/;The; -cther " instrusentation piob}em . was £he
‘attentunaticn artifact (Bodge.and.anpkebheepset, 1958).
mhis ar;ifact is produced ‘when cd-pattnent. B is.too-
narrow,. and has the effect cf reducing the voltage 'acrese.
ihe node. If the width cf ccnpattnent B is 1ncreased the
vfeedhack applifier is nnable to clanp the hlgh frequency

responae of the node and the clanp beco-es unetable., Thls

.‘artlfact way be measured ty replac1ng part of the sodlun

- im Blngerc solutlcn with a ncnperneant catlon such as
tet:alethylallcniué and ccnpar1ng the theoretlcal change
“in the egu111br1ul potential u;th the obsetyed.equilibriun -

potentlal Alternatlvely, the, beight of thés obse:yed

L
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o
PN

.action Jpotential may - be ccmpared tc the expected value of

-

115 av. (Nonner, 1969). In‘Ey experlments the artifactc

‘varied between 10 and 30% and Was adjusted‘accordingly.

The analytical errors arcse .n Legard to the accuracy

and reproducibility of the ueasurements vade from the

various plots. T, wvas meaeured with an accuracy of 2.5%
: e

and vhen zeasured the reproduc;blllty vas ketveen 3’ and 6%.

dependlng cn the anplltude of the potass;un current and

noise. As.Th is depen&ent cn how well T, is choosen, the“

accuracy of I f is probably Hlthln 10%. Tm is probably‘

h

'accurate to within § to 1C% ac dlgltal tlmlng was uged to

start the A-D clock ana the teqﬁ'pulse at the same 1me.

\ .
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EESULTS
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: Barhitnrates

’*The. barbiturates' are an intere*ting gt;up of drugs
becanse fron Hlthlh tbis class can be found ‘comvulsants,
antleplleptlc agents and general degreséants (Ariens,
"196Q. Goodwan. aud Gilwan, 1970). althougk there is avw
obvlouc dlvets1ty of aCthE produced by only $1ight
structuyral qoditicaticns, coly twe of the barbitﬁrates
havé ‘béen - €xawinad usiﬁgv voitage cléup techuniques. ﬁ
Bl' usteln (19€8a) found that iv lobster axcos, both sodiuwm
B thiopental and_sodia; pentobarbital reduced the ”-axinun f

sodiuh and faotassianm conductances and prolqnged the tlne

to 1n1t1a1 peak current (thls tlue gives a rough estlnate -

~of - T)a s;nllax results ulth sodlun pentobarbital have
been reported ferx squ;ﬂ_axons_(uarahasbi et al . 1969).
In -y'experiients I examined the- action ¢ sodjua
phenobarbital ang sodium pentobarbital. Altbough botk of
these"dfugs -3re general depressants and - are usead

cdinically - for this 'effect ; phenobarbxtal hds the

- "

addltlcnal ECcperty ot bezng usefulﬁj as an antleplleptlc

- agent at dcces slightly belcw those necessary. for

Y pee

sedation.
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ifor example, g was reduced tc 87% cf ccntrol.
P K

.'gN‘a

47

Tne Current-voltage relations for the peék and steady:‘
state currents befcre,  during, and ‘after .5 am
phenobarbital are"sheun ir Pigure 7. The naﬁor effects,
as can be elearly seen, are a reduction in both the peak

and‘ steady state currents with a .poor recovery for the

latter and an increacse in the threChold for the flcu - of

‘1nvard 50diulv current - In fcur cther axoens Studled -With

phenobarbltal, the steady state currents uere\\otf usually

affected even with concentratlons up to and including 1

M. 'When reductions -in the steady state currents were
N _

' observed* they vere due tc reducticos in gK In Figure 7,

The reductlon in the Feak current and at- leéét part
\’ .

of the shift inA the current veltage relation  with

phenobarbltal is due tc a reduct:on 1n qu . In .5 nmM

phenobarbltal tne rednctxcn in. gNo'varied from 75 tc 85%

of control Values .while 1n 1 mM rhenobarbital it varied

between 50 and  70% of" control in different axcns.

Y

Althonéh,EN Nas aluays reduced (5 - exﬁerinenié), and‘ in ,

"SOoRe axons alsc gK (2), g L was never found to vary by more'

than plus or ainus flve percent of centrol.

‘& } '
»

It should be p01w ed out that the above reductlons in

are not cuff1c1em tc blcck nodal action Potentials.

Conputer calculatlcncf carried 'out using the data_ of

A
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lv_shlfted to the rxght..

Frankenhaeusexr®: for the tcad node, (Frankenhaeucer and
vﬂuxley, 1964) , bave shown* that a 50! reductlon in PNQ only
‘reduces the 3srlitude of the actlon potential by 8 V. In

s

ay experiments I have kept the drug concenvratlons- sqall'j

'because large re uct1cn< ~in  the currents vould. make
co-plete analysis 2 pcselhlel

The effect of .5 un phenobarbltal o ;hé-isodiun anda
potass;un time ccnstant curve< is sho‘n in. Flgure 8.
Theése data are obtained fro- the same runs hovn in Flgurg:
7. 1In this analyc1< the cnly curve uhlch 1'.'affected is

that fer Tn vhlch 15 shifted along the voltage axls 1n the

49

directicn = of depolarlzatlcn.' That is, the- tlue nece<saryv'

'for the sodlun current to tnrn oD is 1ncreased The shift
" O0f the T  curve accord1ng tc the model in ’Chaptér7 1 is
indicatiie of K Shlft in the curve relatlng R to nenhrane,
.potentlal in the directior cf depclarlzatlon. ‘It is’ this
,Shlft in a which wculd €xplain the 1ncreased threshold for
1nvard sodlun current.' The membrane uould have to’ undergo
2 greater depclarlzatlon to talse R to a valne suff1c1ent

d »
¥
tO detect any »Jnuard sodiunm cnrrent.

Other axens (u) ylelded 51l11ar reéults except that;'

in  twc axons 'Ih.uas =h1fted by. 3 av in the dltectlon of
depolarlzat1on vhile in another axon Tn vas shlfted by 10

avV ' in fthe came d1rect1cn - In all axous studied Thluasg -

g Y
¢ * T
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In order to 1nvest1gate the antl@%lleptlc ~action of
phenobarbltal, ncdes ‘were bathed in phenobarbital: Ringer
) madgﬁzp‘uith .36 mM ca1c1u- instead of the normal 1.8 nN
‘calcium. * In squld axcps a reduction in the calciunm
concentratlcn 1ead= to spcntaneou= act1v1ty wvhich has been
used as a mcdel for eplleptic discharges, ~ Frog nodes
bathed in Rlnger contalnlng reduced ca1c1um concentrations
do not shou spcntaneoanactlvlty unless tetraethylannonlun
“is also present tc reduce the potassiunm currents (Bergnan
et: al, 1968). | Although spontaneous actlvlty is not
bbserVed at thed freg 'node; Ringer contalnlng Treduced
‘cencentraiicns cf calcrun Still produces a shift -in .the.

sodium tige con=tants inl?

hYperpolarizaticn as 1t dces in tbé

_the direction .iof
~$gu1a axon. fhe_louer o
'part‘of Figure 20 ehouc the typical shift in Th |
'seen in. node3wexpo<ed to RJnger contalnlng..36 RN caIC1um.

and T

Hille (1967a 1968b) 1nvestlgated the effect cf calc1um on

frog nodes and

?found antﬂaverage shift of ZO‘mvuin the
sodiup time 'consténts,eper decade change iu calciunm
conCentration. In ny ex;erlmentc 9 aM calcrun produced 8
~4to 12 v Shlfts to cthe rlght uhlle 36 mu calc1um produced

6 to 10 BV’ shlfls in ihe cppo=1te dlIGCthD. T, Tuas' nor
atfected bd altéring. fhe 'calciun concentraticn; Tnis
findrng is  in 5greeuent ~¥With Hille'sf (1967a, 1968b)”
results “uith, Eggg 212_ DS . EBrisman andg frankennaeuser'

(1972) on the other hand tcund that with zegogu§n ;eevi§

the curve .relatipg n to nenbranevpotential was shifted by

s -



B coE 52
e ‘,’h'i}.' Q}h B .
.changing the external calcium concentration. . It appears
therefcre, that there is’ a 'species‘difference between

Xenopus and Rana nerves in their resgonse to .calciunm.

Figd£é 9 shows the peak and steady :state current-~
voltage relaticas before, dufing ahd after treatpedt with
.5 mA pbenobarbital in .36 mA caldiun'Ringet.' It shouid
be ncted that the controls before and after exposure to
the drug contained 1.8 ] calc1ul. As can be seen. there’
- is :littlé ‘differén;e ‘hetveen thls} figure and Figure 7
except that the ccabipaticu cof .36 wM calcium Ringer plas
 drug redaced the péak current to‘_a Qfeater‘ extenﬁ,'
‘»thteshold fdt‘inuafd =odiui.curtent vas not affected. s
‘in' norsal ngger both gN apd §k are réduced vhile §L
ré-axned nnaffected. In this exanple ENQ was reduced to
72% of control uhlle §K vas reduced to 8“% of conttol."
_Although .3€ ®M calciuys by ltself dcec‘not louer gNO, vthb
co-blnatlon cf “low calciuum and .Snu>reduced gN0 slightly 
. more than did phenobatbltal alone\iq 'th;ee out.-of five
éxons]Stuéied.

Thewii-e-constant’chrVes fof'the éodiun and potassiuu
systé-s,‘atel'sgovn in Fiéure 10, | These data are oktained
f‘fro- the exger1-enta1 runs shown in the pIGVlCUS flgure,

iﬁlth .8 -!--calc1un R1nger' as control there is " DO
dlfference betveen the tect SOthlOﬂ and thé controls.

'Houever.' uhen thls sa.e axon. Wwas bathed in .36 all calcium
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Figure 9. Current~wgltage relations in low ggléiug

phenobarbital Ringer. -Peak (Ip) and ~§teady state (Iss)
curreats in .36 wA calcium  plus .5 -  pN phenobarbital

Ringer. ‘I=5ec. Axon 67 , _
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Pigure 10. Iime constant carves im 10w calcium
phenobarbital Binger. 1The sodius and potassium time B
constant cugves in .36 an calciam plus .5 maf rthenotarbital :

Ringer. Dpata frca ‘the  ‘same rups shown for- previous
figure. o : .
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Ringer without drug (not =houn) the curves f%r .both Th and

Tm were shifted along the vcltage axis to the left by -9
and 10 mVv res;ectlvely;.E%hus'the_shifts expected'to occur
_in 41ou calciun Einger are abolished hy Phenobarbital.
Lover concentratlons of phenobarbltal (-1 mA) which diqg
pot? shift T ‘in ncrmal calcxu- Ringer did not abolish the
shifts produced by ‘low ca1c1n-.

Three experiments were also perforned iith' 9 wH

calcium and. .5 =M Fhenobarbital. 1In these experi-entc the .

s

reductiOns in §No vere c-ailer than vith ;henobarbltal;
alone although the dlfferences when obcerved vere snall

‘Hhen both . hlgh calciun and phenobarbltal vere present Th
&nd-T were shlfted along the voltage axis to the right by
10 and 15 av respectlvely. It appears that‘the. shift in
.Tm produced by phenobarh1tal land by different calcian

concgntratloné is addltlve. 1h on the other hand dld ‘not-

show this type of 51-p1e additive behav102.‘

Although phenobarhital and gentobarbltal differ

7strnctually ir cnly one side chaxn cn the barbituric acid

lolecule. thelr actlons cn the nodal membrane ar€ in Rmapy

respects gulte dlfferent flgure 1 \\hovs '_e curréntr
voltage r_elat1onQ , befcre, durlng and atter .¢ _iu
.pentobarbitai. ‘Both the Feak and 'steady - State currents
are rever51hly reduced in ‘amplitude but in contrast to

phenobarbltal the steady state currents are reduced to' a



R -Pentcoarbital. T=69C.  Axcn 82

Eimv)

Ip k
_® Ringer (before) v
A Sa0'm Pentobarbit!
o Ringer({after)

Fige - il _Curi:ent—voltage.gg;gi:__i_gg_'s_';g t
Peak (XIp) and steady state (Iss) . currepts.
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greater " ent than the peak currents. As with -
pPhenobark the smaller currents 3re due to reductions

L G- . . -
iﬁb gN and gK. ThE'MIG@nCtlcnS in gK vere’ fro- 2 to 3
a K

times larger than the cot;eépcnding reductions in gNd.

Peptobarbital .at a C6ncentration of .5 uN redaces gNCI and

§K from 90 tc¢ 9%5% apd €0 to 85¥% . of ‘control valaes

;respeCtiVely vhile 1, un reduces_iNa_ahd §k frcs 60 to 70%

and 55 to 65% of the controls (3 experiments). The
leakage conductance, ou the othet hand, qas’unaffected at
"all concentraticns of pentcharbital. - -

: - " . , .
‘Figure 12 showe the ‘'sodium . arnd Fotassiuare tlne

constant curves obta&ued uclng the tqys illustrated in thew"

‘prevlous flgure. . As 1s clear fé&l@%he figure neither ﬂn

gr.Ih 1s affected ky -;SEW£5: pentobarbltal.- irth -ﬁ
pehtdbarbital Th aud I cculd not ke obtalneﬂ because the
currents were too ena&l to allow rel;able -easnre-gnts.

"’ihev time to pegk lof the invamd'éurrent was therefore
geaéured and was found nétr to vary' Hlth pentobartltal
treatnent. zﬁbse recultQ nay be Centrasted with those of

9‘

Narahashi ? al (1969) and Blauste;n (1968a) vhere the

.ﬁ‘i‘

- time tc pedk Beasurements wvere: prolouged by pentobarbltal
. The lower part of ?1gure 14 Shovs the stht in the T
curve along the voltage axis. Ihls Shlft uae aluays
observed’ wlth pentobatbltal and is probably 1ndJcat1ve of
a shift in the ‘curve relating n to:ueqbrang'potential.

C g
s
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. This vould prcduce a decrease in _the pota551um currents

over and abcve the reductlon caused by a reduced gK In

frog skeletal muscle Thesleff - (1956) found that low
‘concentrations of pentobarbital decreased the threshold’

for action potential froduction ‘apd cuggested that it -

might be due to a decrease in "gk. My results wouid
support Thesleff's suggestion, but in the frog node
pentobarbitalf does ‘nct produce this effect because it is

the level of gL and gN Uhlch is ualn%y respons1ble -fdr

'determlnlng threshold and thls para-eter is affected only'

to a ssall extent ky gK. (Dodge, 1896 3; .Frankenhaeuser .

11965) .

r
-

. ' ' s : .
Figutes 13 and 14 Qhou the results cf an experlment

in vhich <5 nH pentobarbltal vas applled to -.the node. .in
Rinéér containing .36 g calciunm 1nstead of the 1.8 au

3

calciul. Ihe ccnttols 1n this case also ‘consisted of .36
). calc1u- Rluger. The. results in lo:'calc1ul are 51m11ar
to those 1n norlal ca1c1un excert recovery is not as good
and both g and gN are reduced to a greater extent. The

leakage conductauce is pct affected, As was th@ case in .

normal calciua, Fentobarbital 4id not.shift either of ‘the
’curves for Im or ‘Th' - This should be contrasted with

.Figure 9"‘ ,'uhlch phenobarbltal bLocked the f shifts

Aornally seen in .36 an ca1c1u-. T, waS‘shifted_tc the

right Ly pentcbarbital in .36 @M calcium as it was jin 1.8

- AN calcidm €xcept that the shift was larger. As the
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experiments uit§2;36‘-u. calcius and pentobarkital were

.
—

carried out on cnly one axon . these results should be

regardéd as‘tentative.

In suilary; Loth phehoharbital and cgestchbarbital

reduced 'aNa ~withcut affecting the leakage condnctance;.

o /

o Pentoﬁarbital‘also decreased §Kvand to a ‘gréater> extent

than §Na; when rhenobarbital dces . decrease §K, this

decrease is- s-aller than the simultaneously produced

_decrease in g . Phenotarbltal ‘does not shift T, mor in

Na

most cases Ih bnt it alvays shifts p In .36 1. ca1c1ul

%

solutlcns the shlftc ncreally - present are ahollshed by

phenoharbltal.\' Pentcbartltal on the othet " hand onlyr
5 :
produces a ehift in T,, and does not abolish the sh1fts

produced in T and Ih by lcu calcium solntlonc .

Cﬂloral Bydrate and'Ttich;croethanol {TCE)

11

Chloral hydrate has effects on the central bervous
systen >51nllar, 1n sany recpects, tc the barhlturates and

%s gsed c11n1cally for hy;n051= and - cedatlon. eAlthough it

: . '
;fls effec ive agalnst experlaentally 1ndnced convulsions,

w

llke Ibst of the barb1turates it has ‘a lou ratlo of

antldonvnlsant to sedat;ve actlvlty. (Good-an and Glllan.

" 1970). Trlchloroethanol is one of the bteakdcun pteductsl

-of chloral hydrate 'End -in" wivo is ptobahly the agent

S

‘responsible fcr the effects obeefved uhen chlcral hydrate‘

~



in the steady state currentc is due to a reduct1on in '3

. tvo other nodes.

is given,

'The‘cu:rent~Voltage Ielations for the peak and steéd}
state currents before, during and -after -1 an TCE are
shoyn in FPiguxre 15. as is clear frca the flgure, both the

peakvand steady stéte'currents are Ireduced. The reductlon

—

v v

thCh in this. flgute is reduced to 61! of control. _EN&

also is rednced to 80 % of control but along. vlth this. .

L

reduction is a proncunced 1ncrea<e 1n the threshcld for o

-

1nvard sodlun current flow. The rleakage :conductance 13

not affected by ICE. Sllllat tesults uere obtalneddulth

- The sodiue and potaésiun 'ti-e donstantQ chr#éSf-

obtdined fron the same expemnentQ are shoun 1nfrlgures 16

~ ’

and  17. In, T and Th are all " shlfted by .1 nu TCE.. The

«,',\.

most 1nterest1ng feature to note is that whlle the T and

Tm curves are chlfted in the dlrectlon of depolarlzatlon.

'the curve for Ih is shifted in ;the» opposite dlt&Ctlth

That is  to say, vhereas the rate cof turnihg on of the

so@@n-vand poiéésiun_éyste-s ‘are reduced, the rate of
‘sodium inactivaﬁién is jincreased. . This is an uhqsnal
findjing because it is gehe:ally' founé~ that pbnditions_
\ﬁhich shift T usgéllyxtshifpt'Th‘in £§e_saué direction

~along the voltage axis. Ehen~§/ﬁbdé is w@rrent Cclamped

K.

£y

I

and . exposed tc .1 -uUICE~thegteebigedggction potentials

st w8

,‘ s N v



Figure 15. Current-v
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‘Trichloroethanol - alvayc; reduce&-

T, curve uete acre vatlable . In oue axon for exanple,‘

v 6"7‘ B

'are rednced in a-plltude tc about 80% of control values_
faand sbou 1ncrea¢ed thresholds. The reduction in the'
_a-plltude of the actlcn pctentlal cannot be explained by a

vreductlon 1n gN‘ alone, because ‘this concentratlon of  TCE

q s
ouly reduces gN te betueen 75 and 80% of control values.

‘ It appears that thlS neductlon in awplitude results from a

conblnatlon ct a decreaeed §N’, an increased sodium
a

<'

”lnactlvatlon. and a decteaQed sodiuwm actlvatlon at small

o -
depolar1zat10ns. :
zJ‘_‘ o

Al : - \'

- Chloral hydrate'fi qualltatlvely 51m11a¥;to TCE in

-that 1t shlft° the - T_  and: Ti- curves in the oppos1te

m o

~

dlrectaons alcng the voltage ax1s but only at con51derably

hlgher concentrat;one";; UsJUg theoreductlon 1n g as a
. Ng .

.measure of potency, 10 nu chioral hydrate is appr011mately

equlvalent to .05 -u ICE 1n that'i s :educed to . abOut

1901 of contrcl (3 experlnente) Chloral hydrate has a

';s-allet and a more varlable effect on gK than ’does TCE.

gK ‘o a greater&extentA

: ) ' ,
than §No uhereas chloral hydtate had lesg/ affect ) ak
tbanr*§hajf.and in ‘one. a1cn of three dld not reduce gK at =

~

The sh;fts 1n the In curve seen u1th .1 uu TCE' were

"aluays‘vln the dlrectlon cf depolarlzatlon, but vlth 1over

y concentrau.onQ ar u1th chlcral hydrate the effects on the

N
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vas shifted to the left ty 10 av, uhereas in another axon .

chloral hydrate failed to produce any shlft in T,

. . ) ',,/. Y
In order to determine whether 'calciun Hould modify

_the action cf TCE, .05 mN TCE was added to the node in’

either .36 maM or 9 am calcium Blnger. 1§Thé dlfferent

calcium ccncentrations did not affect the teductlon in
. . | . . - i s

either §Nq or § as coipated to the ccntrol< contalnlng,

K

TCE i 1.8-E calc1u- Rlnger. The curves . for both T “and

Th were shlfted alcng the vcltage axis by changlng  the“

vca1c1un concentratlon,,but the shifts Here 51up1y addltlve

with those produced by 1CE alone (2 experluents)_: 4For

exa-ple, the chlft to - the left of Th prcduced hy TCE vas

moved a fnrther 1o-v 1n the same dlrectlon uhen .36 mN
calc1u- and TCE vere applled together. Nodes exposed to
solutlons cf .36 -u ca1c1ul and ICE were sc inactivated

“that they failed to: produce actlon 'potentlals vhen. the
. P

nodé ias 'cnrrent cla-ped, unless a hyperpolarlzlng pulser

vas applled befcre stllulat1cn.

_Although the curvé-fot”T' is nct nor-ally affected by’

 .36 mh ca1c1un, the nodes: exposed to .36 aM ca1c1un plus

TCE shoved a greater ctht of T ln;xhé direction oﬁv

depolarizatioh than they did Hith TCE 1n 1.8‘ e ca1c1um

Ringer. ~ This shift to the rlght vas even apparent in, one

I

axon uhere TCE in 1.8 LL] calczu- had shlfted T, im the

dlrectlon of hyperpolarlzatlon.
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Diphenylhydantoin (DPH)

DFH  may ' be considered as a prototype for

antierpileptic drags as it has a high ratic of

antiepileptié]to sedative effects (Wocdbury et al, 1972).

Blthough a great deal cf Tesearch bas been carried out in

the central nervous systeam with DPH, only a few studies
have investigated' the effects on peripherallnerves even
though‘these Berves shou.SClefinteresting resgonses to DPH

(Toman, 1969);"

" The current-vcltage relations before.'vdhrﬁng and
after .0184-u DEH are sbown in Figure 18. as can ‘be seen,

only the peak inward. current is reduced at. this

‘concentration. The smaller currents are due tc a decrease.
in §Nd to 80% cf control. At higher concentrations cf DPH
the steady state curtents were also - reduced due to

decreases in gK. For exawple, with .18 =M DPH, gK-is

réduced‘to 80% cf cdhtrol whereas

4

- . . ’ .q'\
gNa is rgduced to 25% of

control values (2 experiments). 1The leakage conductance

.remaibed unchanged at all ccucentraions of CERH up to and
including .18 sA. ”

éecayse LPR vas made up with the commercial sclvent
(primarily progylene leccl)"ihich is~supplied vwith the

drug, édntrol”thns vere carried out using the solvent

-
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' -5

O 182xi0 M Diphenylhydantoin

O Ringer (affer)

t

Figure ~ 18.  currenpt-voltage relations
diphenylhydantoin. = Peak (IF) and steady stat

currents in .018 mM DEH. T=69C Axcn 83

~
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alone at three times the concentyation used in the
experivents with DPH. The data from these runs were found

to be no different from those in Ringer ‘vithqnt._the

solvent. .
o S

\\l
Figuie» 19 ,Lhovs the curregt~vol£age relations for
-018 =M DPE in .36 ¥ calcium aihgé:; As with DPE in
hormal calc;uu the steady state curtents are ho¥ affected.
‘Once again tbe peak currents are reduced by a decrease in
§Nd‘to 78% qf ccotrol. The poor_‘recbiery ~after drug

treatment in .36! w¥ calciup was usually cbserved with

axons treated with DPH (3 experiments).

The effects cp the scdius tinme constant‘cﬁxves by DPH
and DPH in .36 aM calcium éiefshovn in Figure 20. .»The 
éqntrols~in the top. of Pigufé 20 are 1.8 mn calcium Ringer
while those in the bottbl of the figure are 1.8 =M 5nd -36
RM calciam Hinge:v; DPE iv the fpresence of 1.8 ;u calcium

does not effect either I, or T ' However, when the

he
calcium cohcéhtiation 1s reduced to .36 aM, DEH reduces
.fhe normal 10> iV‘.shifts occurlug 1nl.36 LL calc1ul by
- half, Similar results were obtained v1th .009 -u DEE ;n;
the presence of .36 aM calclul but ip this case the ncrmal
10 (iishlft waQ reduced tc 7 v, ngher concentratlon; of
DPHE (.036 mM) in 1.8 anm calc1uu Ringer shifted T, to the

right by 10 mv but did not fhrther'affegt;Th.
o . A B
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® 0.36mM ,ulcium(before.)'

8.0.36 mM Caicium + 1.82x1G°M Dfphetvylhy(hman
. ©036mM Calcaum {ofter)

Figure 19. vCurrent-vcltage Ie g;;. for
calcium Ri nger. Peak (IF) and Steady state (Iss)
for DP DPE 1n

<36 N calcius Elnget. . T= 6°C.

¢

E(mv) -
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® Ringer ( before )
5182x10 "M Diphenylhydantoin
Y Riger (ofter) L \
. T ’ '
mseC
45
30,
' 5 | e
S .
~50
& ' ' ¢
. ‘a 03%6mM Co** I
: . . v ’ g
o ~ - Y 036mM Ca** +182xI0 M
r . N . .r - 4‘ h .
e " | LI ‘ Diphenythydantoin
} 045 .
.45 ’ o

Figure 20. Sedjum time censtant curves. The upper curves
are for DPH ip Ringer. The lower curves show the Ringer
control (hefore), the .36 mM calciua control (before), ang
the test curves with .018 RN DPH in .36 mM calciunm Ringer.
T=69C. Axon 83 : ' v

[
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The tiwe constant curves for the potas51un system
f

’

obtalned froe 'the runs shoun in the prevlous figure are

shown in Figure 21. It shculd be noted that the controls

F

at the top'of this f1gure ‘are l.erlﬂ calcium Rlngetsuhlle

those«at the kcttem are .36 Y. ] calc;un Rlnger. As can be

,' A

seen fros. the controls the curvqffor T is-not affected”by

- i

-36 aM calcine. In(theopresence of 018 =M DPH and .36 mM
calciue  however, T is shifted-to the Dighf. .Tﬁicvresult

YVQs'atjpidal as fn the cther axons studled neltheronpq by =

itself or dn the presence cf .36 lu calcium shifted T |

‘r

e:/} at cenCentxatlons up to .18 nn. — . : .
\‘\‘)- g . .o’ ’ _'F o _‘ ) ) L . A o \. . E ”>

Ty .
B °‘°¢ e e . S e ‘Wé,k . Lot -
B ) : TR g
‘ychlorp§0y321ng‘,
4 ' '

"5 \; . W R .

’ Cﬁlbrpro-azlue ,effects\ have “been tested on =gu1d

gﬁaut aions and it. has been found tc blcck both the peak

i

and ‘the ‘steady state .Currents (Gruener angd. Narahashl,

T

1972?. ‘Hille " (1966. 1967ar\§ound that prochlorperazlne,ta

‘i

oz5,<:l‘ose relatlve of chlorPrc-azlne, select1v11y reduced gN
A T oo T TN :
i‘ : Q‘Flgure 2‘ shows the current voltage relatlons for the‘

peak and steady state 'curteuts for Rlnger 'alone, and

'1R1nger congaining . 005 -u and .01 nu chlotpvonazlne. fa;
i : 15 ¢
voltage clamg rup in Ringer vwas e made after each

J] T
concenération of dtng had been tested but these are not

eshoun because tbey vere 1dent1ca1 te the drug ’series e ©

‘,That is.‘--there ~was | little or no . recovery after .
' Ca . /'\7 - :
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‘ msec e
Tn
S Ringer'( before ) ‘ ~,
ol : A 182x0 N Diphenylhydantorn
. : S Ringer ( after)
“N -
\
\‘\V(\
B L] { ‘
o ) ~ "“’V‘“W"M"M*’M» :
S , "5 O s k50 475 E(nv)
‘ ¢ m ’ . : .
I L C {before ) o
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2 2 25T w50 e E(myy L ‘

. *}' :
Figure 21. ' Pgtassium time gvggggg curves. Upper curves

are for DPH ip Ringer. Lower curves are for EPN in .36 o#
‘calciun  Ringer. - Ncte lower controls! are hoth .36 GY
calcium Rimger. T=69C. Axch 83 : &\ - ’

Lo
3 P o, R A N
B} Sow - P R . ~ },7 O\w_,fN‘ ‘
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I(nA)
+10

» e R_inger" . o
LA 5ud£M~Gmmmmmﬁ&
o - _-10. 'v_,'l xlOﬁM Chlorpromazine '

L -

Figure 22. .-CuLrent-voltage relations in chlorpromazine.
Peak (Ip) and steady state (Iss) currents in Ringer .
. (before) and .005 and .01 an chlcrprowazine. ' T=40C, ayon
76 ' ' o S ' -
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chlorpronazine.A The prolpngeq binding of éhlcrpronazine
is perbaps  the wmost ﬂlnterestlng dlffeteuceA betveen

chlorprouaz¢ne and the cther drugs tested in the Fresent

- study. With the excsptlcn of strychnine, the other drugs

. t . [ !
_ tested vere uashed out"glnost\ conpletely within thres

mlnute= ot returnlng the node to Ringer. Thls petSLQtent,
blndlng. as indicated’ by the gpoor recovery 1n Figare 21,

has ‘alse been repoptedr_;‘

Wid' axons (Gruener - and

Ogdxg{

as 30 mlnutes was neceesary to effect partial recovery,,

Narahaehi. 1972). Hith'i" ;“vashing for as long

although in two of five nodes even partial Lecovery was

not obtalned.

.

As cap pe éeen in Figure‘22fonly fhe ‘peak *trahfient

fcutrent vas. affecte& by chlorpro-aZLne. Ihls resulted

~ - -

frcu a decreace in A which _fdt .005/ M and .01 ul

chlorpro-azlne vas reduced respectlvlty to. 85 and 6“% of

. the Rlnger contral. At st111 hlgher concenttatlons (.05

S
3 N

i~

7zﬂmu). \gkz”ﬁas' alsq reduced but alaays to a s-aller exteat

~a
constants f he same vcltage clam serles 111ustrated in
' P

m)~

.the’ FEev1§3L»'flgure. ps‘caU'pe seen there uas‘no effect\yﬁ

A

on any of hbe tlle ccnstant CUIVec ty chlcrprona21ne.

',Slnllat rem ts ‘were obtalned in two- otber axcns 1n whlch

W%«~ A
the t1ne constants were ueacured.

[ . a
-

- Chlorpromazine -was also tested VithTRinger'containing,

I

ithan.§N . P;gute 23 Chouc the sodium and potas31un 'tlne & @?

\-\-m—

\,‘:):’
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Figure 23.% Tlge constant - gurvés. in chlorpromazine.

Sodium and potasaium tlne constant . -CUrvés in .OOS\and .01
mN chlorpromazine. Data fron  same runs shown in. the
prev1ous flgure., g S T

)
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9 wN and .36 uM ca1c1um tc determlne whether alter1ng wthg

Ny ‘ \ .
celcium concagﬁratlon uculd ncdify the 'aCthD~‘Ofuku

"eﬁiglorprona21§f  e experlnents vere rather difficult
. of the peor recovery fromn the effects
R~ 3

of chLorprcmazl, 7;In one axon .0ON5 nH chlorpronazlne An

B rnv

« 8 nﬂ ca1c1un R;nqer reduced gN .tc 85#ﬁbf

. é'/;

:nq-leffect ;on EK,‘ whereas - thé“‘came~ concéﬂt%ﬁ,'

'chlorpromaz;ne in +36 aH.. calclum Rlnger reduced gNd fd 1&%
of contﬁbl“add Hg to GOf‘cf' control Recovery however,
vas extrenely poor. ‘.;pj two other e&pefiments in thch
lovex concentratlcne cf éhlcr;romazlne uere émployed, nq

dlffetences 'vere \found betueen the effectc produced bylvj

_ chlotptonazlne Rlnger and‘.36 mM calc;um chlorprona21ne*“

’ Rlnget.' LR

e

'Strychnine

~

Becausé some of the 8rugs I have tested ‘are useful as’
lantlconvulsantc fﬁs Hell as antleplleptlcs, I also te#téd:
strychnlne uhlch 1s capable of preduC1ng convulslons andd
is somet1neQ enplcyed‘ nf testQ for antIEPllepth drugs'
:(Hoodbury, 1969) Strychnlne has been' shown to  produce
prolonged act1cn potentlals at the frog node (Haruhthl etd
ali. 1356). Becently Kfee (Klee et al. 1973), found that
in. Aplysla neurons strychnnne reduces both the lnua:d and
outuard currents ndu re uCes _the thpeshqld fpr_invard

"

J

'cutrengwfloyfzﬁ.:
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3
In my experi-ent strychnlne reduced both the peak
and steady state currents. The most 1nterest1ng'and

unusual observatlcn houever was an apparent ipactivation
7 ~ v

of the' pota551un systen pt/duced by strychnine. This‘is

n

”illustraded in Pigure 24 - which shows a 6oltage ,clamp
serles rnnd in' the presence of .1 mM strychnlne Rlnger.

For clarlty, cnly every. cther current record is shovn
Yy

; startlng at a depolarlzatlcn of ~43 av and exteudlng to
+147 av., Thlc figure should be ccﬁtared - Wwith the 'total
current‘ record ‘shown in. Flgure 2. _whlch'uas'obtoiued in
_Ringer/soluticu. 1t should “be ,noted that the uoltage

s;ép;' ueed in Flgure 2y are much 1arger than thcse of
fiéure 2.' As is clear frcm Flgure 2& thézllnuerdqwsodlum
?;Cﬁrrents“-arel entlrely ahclished‘by tréetuent witp ;1eﬁu
'.}?etrfchniue. lr;k;his exanple §é§far ~the peaki 3 .'rhe'

~potassium curreut _lS reduced to 60% of control while the 4
";pota551um cuttent at - 15 nllllseconds 1s reduced evey more,

~In soue ‘axons the 1n1t1al peak 1n I folloued hy a decllne_

¢

;uas a§¥arent at concentrat1cn< of =trychn1ne as. 1ou as - .01

‘:uu. In'tuo axons out of flve stidied Hlth strychnlne thevv
‘peaklng of 'Ik‘ folloued hy a decllne vas not observed at

_ S
conceutratlcne RS to and:u‘iudlng'.1 nn strychnlne. .
L . .\;. .

N .
AN

N

o Norlally the nodal nentrane does not shou pot3551um

" s,

’;1nact1vat10n unless -test pulses are applled longer t an_

ld;200.u8ec. '(Frankenhaeuser, 1962). Hheg long test ,guls_e

! Y
3

AN

B

g

-

o
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~are -epplied to fhe node the potass;un current declines
u1th tlne tc a flnal non*zero steady ctate value thCh is

voltage dependent (Schuattz and VOgel, %871) The

3 behavidr

. : v'mq ) &
except that the 1nact1vatlon rate is me&sured in .

mllllsecondc 1n<tead of Seconds.

currents in Figure 23 show a; similar .type

Measurements cf 1, revealed that it is not saffected
by Sstrychnine at concentratlons np to .1 nn.3 Tm apd T

were not affected by strychnlne.- In axons where'Th apd Tﬁf

were nct neasured ‘the normalized peak sodium conductance

3

'versus neltrane potentlal curvee ChOVed nc shift uhlch

S
,1nd1cate that I ¥vas not affected.-4‘

In current cla-p ex;er1lents strychnlne nodlfled the
“actlon potent1a1 by reduc1ng the helght and- prolonglng the

'duratlon. ‘ Ccncentratlonc of strychnlne between .1 and . 5"
-

mu prolouged the act%cn pctentlal duxatlon Jtwa to',,thre‘e‘_w

tlmes the duratlon 1n Rlnger Hlthont stxychnlne. Nben .5  )

w oo

¥ strychnlne Yas added to the node,"the_ duratiohr vas
gradually 1ncceased _whlle the helght decreased until the
’actlon potential was conpletely hlocked in .tio to 'three
,nlnutes.’ ; RS | |

i . LS _ e
el :

Other Lrugs - |

Other.  |drugs - = studied ~included - procaine, e

-~



‘diphenhydraline and sodiux brcnide. "My experiments with
procaine gave sililat results to the data from squ1d or
node obtained by others wlth procalne (Shanes et al, 1959;
Hllle, 1966, 1967a). _P:ocalne reduced the early peak
current» by reducing 3 Na uith little effect on §K'and no :
effect on §L. Shifts 1n the fpeak scdium conductance alongf

the voltage axis was seen Hlth Frocaine but the shifts

énounted to only a fewv mv.

Experilents vltb dlphenhydranlne iere~'similét' to

those with prccalne except g, vas reduced alon v1th g . .
'K ' Na™ -.

Dlphenhydrallne at a concentratlon of L1 oM redpded gNQ

‘and kP "to - 40 and 58% -of control values respec%ively

' uhereas gL was not effected Shifte 1n the tlme constants

I

were either atsent_ br shlffeg‘ by 2 9; 3 ®mV  in the

derCthD of " depolarlzatlcn.

Sodiul -hrcnide_»ugs aleo tested ép the node but
found to have'no effeCts. Sodlu- brom;de was used 1nctead
j . )
of sodlum chlcrlde to nake up the Rlnger solutlon . S0 the

" concentration’ of bromlde was 111 8. nu. Ip tuc experiments
the bronlde Blnger showed no. detectable effects on. ‘the

node atter 30 llnutec expc<ure.'
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Chapter 5

-

2 -

9> A5 35 3 5 \]

. .
Membrane Stabilization by WNarcotics

l

kN

The one common feature apparent among the narcotics

tested in this thésis was théir ability to reduce § Na and, -

uith two exceptlons (to be discussed belou), this is the
amechanlsm by uhlch they are able to ‘block = the action

potential. These findings are in agreement with other

studies on nerve and muscle where the consistent Tegults

have .been thatf all the ﬁarcot}cs»teSted tbus far reduce

B vith or uithout effects on g or the sodiupr or

o Nc . K ..
’Q?)ﬁ}w; L > R ) .
%}“ \pota551um kinetics (Frank, 1972; Hille, 1967a; Narabashi,

s

» -

wfﬁl 1971- Narahashi et:al,‘1969y.

N . N

":‘{1.,Hhether these’ narcotlcs .all reduced gNQ bY the Same

‘Vexperlments. One of" the d1ff1cult1es in 1ntrepret1ng the

'r“'kctlon \QI the varlous narcotics is that at first glance
) ’\~-.
e .

they dc not appear to act via cla551cal pharmacologlcal

recapto:s, Th;s.fs clearly 1llu=trated by the. observatlon

that - widely ‘dlvergent clacsee- of qompounds such . as

'f'detergent “ktranqu11112ers ;and 1¢calf‘anesthetic5’> can

produce.'a reductlon 'ih  NO!(Hille, 1967q{f§i§hinqtq.add

‘Adeldan, 1964; Narahashi et al, 1969). This lack, of

‘ . . y . .

- mechanlsm canno£ be 'ascertalned with certalnty from my;

SN
\
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specificity bas resulted in a great deal of speculation
éoncérning a upnified physfcal theory of narcosis hy which
this action way be attrlbuzed to some phy51cal change 19
the wmewbrane ctrueture., ghlé’could explain why different
types of drugs caqn all produce the same. effects (Seenan,
1966, 1972{gr One suggesteg lnod1f1cation of menmtrane
structure byw narcoti&s- has beénqa 'fluldlzatlon"of ‘the
' membrane.  The wolecules of the  narcotic suppoéédly
dlssolve' in the menbrane llplds causing a- dlsotderlng of
the lipids and _produc1ng memtrane expa951on.£'”tThls
expanSioﬁ has been shown to take place in a variety of
membranes and accounts for ‘the pg&tectionv of ‘red‘ éell
membt&ﬁes»tp.csqotic lysis conferred by low conCeu{raﬁions-
of narcotlcs ~and  the ljSis which ultimétely cccurs vhén

the drug concentrati n is ralsed (Seeman, 1972). It 'has

been suggested tH thls membrane expanSLOn might alter
the ccnformatlcn of the meakrane in such a- uay that the

sodium channel is affected and gNa teduced. It should be

4noted inﬂ7bPis regard that the: concentratiogvdepéndent
expan {gj\\\ofv red blood cell menbranes by\ narcctlcs‘
Ebffe aﬁes \EﬁTftﬁ“uell . with - tﬁe concentratlcn of the
narcotic necéssary to blch :herve fibre conduction'
(Seeuén,1§72).‘:1n soﬁé réspects this model is similarc id'
that .of Shanes (1958b) in _uhlchxhe suggested that thea
narcotlc loleculec dlssolve 1n the. uembrane ‘and: produce 'a
'lateral pressure within the nembrane uhlch 1nterferew with
15ghe_ JnCRfased ; perneab;l;ty ‘td; sod;un necessary  fon

\
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excitation._ Ihls cuggestlon flnds cupport in Skou! s work
in  vhich" he fcund that the.,potency of various local
anesthet1c3/ua$ related tc the degree to thch ~they could
increase thé snrface Eressure of lipid monolayers (Skou,
1961) . The finding that 1ncreased hydrostastlc pressure

can Freverse anesthesia is _also in agreement with this-.

suggestion (Jchnson et al, 1954).

4;Iq§ggm§xe boueveav‘several lines of evidence which

argue ,against such a unlform phy51cal mechanlsm for all
LN

narcotlcs, although lt may 6perate in the case of- certain

. compounds. Eirst( perfusion Studies, have demcnstrated

that some drugs, such as the local anecthetlcs and
pentobarbltal, are ‘more effectlve vhen admlnlctered to one
side of the mesmkrane than the other, Sugdgesting that there

is a SpelelC s1te. at which these- drugs in@éj;ct to

produce thelr effects. ‘Narahashi and hlS couoy(/;s have:

' found that the local anecthetlcs actﬂln\the chaz éﬁ form

;ﬁh' the 1nternal ‘surface, \Of the me;;;QDG‘ whereas

¢

pentobarbltal acts in the uncharged form also at the.

1nternal surface (Narabashl et al, 1970 NarahaShi and

‘Frazier, 1971).

Sécond, there are drugs such as tetrodotoxln which

are not soluble in l;plds and act, at a. spe01f£t receptor
i .

_51te to reduce only g (Hille, 1967a, 1968a;'Narahashi ét

-al, 1967). This suggeSts 'that at least One specific
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receptor site exists uhich is capable of reduc1ng gNG
ulthout producxng fluldlzatlon of the membrane.
*J

v
-

"

Third, the effects of chlorpromazine oh&%he action

_poteqtial of the squid axcn are very sensitive to the pH
. : TR,
of the bathing medivm. * Whem  an axon is exposed to

chlorpro-a21ne at pH 8.8 the actlon potentlal is gradually-

_\'l

blocked.;h mtpeﬁaxcn'uith;drug fr$é solption at pH
i : : minutes. - restore the action
» Now if the solution pH is
potentlal is again blocked.
* §8~E qnce agaln restores the actién
~‘Ai1nal helght (Gruener and Narahashi,
‘ncé the FKa of chlorprom321ne is somewhere near
8.0 the ~effect c¢f changing _the pE is  to convert
'thlorpronagine ;fron’ the cationic to the neutral fornm.
This élearly demcnsﬁrates‘ that it is not 51mply the "
éresencei of the drug in the membrane vhich 1s 1mportant
for Supreséing gNo but a{fo‘thg form that the drug assumes
vithin the neﬁtrgne. A sihilat effect also has been shown
vith Pentobartital (Blaustein, 41968) angd - some'f locél

Y X

anesthetics (Ritchie et al, 1965).

Feurth, recént experiments investigating the action
of quaternary analogs of lldccalne CD. the 1nternal surface

mg\ of frog node< hBVE thpwn a voltage dependent reductlon of

§N by these drugs §§ gg

chartz, 1973) .Both a3 “tonic" and

'U 4
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N o o,

‘; ;“'-"pha51c" hlcck ate produced by these drugs. Lhe "tonic",

?Kbkock ‘bnly takes effect after the uembrane'.has been
. depolar1zed sufflqiently to raise g to a value‘ of ' one.

.Q -y Tane thls "tODlG"Tﬁaée has peen Froduced, the block is no

B . v

-longer sens1t1ve to varlﬁtaonc in’ the menbrane potentlal

- There 'isv houeVEr a. "phaclc" block vhich remains voltagef

sens1t1Ve and cau be lncreased or decreased dependlng on

. the Previous’ VCltage ccﬂ%ltlcnlng ¢f the neurrane.. Ihese —

hobservatlons 1nd1tate that the blcckade of the sodium

- v'channel or. expo<ure of a slte when the sodiun System . ig
-act;vated this site 1s pteeunably Where qQrugs bind to

: -~
‘produce their effects, ' _ '
AN

SN

Pifth;- the sost notlceable feature of the narcctlcé

- testeqd in this thesis ard and of' thcse reported ~in the
.fllteratnre. 1n addition to thelr ab:l;ty to reduce gNO ;s'

the var1ah111ty of thelt cthgr effects (Narahashl, 1971).

For- exaaple, phenobarbltal haqd little i"ect ~dn gK and
1sh1fts the curve . for T in ~the j dlr;ctlon of

depolarizatlon, vhareas pentobarhltal dld not effect T'v B
-but had a large effect on g and shifteqd T, to the rlght.

‘ "~ the - otﬁer hand chlcrprouaz;ne only reduced g d,ulth

little or %ﬁ effect on gK and Bo effect on any of the tlné\*\

constants._ It QQQ;Q rather lllprobable that thev sodlun
'channel 1acks spec;flcxty uheteas tbe Eotassivp systel and .

_the kinetic pataletets fot the sodiug apdy potassiumd='
- . . . T tf' .

& =
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i~sjsgens shovjéathér a. high degree cf drag eelect:.txty.
' Taken togethet the above con51derat1ons vonld suggest that'
 there is Prckably. no s;ngle‘-echan;s- which can accpunt'

for the reduction in §Nq observed ‘with the different

narcotics.

LN
[

Chloral  hydrate and ffichlcrorthanol, anlike the
other - narcotics -, reduce the action . pctential by

Na~
< gerera} action potentlals lay be tednced in at least three

uej?ﬁnisns 6the;» than‘ a' si-éle~ reductlon 1n g In
uays, 1) a reducticnm in s 2)' a -<h1ft\- n/“the curve_
relatlng h t0~/;glbt ne pctential in:such a wvay Xhat the
sodlum system is inactivated to a greater exten at the'
l,restlng po‘entla‘ and B) m is shlfted 1n snch a uay that.
the thresbold is greatly ipcreased. " With tr{chlotoethanol :
‘apnd chloral hydrate all three "of jfhese1 processeS are
operative "and each cdnttibufes to the reduction in tﬂe
action'potential' Cnly ip cne study m1th ;arcot1c< bas it
- been suggested ‘that _scd1u- 1nact17at1on llght be the
Efnechanls- fecr ;rcdnczng blockade of the act1on potentlal
,Schoepfle (19‘7) conclnded that thlopental, uhen added to
the frog node, blocked tﬁ“actlon potential by 1ncrea31ng
“odinm 1nact1vat10n because the block could be reversed by
3 oTedeeding ‘hyger olaxization. kAs Blaﬂgteln (1968)
'pointed butv hovever,'\Schcepf1e also clalled that the:

lutrlnclc timg of the 1nact1vat10n process was not

nod1f1ed. Tlus7 cléarly does . not fit with the model

rl
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presented in\chaptér 1 of this thesis, as any change in h.

-~

vould be reflected by a change in the relatlon ketueen T -

h
and the nenkraﬁe potentlal. The other dlfflculty wlth

Schoepfle's explanatlon is that even j1f .only gN vere

- . a

reduced, - 4. .rrehyperpolarization would certainly,incrqasév

the height of the actiSn' Potential, because the SOdlUl

systen vould be less 1nact1vated and tberefore the scdluh'

,'current uo&ﬁd be expected tc increase. This reversal of

action potentlal blockade with hyperpolarlzatnon has been

‘shown to cccur Hlth procalne Uthh does not effect sodimm"

*:1nact1vatlon and vhich itself ‘hyperpolarizes the memhrhne

by a few millivclts - 1Inou and Frank, 1965)._ vf ‘
, ™. ] . T \

The fact that I, can be .shifted in- the dlrectlou‘

opposite to that of T and T, by chloral hydrate and

trlchloroethanol indicates that the klnetlc paraneterc aref

¢

determ1ned by distinct Frocesses. . 1In contrast, it has'

been squested' that  sodiua activatiom, sodmu-

inactivation, and pota351nn activation  are coupled

processes,~(Gcldlan, 1960- Heiss, 1969) pr,_ iu a ‘more
'restrlcted lodel. tbat sodlun actlvatlon and 1nact1vat10n

‘uere .coupled but that pota@siun actlvatlon was a seperate

[A_Strleb,j 1971). . Hovever, studles with pharnacologlcal

‘agents such as tetraethylallonlul 'and tettodotoxln' haVe

R

- process (Hoyt, 1963; Boyt and Adellan,, 1970; Hoyt and -

shoun that a. coupled “prccéss betveen the sodlun and'

,_pota551un systen is hlgbly unl;kely (H;lle. 1967a,',1967b,
_ -
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1970) . Indeed, Chandler.'et -al (1965) attel@ted to -

determine'-vhether actlvatlon and ’ 1nact1vat10n fh the

sodiunm sfstem' were" coupled and concluded that they vere

"sepearate processes. The erperlnents in this the51s 'vzthf

,trlcbloroethanol -apd chloral hydrate clearly delonstrate
that the processec descrlhed hy m and b are' dlstinct

because - the rate at thCh the sodlum systel ‘turms on, is

-/

decreased under condlt\tonc uhere the rate of turning off .,

the sodlum system is 1ncreased. It is rather difficult to

K

§

,1magrne ‘that m and h are coupled processes uhen drugs can

Shlft these paraueters 1n<?ppcsrte directlons.

It is 1ntemest1ng to note that ‘the nechanls- of nerve‘

block by chloral hydrate 1s so dlfferent fro- that of the”»

barblturates, and yet their effects on the central nervous ’

\

. y
'system are s0 - s1m11ar. I can only speculate fro- ny data,-wfa

but 1t _seens llkely that’ it-is a reductlon in the sodlu-f-

‘“.system, no matter bow 1t is. achleved. vhich is esseutlal

for general central nervcus systen depre551on-. 'Thleact

that the drug CODCeDtIatlcnS used ‘in* this thesrs are\”

fhlgher than tbose necessary to produce central nervous’_'

~ : s . ~

systeu"depression does not argue agalnst ﬁa'g 31111ar”
2 . N . St

nechanism of " actlon, qbut denonstrates that lotor nerveshf

are less sen51t1ve to narcctlcs than are central neurons.

This concluszcn 1s 1n agreenent u1th the uork of Frank and "
~ his couorkers shoulng that a wzde varlety of drugs 'uhrch |

reduce the sodluu mechanlsn all have depressant properties\



'in the central,nervouswsystén (Frank, 1972).

* Stabilization by ﬁntiepiiéptic Drugs

4

Antiepileptic_ drugsﬂf'lay or naf‘ nof Sugress
‘ exCitability, “and isny ﬁarcotiss are,_nof nseful ds"
;Jantiepilepfisc a main. charaé%erlstlc of" autleplleptlc
-:drugs used ‘for the treatnent of grand -al epilepsy is
theit ability to suyréssv Spontaneous and ‘repetiiite
acfivitj» in ‘nervgs"-ade ')hyperéicf%able by various

.ptscedureS‘(Tcnan,-1969).". ' V‘dl - o
'Spontdneous_‘sctivity_occurs in»psrve-uhen therevis a
ifﬁf net inwétd- flcw of current af_;the'<testing' meskrane
4;;d;f;;pg§ggtig1 4NQh1e;,.1966);* In the squid axcn repet1t1Ve B
‘ : détiiit} may ke prcduced Ly appl;lng a steady depolarlzlng
‘su:rent to the ne-hrane. ang Spontaneous actlvlty by

Y

:educing tqsL calc;un and sagnesius concenttatlon in the

-fﬂéfbétﬁigg mediuam. ”‘Ihe‘ c;eady depolarlzatlon produces
- tepetiiiie'.aCtivity' because the '-e-brane ;s.héld at a
véofential at vhich 3’ n3h(£ E ) is greater in -égnithde
thaﬁ uthé'75u- ds£7' he_ leakage and potassium curtents so

‘ thete is a uet 1nuard flou cf current\ (Hoodhury,‘ 1969) .
._Huxley (c1ted by Prankenhaenser and Hodgkln. - 1957)
suggested that _é 4redqct1cn in fexttacellular caléiul
scoucentratlon _pightv‘ alter the sodlun and potasslu-

.kipetlcs'by reducihgﬂihe pctent1a1 gradient »across _fhé -



¥ membrane without _changing. the -easured restxng le-trane

poféhtia;. It ]Ealciul‘ is norlally bound ‘ ¥6 flxed n  )
negatively.?chakéed <1te= on. the external snrface of’ the |
membrane and thetefore acts tc nentrallze tbese.’chasges,  . »
then re-oval of part of this bound caIC1n- by rednc1ng the'
Ca1C10l in the bathlng cclut1on uculd-hafé the effect Qf'
Zdecrea51ng the ;otentlal gradlent across the . lelbtane.
Since it is llkely that the voltage~dependent paraletets
are . dependent on ‘the potent1a1 gradlent acrpss‘ . the
lenbtane. and not-’the' restlng legbrgne ’fbfeqfial aé
normally leasured, thls uculd accoﬁnt for tﬁel-appéfentjf
shlfts 1n the curwves relatlng | andv h, to :leleahé
poteuti§l.3gl similar type of effect is ohserved vhen’
éxons'lare perfused u1th solnt1cn= of);Lv 1on1c strength r”h
'>(Chapd1er et él‘ 1965).~,Ihls uenld expla1n uhy rednctlon
E _in the calcida coq\:nttat1on ~1is egulllvalent 1n.’ost‘",

respects, bqt?not all \{Frankenhaeuser and Bodgk1n, 1957),'~

to';tednction- cf the lelhrane pctentiait ' he effects*6nif

!

exc1tab111ty produced hy elevat;ng the' .extracellular C

calciua concentratlon uculd‘ also be explalned by thlS
mechanisa. In:this 1nstance, \anﬂ'lncreased blndlng éfL..ﬂ
calcium to thév negative .f1xéd charges of the -e:tranef 
vonld Create a létget pctentlal gradlent aCEOSSj:the
‘memkrane and pfodnce Can ) effect »siiiquf. to

. hyperpclarizatica. o Aﬂv : R

| S e s
. ~ P
. ’ . L . L.

therefore . reduce -

Autiepileptic = drugs might |

’




z:act1V1ty, by any mechan*sn which would reduce

":.4; 2 ]'

, jﬁcurrents. .Frcm my experlments "; appears_;_r

%arameter ‘ !Odlfled by. d;ugs- which Lklock

k condition 'and thereby preventihg

:{antlepiieptidﬁ;w

the reduct;ons 1n gNd Were rather small.

36 ‘oM ca1c1ul sdlutlons contalnlng drug,

I

and thus favor 1ncreased act1v1ty. It

\éted that th’,'concent;atlbns» necesary “to

Sange as the plas-a' concentratzons necessary
R s i \~

4’{{.,_;. . l,d # :
b %ontrol grand ,nal epslepsy (ﬁoodbury et al 1970).

ThlS suggests that dlphenylbydant01n nay prevent eplleptlc

‘"selzures in the central nervous system ‘by_: _-mechanlsnh

51n11ar to that found fqtf thef nerves studied"iq this

Y

'thesis.

d .., ‘ A .
. \ . R}
L . i .

It 'is' Jnterestlng that. in 1.8 ‘mM  calciunm both

- phenobarbltal ‘and dlphenylhydantoln cause a Shlft ip the

_curve relatlng T to -elbrane potentlal but do not ‘alter .

A

‘;the ”fih curve.h*vFurther, both drugs are capable Lof

; inﬁibltlngfths Sbiﬁt$:3 bcth the va and 'T 'cur?éslt'

h:

"to\a value less than the sun of the leakage'
";rJyg s .- The degtee_of'sgdiunv.activation»
3crea$ed at the 'xestingfbctential' resulting in

Although T and

héSemeffects, at 1east {or d1pheny1hydant01n. are'

affected ,"by, treatment viihv‘,fhé‘f

1

T

%



concentratlon of calc;un uonld then produce the shlfts in

95
£

concentratlcn tc .36 sH. In the case of dlphenylhydant01n

the effects on I and Th in reduced external ca1c1u- vere

observed at a drng concentratlon uhlch had no. effects 1n.

":phenobarbital,, but is—Wight bave ~ teen due to

insufficient testing with' differemt concentrations of

" phenobarbital.

!

normally prodhced by reduction of the exterﬁal'ca;ciu-'

: (1,1 8 an ca1c1ul. iThls vas nct obcexved in the case of,

éince adenosxne tr1phosphate can block spontaneously 

[

—'v\;

-

”‘,,nenb:ane ané calciﬁn they. cculd electrlcally stab111ze the

pentobgrb1ta1 lconld ‘be etplalned in a sinilaf7iénhér Y

part of_ the pentobarhltal nolecule -1ght bind calcinn.a‘A

whereas the 11p1d soluble pcrtian of the nolecule uonld-

dlssolve in the -e-btane llplds. The 1ncreased sutface

\ >

~‘(1972) 51, ‘that 'negatlve aneCthetlcs" . such - as |

« membrane. The shifts in the curves of . peak sodlu-“

'?‘&ondnqtance versus le-brane poteutlal and the sloulng of J.

(Blaustein, 1968). It vas postulated that the charged.

klnetlc paranetets 51-11at to those pro?:ced when fﬁei“

: flrlng nerves and in addltlcn is kncun to fora a co.plex}[_-7

'f Hlth ca1c1ul (Abocd, 1969), it hae heen propoced by Seelan’>"
;dlphenylhydantoln - and phenobarb1ta1 -ight’i; block: :

2 > -
11nspontaneou<1y flrlng cf axoms in a -anner s;l111ar to that3¢;,n

d of AIP.' That is, by foraming crossllnks betveen the-:'

'the tlle to peak of ‘the sodlul current observed, v;th;g1”.



A L
a

calcium concentration is increasead.

There are, houever.'cmveral d1ff1cult1e¢ vith this

"explanatlcn. Plrct, pentobarbltal dces nct appeat te_

1ncrease the blndlng of calclnn to neubranes (Seenan e

91; ' 1971) . Second. aden031ne nonophosphate and

gdlphosphate are alco able to - block =spcntaneouc actlvity

’

eand yet are not’ very ;efﬁectiie at co-plex1ng calciun
(Knperiah et 61'11967i. Ihitd, 1f dlphenylhydantolu and

phenobafbifal uere fo 1ncnea<e “.the degree of,calciun_

blnd1ng near the external curfaqe of fhe 'ielbrane,‘ then

one’,vqpldv egpeCt,to‘See alteratlon in the curves of both
Tm‘anﬂ'TH, as occurs’iith elevated calc1un concentratlonst'
rathét' than ‘1n tife case cf Tm alone.‘ In the experllents'

1reported inﬂ‘thls the51=. only ‘Ih:,:ués‘ -alteted by

I3

phenobarbltal and dlphenylhydant01n n 1.8 aM calc;ul

Ringer., Thus 1t uould appeat rather nnl;kely that an
":1nctease 'inl calc1u- blndlng is the nechan;s- respon51ble;‘

ef!for the abolxtxon cf spcntaneous fxrlng by these drags.

Lo
\

‘the role _of C&lClﬂl- 1n the lechanls- of action cf the
_antleplleptlc drugc uould te to test these drugs on- axons
:uhlch have, been. 1nduced to flre repetztlvely by snall.
?~Iprolonged depclarlzat1ons, rather than reductlon of the

'ca1c1u- concentrat;on. f; aj?‘ th1s ' procednre. . the

extracellulat calciu- concentratlon uould not have to be

One possxble experllent thCh -1§ht help to clarlfy;
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/ . v Q ] e
altered and thus the effects of the drugs ould not he
confused by the effects P cduced by chang;ng the calc1um

.
c0ncentratlon. S ) R 9*

"”7?>'\

.- Ac»‘menc1oned 1n Chapter 2,.the sites on fhcunent:ahec
vhich bind calc;um have been implicated as the same . sites
')Luhefc narcotlcevact to block exC1tab111ty. ilthouéhlthese -
calc1um blndlng c1tes ‘nlght );pfluence the ‘acticn of
'certaln cat;on;c drug< -such as lptocaine,“ ny;,eiperinents
generally falled tcAshow any éignificant effect{qf_altered
calc1un coucentratlon on¢'£he~ ability of'{he'différent.

v

,drugs tested to :educe“\ﬁNQ or \§K. - The 'dne' p0551b1e
‘ except1on \‘tc thls Has the sxngle expetlnent Hlth
chlorpronazlne in thCh the ablllty of Cthtth!aZJUE to
-reduce aNd: and gK uas enhanced hy lovetlng the calc1un:
’5concentrat1cn from 1.8 to .36 nu.'ﬂ The recovery of. the
?nodal 4 current=,f uere 'sc ~ poor, . howe;er, ‘that £heJ
'significancc of th1s‘ cbcervat ‘vis'. difficulh 'tq
. ascertain. Iﬁ_ 1Q po=51h1e however, that an 1nsutf1c1ent

”concentratlon cf rﬁlorprouazlne vas enployed ‘in the cther

‘.experlnents lnvolv1ng chlcrpronaz;ne»calclnn lnteractlons.’



Strychpine ’ o ' : AR
& 0 ; o ’ L, .
: )/&
Sxtychnine* is  a pctent central neti%us syste-
vfstlnulaut capahle cf prcduc;ng convulclons presu-ably by
'blocklng dlrect and 1ndlxect 1nh1b1t10n (Esplln €t al

1969). , Althcugh gh s strychnlne acts ’on" post-synaptlc

1nh1bltf%n it ;elalns te be deternlned uhethexﬂlts 51te of

'lactlan ‘is_ r§ﬁ°ynapt1c cx poct-cynaptlﬁ’ Tt cticns of

strychnlne in the central nervouc sysw/l have been studled

1nten¢1ve1y, but only A fev - Xeports haVe appeared

concernlng 1tQ actlonc on 1solated neurons (Ajnone-uarsan,u~
% - N : LI

‘969).

L
In the éxperi-ents reported.inwthis théjls strychnlne

reduced ;§ﬁa “and 9 rolcnged the duﬁ§;1on of the ‘action

K’

potentlal, and ptoduced a voltagevdependent 1nact1vatlon
. »
of the potasclu- syste-.' These flndanS are im agree-ent

'ulth other re;orts of the actlon ot Qtrychnlne cn 1solated'
{

neurons (Ajlonepuarsan. 1969' Klee et al, 197:3 uaruhashi

et al, 19s56).

T vas: altéréd';bf low
. 01 lu) of\ strychnlne, but HJth hlgper:

or Tn,

_conceutratloncv 1,1 Jﬁo .5 -a). there nust have been some

~

alteration of the SOdiUl cysten to account for the.‘
(prolonged ‘abtion . potentlals vhlch were ptodnced

Calculatlons of the current flov and condd%tance‘ changes'

. v
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» during the nodal action~§otent1al have denonstrated that
the ralllng ,hawe 5¥”€hecupt1on potent1al is due naznly to
.the "turnlng cff" of 'the'_scdlum =ysten (Dodge, 1963*
' Frankenhaeuser ~and Huxley, 1964) .  This explains 'for:
Avéxanﬁle, why toad and frog pnodes do not produce prolonged

’

action potentlals vhen exposed to tetraetbylannonluu (TEA)
thch reducec §ky ) Reducing - gK Hill.érolong the actlon
potentlal but only to a Qnall extent (Frankenhaeuser and
Huxley, 1964) Therefore, forx strychnlne to proloug the

i duration of the actlcn potentlal 1u Rluget by tuo or three.

fold, there must be a prolcnged flow of sQdiun current.

There are éuo possible explanations for u Frolonged
flou“'-of"sodiuu'-cufrent; 1)‘ the kinéticé .of scdiunm -
iuaétivétion are*‘altered such ~that. the rate of
"inucfivutiouv "is 'sloved ,of:@ 2) the' k1net1cs of" tue'
v"iuugfiuation Frocess aréﬁpornal but the process does n&t
,gq#‘to coupletlon.. Nlckel 1cns prolong actzon potentlalsf
g uat the uode of Ranv1er by <lou1ng beth. the rate at uhlch
'/the sodlun syctem turns cn and the rate at 'hlch it tums

off (Dodge, 1961, sllle,_ 1§%ab) :vnnm 1,1 1~trichlo:o—
. 212‘b15 - (p chloropheuyi)-ethane), on “the othe; hand,
‘appé35; to hold sodium ehannels_ open . vithout 'affecfingf

or iib(ﬂllle,' 1968@).‘ My experllents with

strychniue do not fallou exclusion of elther vof_ “these

- explqnatious. : ,Thé . dlffzculty in deterllnlng how

stryghnlne alte;s the sodluu systen is that gN is reduced'
. L T ) , - e
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: \ - i : N
: ’ .'. - a " :( ‘ . Y . Ay ! - ”
to such' an  extent tha+ reliable -measurenents ﬂbecomev
- . = K , 5 3 -
. impossible by the technlquec employed o
.. /‘./'"' ‘4‘ . - ’ C T ‘ . , .

’ : » : ¥ .
Another interééting - feature. of; }ﬂeﬁVaciicq of
;strychninev,‘is Jits ability ¢ produce“lrpota?sidm[
} v 3 R

‘inézxiration.,' Potassiun ﬁﬁactlvatlon has been observea/

)

~

wif a variety- of drugs lncludlng tert1a§y and »quaternaryﬂ,A
troplue ' etters, dlbucalne, ‘ guaternary ana%ogs vbfh ‘

‘ng"lldoca;né. veratran;ue (5 veratranlne}Bp, 11«-d101), aﬁd é?ﬁ’
internally applled quanternary am‘bnlum 1on¢ such’i;ﬁiﬁh" |
(Armstrong, 19¢€9, 1971- Armstrong aﬂd -.Hllle, \ 19725
Blausteln, 1968b~ Chta et al, 1973; Narahashi'et 31,~1969;'

"xo ehcfer and Vogel. 1969; Strlchartz, 1973).

Ce

/-'B

QﬁaternAri"amnoﬂlum 1on<, ihen appiied internal;y ih
“hoth squid axonc and the . frog ,ndde, produqe pota=51u-'

'1nact1vat10n by blocklng the. potass;um channzf, but only
A

'uhﬁn the channel is ofen (A&nttrcng, 1969 197 Armstrong

. ~ K N

= and Hille, 1972). It ‘hg} been suggested by Armstromg,
" t »

(1969, 1971) that the qu ernaxy ammonium 1on= are. able to

Jfit  into the potassiuz channel but are unable to pass |

O .

through.  3s ,é\ conseguence, vhen the  wembrane is
ik ) ‘depolarized and, the fctassium gate< open, both potassiun
‘and ‘the Quaterna£y ‘aPlODIUl ions are drlven 1nto thes

\potaSSIUI channel but cnly the Fotassiug ions are able to

o

pass through. : ASZ\théf depolarlzatlou Of _the nenbrane
[ : ‘~‘ .
proceeds, scre cf- the potassiuu channelc becole blocked sa’

4 "‘

By
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B D\ " ’
that the potassiums current declines.
- i .\ . . A , /

¥hether thé inactivation of the potass1u- _Systen

“produced by the varlous quaternary drugs and the vetat;nl !
/
and’ strychnlne alkaloldc ‘is achlevedizn'the Same manner is |~

not kncwn bat 1t wculd appear’rather nllkely. Since the

- Tadius oijBa is the same as that Qof a potassium ion with .

one hydratlcn Chell it <een< llkely that TEA can pass into
5 :

the pota551un channel. This certalnly does ot apply to

A
elther strychu1ne cr veri}zanlne.

~

‘ S '

The fact'xthat ' strychnine | arnd s scme of the vexSEEE.\“
-.alka101ds both produce potacs1un 1nact1vat10n and prolong
'actlonf potent1a1= Sutggests . they nmay ha?e a similar

- nechanis-'ofjactlon. ‘Since so little is known regarding

‘the wechaniss of action'of the 'latilizers® it w uld'seeni
‘vorthuhlle to explore further the actlon of st{iehnlne.
Althondh thls .¥ill prcbably nct 1ncrease our understandj ng
of the actlcn ot ctrfyhnlne on post-synaptlc lnhlbltlon it
- may be ‘usetul in clarnylng the process of exc1tat1cn in

' .merve.
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 Summary and Ccnclusiops

O
1. Nodes of Ranvier, when €exposed to narcotixs such as
pbenobarbital, pentcbertltal chlorpronazzne, chloral

hydrate, trlchloroethanol. prccaine and diphehhydramine,
show "reduced SOGiu- curreﬁh - lna1y51s of the voltage
'clanp data revealed that thevreduced sodiunp currents were
due to a decrease ‘in ‘the laxrnun sodlum conductance.
AN 4 : - ,
2. \EX A ne-ber of the narcot;cs reduced the potassrun
éhrrents by I e€ducing the laxllum pcta551um conductance.
IOnly trlch]oroethanol and pentobarbltal/however, reduced

g to a greater extent than
Ty TO @ grearer. ' o

3. Altering the'extracelluler,calciun concentration did

not wodify the v ability of  the barb1turates or
“trichleroethanol to reduce either ‘the sodium or potassium

conductanceegg The poténcy of chlorpronazineflhow ver,

appeared to he' increased in .the presence of reduced

N

extracellular CaICJDl.

Several of the narcctics altered the krnetrcs‘of the

t1 e necessary for the sodlun system to 'turn~on' vithout

effectlng t_hevj potas31ul system  kinetics,. while

pentoberbital slowed the' 'turulng on* of " the potassium

'—ﬁsystel without eftectlng the -SOdlUl lsystem kifetics. -

-4

~and potassiux systee _ Phenobarb;tal 1ncreaceé the
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' Further, chloral bhydrate and ttichlordethanol' increased’
 the tiue necessaxy for the sodium and pota531nl systeas to

»

'turn-on' bat dej/eaeed the time necessaty for the .Sodium
system to 'tnrn-oig' . .
: .( 
‘5;; The antxep1lept1c -agents diphenyihjaantcin and
phenobarb1ta1 ptolong the ‘*turping-on' of the sodium
‘system in' 1.8 mm calcium Ringer, but Prevent or redace the
no Jf:l shifts in the sodium tige constants €en in .36 ‘lu
calcium Ringer. : : j - |
v ‘
6. 4 Strychnine ‘reduced- both the sodmu- and ‘Potassi
I currents and Freduced potass;u- lnactlvatlon. ne1ther T

h’

.Tm' or T vere effected hy sttychnlne, tut at h1gber drug

concentratlcns uhere the kinetics vere not neasured there

nust haVe been some -cd1f1cat10n of the sodlnl systel as

the dutat1cn of the actJon potent1a1 wvas prolonged two to

three fo’ldi B . )
I B The conc1051cns reached are as follovs-
a). There is probably no sxngle mechanisa by which 3 is

Na
: reduced by all dtng v .

b) The ac@lvatlcn of the scdlnl syste-, 1nact1vaticn of

the sod;u- systel, and act1vat10n of the pota881nl syste-

are dl¢t1nct ;rocecses. ‘ T

c)‘ Stablllzatlon ' of » hypetexCitizable ,-e-hrenes by

. - . \ .
dlphenylhydanthn and Fhencbarbital Yis -related to the



104

ability of these drags to .prevent cbanges in sodiun

Pion brought apout by ° counditions leading 1o

activa
hyperexcitablity .such as' redqucing the extracellular" ,

'calciu;ICOncentration.
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