
MOLECULAR PHARMACOLoGY, 9, 330-335

Copyright � 1973 by Academic Prea.s, mc.
All rights of reproduction in any form reserved.

Tetrodotoxin Inhibition of a Natlnduced Conformation

Change in Excitable Membranes

L. SIER0, A. J. SIE�nExs,’ AND G. A. TouLIs

Department of Pharmacology, University of Toronto, Toronto, Ontario, Can ada

(Received November 13, 1972)

SUMMARY

SPERO, L., SIEMENS, A. J., AND TOULIS, G. A.: Tetrodofoxin inulnibitiouu of a Na+�
induced conformation chanuge in excitable membranes. lIol. P/na n’mnacol. 9, 330-335
(1973).

We have observed that tetrodofoximu can inhibit a part of the sodium-dependent increase in
8-aruiino- 1-naphfhualenesulphonate (ANS) fluorescence on guinea pig brain synuaptosomes

(K� = 0.5 nu�m), smooth muscle plasma membnanue vesicles (K� = 100 ruM), anud eryfhnocyfe

ghost membranes (K� = 20 ruM). The potassium-dependent increase of ANS fluorescence
in these menubranue systems (which resembles that of sodium) was nuof inuluihited by tetnodo-

foxinu. This inhibition by tetnodotoxinu was riot observed on liposomes pro-pared from whole
lipid extracts of these membranes, or cnn inuside-ouf erythnocyfe ghost vesicles. Conucenut ra-

tions of tetnodotoxin up to 10 .o�n had no direct effect onu ANS fluorescennce. Citrate (found
in all tetrodotoxinu samples) had no direct effect oh ANS fluorescence, or onu sodium- arid

potassium-depemudenuf increases inn ANS fluorescenuce.

I NTRODUCTION

Tetrodotoximi, flue toximu of the Japannese

puffer fish, is a useful tool in electrophysio-

logical investigations because of its specific
ability to block the early (sodium) conuduct-

ance, thus preventinug the generation of a

propagated action potemutial. It has nuo effect

on the late (potassium) conductanuce. If has
been postulated that TTX2 blocks the so-
dium conductance channels stoichiometri-
cally, and recent studies on the bindirug of

radiolabelled TTX to nerve membrane are

conusistenf with this luypothesis (1). [See Hille

This iuivestigation was supported by Grant

MA 3564 from the Canadian Medical Research

Couuncil.

1 Recipient of a Canadian Medical Research

Council Scholarship.

2 The abbreviations used are: TTX, tetrodo-

toxin ; ANS, 5-amiiliiio-1 -naphthalenesulphonate.

330

(2) for a model of flue sodium conuductamuce

cluamnnuel.j
Tlue conuductance chuanunuels nuay o-xhihit

properties similar to ionuophores (ion-carry-

i rug molecules). lonuophores generally unudergo
specific conformation changes whenu hinnding

the passenuger cationu. l’einstein (3) has
show-n, for example, that the ionuophone

vahinomycin undergoes a dramatic coirnfor-

mationu chuange uvluen binding to potassium,
monitored using flue fluorescenut probe ANS.
This was not the case when if bounnd sodium.
We were interested, therefore, in deto-rnuinu-
mug wluef her excitable membranes would ex-

huibit conformationu cluaniges mu respomnse to
Na� or K+.

It luas been demonstrated thuaf thuere is anu
inucrease inn ANS fluorescenuce in a nuunuber of

different membrane systi-ms upon titration

with imncreasinug concenut rat iomus of sodium,



TETROnOTOXLN�Na+ INTERACTION IN MEMBRANES 331

potassium, and other catiomus, and that this

is due to anu increase in the number of ANS

binding sites. In the bovine erythrocyfe
Fortes ci al. (4) have shownu that flue in-

creased fluorescence observed in fine pres-
ence of sodium could be tofaliy accounted
for by the charge-neufralisinug effects of the
cation. The present experiments u�’ere de-
signed to test the effects of Na+ arid K+ omn

tlue number and nature of ANS binding sites

amid to determine whether Na�-conupeting
drugs would affect this ion-ANS-membrane
inferacfionu.

METHODS

Preparatiun. of minembrane nesicles. Humanu

erythrocyfe ghost membranes were prepared
by the method of Dodge el al. (5) from whuole
human blood obtained from the Toronuto
Genueral Hospital Blood Transfusion Service.
After the finual wash in 13 mu Tnis-HC1 buf-

fer (pH 7.4), they were packed down in 13
m�i Tris-HC1 buffer (pH 7.4) at 16,000 rpm
inn a Sorvahl RC2B centrifuge for 20 mini.

Plasma membrane vesicles from the guinea

pig ileum longitudinal smooth muscle wo-re

prepared by a method to be described.3
These microsacs were also packed dow-ru inn
15 m�i Tnis-HCI buffer (pH 7.4).

Guinuea pig brain synnaptosomes were pre-

pared fronu frozen brainus stored at -.5#{176},a
total of 4-5 g heinug processed as a batch.
TIue nuethod used was thuat of Gray arid

Whittaker (6). The finualsynaptosome frac-

tion was suspended mu 0.32 Al sucrose. As in
the case of thue otluer nuuembranne fractionus,
aliquots were resuspended at tine time of thue
experimerut, in thue final buffer conutainiinng
various sodium ion conceunt rat ionus.

Enyflurocyfe gluost nuenuubranues were furmued
imuside out by flue technique of Sleek et al.

(7). Rigluf-side-out vesicles were always enu-
ployed as a conntrol inn additionu to nuornuual

ghosts. The latter were prepared in the
same way as inside-out vesicles, except that
0.1 nuum MgCl2 was added to stabilize flue
membranue configuration.

Membnamue preparationus were standardized

on a dry weight basis or by defernuimuationn of

membranue protein, using a combinuafionu of

an optical demusity method (8) and that of

L. Spero, A. J. Siemens, mind G. A. Toulis,

mnamnuscript in Prel)armit ion.

Lowry et al. (9). Stock membranue suspen-

sions contained 10-20 mg of protein per
milliliter.

Liposomes were prepared by the teclunique

of Bangham et al. (10) from total lipid cx-
tracts (11) and suspenided in 15 m�n Tris-HC1
buffer.

Fluorescence was nueasured in a Zeiss spec-
trofluorometer with a gratinug monuocluroma-

tor. The excitationu arid emission maxima
were determined by analysis of the spectrum

of ANS bound to membranes and were found
to be 380 rum and 486 nm, respectively (urn-
corrected) . All subsequent tifrafions were

carried out at these wavelengths.
8-Anilinuo-1-naphthalenuesulphonuic acid was

obtained from Eastman Kodak anud us’as re-

cr�’staIlised twice from boiling water before
use.

Tetiodotoxin tilratinns. Equivalent portions
(on a dry weight basis) of the various vesicle
preparations ��‘ere resuspended in 15 m�i
Tris-HCI buffer (pH 7.4) and titrated with
TTX in concennfrationus from 0.1 nu�n to 10 �n�i

in flue presence of 16 �m ANS. The TTX ob-
tained from Sigma Chuemical Compamuy con-

tains 5 mg of dry citrate buffer (pH 4.8)
per milligram of TTX. We therefore repeated

these tifrafionus usinug 0.1 m� citrate.

Sodium and potassium lit rations. Au quots
of the various vesicle preparations were re-
suspended imu 15 nun Tnis-HC1 buffer (pH
7.4) (except for synuaptosomes, which were

suspended in 0.32 AL sucrose) containing 0,
20, 40, 60, 80, anud 180 nmi NaCl. The finial

membrane concent rat ion ��‘as approximately

0.07 muug of proteinu per milliliter, or a dry

weight of 0.14 mg/mI for flue liposomes. Au
aliquof of 0.2 mg/nul of AXS stock solution
was then added to give a final conucenfratiouu
of 16 jon. Fluorescence � momuifored as

above. The value of fluorescence intensity in

15 mn Tnis-HCI l)uffer (pH 7.4) was takenn
as flue hasehinue, amid flue data were plot to-d as

flue reciprocal of flue difference inn fluoro-s-

cd-rice inufenusify befweeni the basehirue ani(l the

value mu a givenn sodium conucent rat ionu (1, �F)

against flue reciprocal of tluo- sodium ionu co)nu-

cenutrat joIn (1/Na�). Tif rat ionus were rep(-af ed

in flue presemnce of various TTX arid cit rate

coiucenutnatit)fls. Potassium ionu was also sub-

stituted for sodium ion.
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RESULTS

Tetrodoloxin titrations. Inn the absence of
Nat, conucentrations of TTX fronu 0.1 n�i to
10 jLAI had no effect on flue fluorescence of

the membrane or liposome vesicles examined.
TTX is thuerefore unlike the lipid-soluble

anuaesthetics, all of which modify ANS bind-
mug, a-s demonstrated by Feinusfeini et al. (12).

Sodium and potassium ion titrations. As

has been observed by Vanderkooi anud Mar-

tonuosi (13) and others (14, 15), increasinug
the concentration of monovalent cations

leads to an increased fluorescence (I’ig. 1).

This has been attributed by Fortes et at. (4),
using a fluorescent lifetime technique, to an
increased nuumber of ANS binding sites. This
effect was observed in all the membranue and

hiposome preparations we examined. Thue ex-

tent of the fluorescence increase in the dif-
feremut preparations produced by 180 nun

NaCl was similar.

Biological membranes. Iii the red cell
ghost, smooth muscle microsac, and synapto-
some preparations, TTX reduced the fluores-

cence increase due to increasing Na+ comucenu-
trafion (Fig. 1). This effect is competitive
only over a limited concentration range, in

the case of synaptosomes a maximum inhibi-

tion being apparent at 0.5 flAT TTX. Within

the competitive range an “apparent affinuity”

constant canu be calculated for the inhibition
by TTX of the Nat-induced fluorescence
change. The values of this constanut are
given in Table 1.

Increasing the potassium ionn comncenutra-

fion also leads to an increase in ANS fluores-
cence. This increase, however, is not inhib-

ited by TTX in concentrations up to 10 jon

(Fig. 2). Concentrations of citrate up to 0.1

mi�i have no effect on Na+� or KLdeperudenuf
fluorescence increases.

Liposomes. Despite the observed increase
in ANS fluorescence produced by both Na�

and K� on the liposome preparation, rio mu-

hibition by TTX could be demonstrated. A

similar observation was made on inside-out

red blood cell membrane ghosts (Fig. 3). The

fluorescence of ANS bound to right-side-out

and normal vesicles, however, was inhibited

to a similar extent (Table 1).
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FIG. 1. Effect of sodium ion concentration on

fluorescence of A�VS bound to guinea pig brain

.synaptosomes (A) and i!eum plasma membrane

vesicles (B) and inhibition by TTX

Units of fluorescence are explaimued inn the text.

DISCUSSION

Tefrodofoxin is a monoacidic base (pK5
8.5) with very low lipid solubility and a spe-
cific ability to block the inuwand sodium cur-

rent during an action potenufial, a property
if shares with the less specific, lipid-soluble,

local anesthetics (16). Since it has beeru usual

to consider chanuges in ANS binding to be
due either to charge interactions or to
changes in membrane hydrophobicity (4), it

is not surprising that TTX has nuo effect cnn
ANS binding.
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TABLE 1

‘‘A pparent affin it11’’ constants determined for

tetrodotoxin on interact ion bet weeoo sodium a

various membrane fractions, as determined by

A.VS fluorescence changes

Time ANS comncentratioim was 16.7 �aii. Excitatiomi

was at 350 mmmii; emissioui, at 456 nm.

Membrane K1 of TTX
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Guinea pig brai in synaptosounues

Guinea �ig ileum smooth mnouscle,

plasnua nnuenubrane vesicles
hluuimami erythrocyte ghosts

Fma. 2. Effect of potassium ion concentration on

fluorescence of A.VS bound to guinea pig brain

synapto.xom.es and lack of inhibition by TTX

Units of fluorescence mire explained in the text.

Both Na� and K� increased flue binuding of

ANS to membrane vesicles anud liposomes.
As has beeru noted, this has been conusidered

to be due to charge effects only (4). However,
TTX is able to inhibit a part of the Nat-
mediated increase inn ANS binding, hut not
the K�-mediated cluanuges. This �uggesfs that

a conformation change may occur in some
componemuf of the membrane, which leads to
an increase in ANS himuding and which is

specific for Na+.
The membrane site of this conformation

change appears to be a protein or lipoprotein,
Since hiposomes prepared from total lipid ex-
tracts of the memhramuo-s are riot senusitive to

02 03 04

I M� (FTTM(

Fm G. 3 . Effect of po/ax.XioiIlo ann’ sodium on flow-

rescence of A_VS bound to ifl.Side-OOlt erylhroeyte

ghost vesicles an(l lack of effect of TTX

11, potassiumni wit inomit TTX ; #{149},with 5 miii

TTX: #{149},sodium without TTX; 0, with 5 tiM

TTX. Units of fluorescence are explaimmo-d in the

TTX. Moreover, tIne loss of TTX sensitivity

mu tue inuside-out ghost menubranue vesicles
implies that tluis protein is only accessible

fronu the outer face of flit- nuenubranie. �inuilar
comiclusionis had beenu drawn by ‘sloor- (17)
inn luis work on perfused squid axoni.

Tine value obtaimied for the ‘‘appar-nit”

affinity constant of TTX for flue svniapto-
some vesicles is consistent w-itlu flue values

founid for electrophysiological blockade inn

squid axon anud the nuore direct measuremenut
of TTX binudinig by Coiquluoun anid Ritchie
(1). Tluus it is reasoniable to postulate that

these observed conformation changes may be
related to flue actionus of TTX in vivo.

The observation of TTX sensitivity in red
blood cell membrane amud smooth muscle

membrane raises some questions, as neither
membrarue luas previously beemu shown to be
sensitive to TTX.

The electrophysiological parameters o

smooth muscle are riot modified by TTX, as

demonstrated by Genshuonn (18), in agreememut
with other electrophysiological evidenice (01)-

tamed by Tomita (19) that Ca2�, riot Na�,
carries the inward current. However, Bill-

bring and Kuriyama (20) have shuowui fluaf

the Na� concentrafioni cami modify the o-lo-c-

trophysiological parameters. If is possil)l(-,
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therefore, tluat Na+ chanunels do exist in
smooth muscle hut that unnder pluysiological

conditions fluev do not contribute to the gen-

eratiomn on propagation of action potemutials.
Thue red blood cell membramue is riot conu-

sidered to he electrically excitable. Thuis is
�)robably due to its higlu restimug chloride per-

meabilify (21). Seemanu (22) has shownu that
some red cell membranue properties can he

correlated withu “local anesthetic effects.” It
may not be unureasonable, therefore, to postu-

late flue presence of sodium channels (or an
ionuophore). The apparenut affinuity of TTX

for both the red cell and smooth muscle
membrane is low-er tharu for the synapto-
somes. This may reflect flue vestigial nature

of the sodium ionophuores in these two mem-
branes. Moreover, Redfern et al. (23) have
recently demonstrated that the action po-

tentials generated iii denuervated skeletal
muscle are not TTX-sensifive but are medi-

ated by Nat. Inability to demonstrate a
physiological effect of TTX may not be a
good criferionu, tluerefore, for absence of so-
dium ionophores.

The possibility thuaf tluese effects are due
to a Na+�mediated conformation change of
(Na+ + K+)�ATPase has l)een considered.

TTX does not inhibit flue activity of this
memhranue enzyme.4 In addition, flue effect of
Na+ onu tlue fluorescence of ANS bounud to

l)artiall�’ purified soluble (Nat + K+)-
ATPase luas beenu sluownu to he very small ;5

these changes, moreover, were hot inluibifed
by TTX.

We must conclude, therefore, fluat Na+ can
imuduce a conformation change in some out-

ward-facing membrarue component whuich is
specifically blocked by TTX. If this com-

ponent were involved inn sodium cross-nuem-
brane translocafiomu, one miglut predict tluat
TTX could block flue Nat-induced conufor-

mation change and tluus prevent sodium
movement across flue membranne.

If is relevant to fluis discussiomu that Conti

et al. (24) have demonstrated thuat at least

part of the fluorescence increase inn ANS-

sfained squid gianut axons dunirug voltage

clamp may be due to conformafionu changes

A. K. Sen, unpublished observations.

� L. Spero and A. K. Scm, unpublished ob-

servations.

mu the membrane and riot arise as ann arti-
fact of electrical stimulation. Moreover,
Tasaki et al. (25) luave reported tluat TTX
camu suppress the early phase of flue fluo-
nescenuce increase under conudifions mu whuich

flue early sodium current is blocked. They

also reported that even on increasing the
TTX concentration they could inhibit only
part of the fluorescence increase.

In preliminary experiments local anaes-
thetics have been show-n to block a part

of the Nat-mediated increase ili ANS bind-
mug and, at 10-fold luigher conicenutrations,

part of flue I�-mediated imucrease. Tluis se-
lectivity is reversed in flue imuside-out ghost
preparation. In view of flue data of Seeman
et al. (26), who have show-mu that f lucre are

106 molecules of anaesthetic per square
micromu of membranue, we feel that these

local anaestluefics influence the sodium and
potassium ionophores secondarily to chang-

mug flue oven-all properties of the membrane

matrix inn w-hich the ionophores are sup-
ported.

Tetrodotoxin has a very high apparent

affinuity comustanut fer a specific membrane
component and is, in addition, huighly spe-
cific inn its actionus. This suggests that the

TTX binudinug site anud the sodium ionophore

are inifinuafely related. Tlue calculationus of
Colquluoun and Ritchuie (1) inudicate thuaf the
stoichuionuetry is 1 tetrodotoxinu molecule

per sodium chanunel (or ionopluore). At this
time no data are available on tetrodofoxinu

binding to smootlu muscle membrane. Hafe-
manun (27), using a displacement method,
luas so far been unuable to find specific hind-

mug of tetrodotoxin to red blood cells. Colqu-
luounu et at. (28), luowever, have demonstrated

a nuomusaturable tet rodot oxin compart mo-nut

in red cells.
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