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Summary. The effects of fatty acids on the ionic currents of the 
voltage-clamped squid giant axon were investigated using intra- 
cellular and extracellular application of the test substances. 
Fatty acids mainly suppress the Na current but have little effect 
on the K current. These effects are completely reversed after 
washing with control solution. The concentrations required to 
suppress the peak inward current by 50% and Hill number were 
determined for each fatty acid. EDs0 decreased about �89 for each 
increase of one carbon atom. The standard free energy was 
-3.05 kJ mole -~ for CH2. The Hill number was 1.58 for 2-dece- 
noic acid. The suppression effect of the fatty acids depends on 
the number of carbon atoms in the compounds and their chemi- 
cal structure. Suppression of the Na current was clearly ob- 
served when the number of carbon atoms exceeded eight. When 
fatty acids of the same chain length were compared, 2-decenoic 
acid had strong inhibitory activity, but sebacic acid had no effect 
at all on the Na channel. The currents were fitted to equations 
similar to those proposed by Hodgkin and Huxley (J. Physiol. 
(London) 117:500-544, 1952) and the changes in the parameters 
of these equations in the presence of fatty acids were calculated. 
The curve of the steady-state activation parameter (m=) for the 
Na current against membrane potential and the time constant of 
activation (rm) were shifted 20 mV in a depolarizing direction by 
the application of fatty acids. The time constant for inactivation 
(zh) was almost no change by application of the fatty acids. The 
time constant for activation (r,) of K current was shifted 20 mV 
in a depolarizing direction by the application of the fatty acids. 

Key Words fatty acids �9 membrane currents �9 membrane ex- 
citation �9 2-decenoic acid - lateral motion �9 squid axon 

Introduction 

Accord ing  to the fluid mosa ic  model  bo th  proteins 
and lipids are free to diffuse in the cell m e m b r a n e  
bi layer ,  implying a r a n d o m  organiza t ion  o f  proteins  
and lipids (Singer & Nico lson ,  1972). H o w e v e r ,  ex- 
per imenta l  ev idence  indicates that  the lateral mo-  
t ion o f  mos t  prote ins  is not  de te rmined  primari ly by  
free diffusion but  is cons t ra ined  by  var ious  mecha-  
nisms,  such  as in terac t ion with cy toske le ta l  compo-  
nents.  K a r n o v s k y  et al. (1982) presen t  the concep t  
that  a lipid may  be organized  in domains  which have 

funct ional  significance and that  prote ins  could order  
the packing  of  sur rounding  lipids by  coopera t ive  
types  o f  in teract ive  force .  The  appl icat ion o f  cer tain 
fat ty acids to a biological  m e m b r a n e  could  be ex- 
pec ted  to p ro found ly  affect  its nature.  A recent  
s tudy of  ours  has shown  that  myrmicac in  sup- 
presses  the excitabil i ty o f  the axon  (Takenaka  et al., 
1981). Myrmicac in  is a subs tance  secre ted  by  South  
A m e r i c a n  leaf-cut t ing ants  and has been  identified 
as 3 - h y d r o x y d e c a n o i c  acid (Schi ldknecht  & Koob ,  
1971). The  effects  o f  oc tano ic  acid on the N a  cur- 
rent  o f  the squid axon  have  been  descr ibed  by  E1- 
liott et al. (1984). 

The  exper iments  repor ted  in this paper  were  
designed to explore  the effect  o f  fat ty acids on 
m e m b r a n e  currents  and on the Hodgk in  and Huxley  
parameter .  The  N a  cur ren t  r ecords  f rom experi-  
ments  with per fused  axons  were  ana lyzed  by  means  
o f  equat ions  similar to those  p r o p o s e d  by  Hodgk in  
and Hux ley  (1952). In  this way  the effects o f  test  
subs tances  can be descr ibed  in terms of  al terat ion in 
the s teady-s ta te  pa ramete r s  (moo, h=) and time con-  
stants (rm, rh, rn) used  in the Hodgk in -Hux ley  for- 
mulat ion.  

It  is well k n o w n  that  under  normal  condi t ions  
the long-chain  fa t ty  acids p redomina te  in mammals .  
H o w e v e r ,  med ium-cha in  fa t ty  acids (C8-C12)  can  
appear  after  t he /3 -ox ida t ion  o f  fat ty acids. These  
fat ty acids are increased  by  the disease o f  medium-  
chain a c y l - C o A  d e h y d r o g e n a s e  deficiency.  Fo r  
these reasons  we  focused  our  w o r k  on these me- 
d ium-chain  fa t ty  acids and ana lyzed  their effect  on  
exci table membranes .  First  we  examined  the unsat-  
ura ted  med ium-cha in  fat ty acids,  because  they  are 
more  water -so luble  than sa tura ted  fa t ty  acids,  and 
then we  examined  the sa tura ted  fat ty acids.  We  
found  that  the n u m b e r  o f  the ca rbon  chain was  re- 
lated to the inhibit ion effects  o f  N a  current .  N e x t  
we  c o m p a r e d  the effects o f  fa t ty  acids o f  the same 
chain length. We  examined  the posi t ion o f - O H  in 
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Fig. 1. Superimposed traces of the membrane currents in volt- 
age-clamped squid axons, showing families of membrane cur- 
rents associated with step depolarization before (a) and after (b) 
application of 2-decenoic acid internally, and after washing with 
fatty acid-free internal solution (c). The membrane was held at 
-70 mV and 10-msec pulses were applied which took the poten- 
tial to a level varying between -40 and +80 mV in 10-mV steps 

the fat ty acids and  found  that  the pos i t ion  o f - O H  
was also re la ted  to the N a  cu r ren t  inhibi t ion.  10- 
h y d r o x y d e c a n o a t e  was  also s tudied,  bu t  it had no 
effect  on  the N a  cur ren t .  L ikewise ,  sebacic  acid, 
which  has ca rboxy l  groups  at bo th  ends  of  the 
chain ,  had no effect on  the N a  current .  

Materials and Methods  

Experiments were carried out with squid giant axons dissected 
from the mantles of freshly killed Doryteuthis bleekeri obtained 
at the Misaki Marine Biological Station of Tokyo University. 
The axons were carefully cleaned before use, and were usually 
between 400 and 600 ~m in diameter. 

The composition of the external artificial seawater was 
(mM): 490 NaC1, 10 KC1, 50 MgCI2, and 10 CaCI2. It was buf- 
fered with 10 mM Tris-HCl (pH 8.0). When necessary, sodium 
currents were suppressed by the addition of 0.3 ~M tetrodotoxin. 
The internal perfusing fluid normally used contained 300 mM K- 
glutamate, 50 mM NaF, 6 mM K-HEPES and sufficient glycerol 
to maintain osmolality. For analyzing the Na currents we added 

15 mM tetraethylammonium fluoride to the internal perfusing 
solution. The pH of the solution was adjusted to 7.2. The fatty 
acid compounds were supplied by Tokyo Kasei Co., Japan. The 
fatty acids with the hydroxyl groups were provided by Dr. 
Yoshiro Miura, Dept. of Biochemistry, Teikyo University, and 
Yozo Iwanami, Dept. of Biology, Yokohama City University. 

The method of internal perfusion was the same as that de- 
scribed by Takenaka and Yamagishi (1969). The perfused zone of 
the axon was 15 mm in length. The internal electrodes consisted 
of an 80-/xm glass capillary for measuring the internal potential 
and a 50-/xm platinum wire for sending currents. The glass capil- 
lary was filled with 0.6 M KCI in contact with a KCl-calomel 
electrode in the shank of the capillary. A 25-/.~m uncoated plati- 
num wire ran through the capillary to reduce the high frequency 
impedance. The external electrodes were 0.6 M KCI agar in con- 
tact with a calomel electrode for membrane potential recording 
and an Ag-AgC1 wire for current recording. 

For the voltage-clamp-experiments, we followed the tech- 
niques described by Bezanilla, Rojas and Taylor (1970). In order 
to reduce the error caused by the resistance in series with the 
membrane we employed a feedback system with a positive loop 
permitting potential compensation (Hodgkin, Huxley & Katz, 
1952; Bezanilla et at., 1970). The data from voltage-clamp cur- 
rents were stored in a digital oscilloscope (Nicolet model 2090). 
Sampling points were 20 ~sec apart and calculated with an NEC 
PC-8801. These data were analyzed by the nonlinear least 
squares method, either the damping Gaus Newton method or the 
Symplex method (Nelder & Mead, 1965; Haydon & Kimura, 
1981, Yamaoka et at., 1981). 

The temperature at which the experiments were carried out 
was 5.0 -+ 1.0 ~ for analyzing the voltage-clamp currents and 
15.0 -+ 1.5 ~ for the other experiments. 

Results 

EFFECTS OF 2-DECENOIC ACID 
ON THE MEMBRANE CHARACTER 

W h e n  1 mM of 2-decenoic  acid was applied exter-  
nal ly  to the in tac t  axon  ba thed  in artificial seawater ,  
the ac t ion  poten t ia l  gradual ly  decreased  in ampli-  
tude  and  was  even tua l ly  b locked  comple te ly  15 to 
30 min  after  appl ica t ion .  Wash ing  with fat ty acid- 
free artificial seawate r  caused  a comple te  recovery  
of the ac t ion  potent ia l .  The  m e m b r a n e  potent ia l  was  
usua l ly  depolar ized  2 to 3 m V  by  the appl ica t ion  of 
2 -decenoa te ,  bu t  the m e m b r a n e  res i s tance  was  little 
affected by externa l  appl ica t ion  of this subs tance .  
In t e rna l  appl ica t ion  of  2 -decenoa te  caused  the same 
effect as the ex te rna l  appl ica t ion,  bu t  the t ime 
course  was  m u c h  faster ,  and  b lock  of  the ac t ion  
potent ia l  occur red  2 to 3 min  after  appl icat ion.  The  
rate of  r ecove ry  after  wash ing  was fairly rapid and 
comple te  r ecove ry  occur red .  F igure  1 i l lustrates  the 
m e m b r a n e  cur ren t s  before  and  after  in te rna l  appli- 
ca t ion  of 1.58 mM 2-decenoate .  The  top set of  
curves  (a) shows a family  of  m e m b r a n e  cur ren t s  
assoc ia ted  wi th  step depola r iza t ion  before  applica- 
t ion  of 2 -decenoate .  The  second  set of  curves  (b) 
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Fig. 3. Natural variation of Hill plot for the inhibitory action of 
2-decenoic acid. Abscissa: concentration of 2-decenoic acid in 
logarithmic scale. Ordinate: the relative value of suppression to 
control. Ip: the peak Na current during application. Ip(0): peak 
Na current in the control. The linear regression lines show the 
95% confidence interval 

Fig. 2. Current-voltage relation for peak inward current and 
steady-state outward current before and during application of 2- 
decenoic acid, and after washing with fatty acid-free internal 
solution 

shows changes after internal application of 2-dece- 
noate. The inward Na currents were suppressed, 
but the outward K currents were little affected by 
application of this drug. Note that the time to peak 
transient current changes during blockage. The 
third set (c) is the family of currents after washing, 
showing recovery from the drug effects. External 
application of 2-decenoic acid exerts a very similar 
effect on the membrane current. A shift of the peak 
Na current was also observed in both internal and 
external application of 2-decenoate. These results 
imply that the potential-dependent kinetic parame- 
ters of the Na current also shift along the voltage 
axis. 

The peak Na current and steady-state outward 
K currents before and after internal application of 2- 
decenoate are plotted as a function of membrane 
potential in Fig. 2. It is clearly seen that 2-dece- 
noate blocks inward Na current but has virtually no 
effect on the K current. Complete recovery also 
occurred after washing with fatty acid-free internal 
solution. External application of 2-decenoate also 
caused the same effects. 2-decenoate blockade of 
Na channels is accompanied by a shift of the cur- 
rent-voltage curve towards more positive mem- 
brane potentials, but the application induced no 
changes in the reversal potential of the Na current 
at +55 mV. 

DOSE-RESPONSE RELATION FOR 2-DECENOATE 

The relation between the suppression of the Na cur- 
rent and the concentration of 2-decenoate was stud- 
ied (see Fig. 3). The concentration that caused 50% 
suppression of the maximal Na current (EDs0) was 
1.37 mM for external application and 1.43 mM for 
internal application. Analyses were also extended 
to Hill's plot where the ordinate represents the re- 
sponses with reference to the suppression relative 
to the control and the abscissa shows the concentra- 
tion of 2-decenoate in logarithmic scale. Linear re- 
gression analysis was done and a 95% confidence 
interval was calculated to establish natural varia- 
tion. A slope equal to 1.58 was obtained in both 
cases, indicating that the stoichiometry of the 
blocking action of 2-decenoate was not one-to-one. 

EFFECTS OF OTHER FATTY ACIDS 

The suppression of Na currents by other fatty acids 
was compared, and the results are summarized in 
Fig. 4 and the Table. Fatty acids with less than 7 
carbon atoms had little effect on either the Na or the 
K currents. Obvious suppression was observed 
only when the number of carbon atoms exceeded 8. 
The EDs0 decreased about ~ for each increase of one 
carbon atom. The standard free-energy change of 
transfer was 3.05 kJ mole -1 for CH2. Fatty acids 
with more than 13 carbon atoms are almost insolu- 
ble in artificial seawater. The inhibition of Na cur- 
rents by the fatty acids could be divided into three 
types. One was a completely reversible type in 
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Table. Effects of fatty acids on the inhibition of Na current a 
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Fatty acid EDs0 nH N 

Internally applied: 
Saturated 

Caprylate "x,/Nc/N/'~ COOH 16 1.6 5 
(9-30) (1.13.3) 

Pelargonate / ~ / ~ / ~ / ~ C O O H  4.3 2.9 3 
Caprate ~ / ~ / ~ / ~ / ~ C O O H  1.1 2.8 6 

(0.8-1.5) (1.9-6.4) 
Undecanoate / W ~ / N / N ,  COOH 0.41 2.2 3 
Laurate ~ / N / N . / ~ / ~ / ~ C O O H  0.32 2.0 5 

(0.22-0.47) (1.3-4.1) 
Tridecanoate / ~ / ~ N / N / ~ / ~ C O O H  0.36 2.1 3 

Unsaturated 
2-Decenoate ~r CO OH 1.43 1.66 18 

(1.24-1.65) (1.39-2.06) 
3-Decenoate ~ C O O H  1.2 1.6 5 

(0.8-1.9) (1.2-2.7) 
2-Undecenoate , / ~ ~ C O O H  0.46 2.3 6 

(0.41-0.51) (2.0-2.8) 
10-Undecenoate ~ C O O H  1.04 2.6 6 

(0.80-1.36) (1.9-4.2) 
2-Tridecenoate / ~ / N / N / N / N J ~ C O O H  0.20 5 3 

OH- OH 
2-Hydroxydecanoate " ~ / ~ / ~ / ~ / ~  COOI-I 0.76 1.85 12 

(0.66-0.88) (1.36-1.89) 
3-Hydroxydecanoate ~ / ~ / ~ / ~ / ~ C O O H  9.6 0.9 4 

OH 
OH 

2-Hydroxyundecanoate , / ~ / ~ / ~ , C O O H  0.40 2.8 3 
3-Hydroxyundecanoate , / N / N / N / N / ~ C O O H  0.46 2.0 7 

OH (0.39-0.55) (1.6-2.6) 
Externally applied: 

Pelargonate / ~ / ~ / ~ / ~ C O O H  3.4 2.0 3 
Caprate ~ / ~ / ~ / ~ / ~ C O O H  1.7 
2-Decenoate "x / 'N /x , , / " , J~  COOH 1.37 1.67 19 

(1.20-1.57) (1.49-1.90) 
3-Hydroxydecanoate ~ / ~ / ~ / ~ / ~ C O O H  6.1 1.5 2 

OH 

a In order from above: the saturated fatty acids (internal application), the unsaturated fatty acids 
(internal application), the fatty acids with a hydroxyl group (internal application), and the fatty acids 
(external application). The inhibitory effects of fatty acids on Na current depend on the number of 
carbon atoms in the compounds and its chemical structures. 95% intervals are given in parentheses. N 
shows the number of experiments. 

which mainly Na current was suppressed with little 
depolarization. This type was represented by the 
fatty acids with less than 10 carbon atoms, such as 
2-decenoic acid, capric acid, etc. The second type 
was represented by undecanoic acid, lauric acid, 
etc. These acids suppressed the Na current and 
gradually depolarized the resting membrane poten- 
tial, and their effects were irreversible. In the third 
type of inhibition suppression of both Na and K 
currents was observed, in addition to depolariza- 
tion. It was completely irreversible and the mem- 
brane was destroyed. Typical substances with this 
type of inhibition were palmitic acid, linoleic acid, 
linolenic acid, etc. These irreversible effects may be 

caused by micelles. When we compared the effects 
of fatty acids of the same chain length, 2-decenoate 
and 3-decenoate had about the same effects as cap- 
rate. In other words, saturated fatty acids and un- 
saturated fatty acids have almost the same effects 
on the suppression of the Na current. The position 
o f - O H  in the fatty acids was related to the Na 
current inhibition. 2-hydroxydecanoate had about 
the same effect as caprate, but 3-hydroxydecanoate 
was weaker than caprate and 10-hydroxydecanoate 
had no effect on the Na current. Sebacic acid, 
which has carboxyl groups at both ends of the 
chain, had no effect on the Na current or the resting 
potential. The same tendency toward inhibition of 
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Fig. 4. Dose-response relation for inhibition of Na current by 
fatty acids. Ip: the peak Na current during application. Ip(0): 
peak Na current in the control 

the Na current was observed when these com- 
pounds were applied extracellularly. Therefore, the 
suppression of the Na current depends on the num- 
ber of carbon atoms in the compound and its chemi- 
cal structure. 

H O D G K I N - H U X L E Y  PARAMETERS 

The membrane currents were analyzed as in the 
work of Haydon and Urban (1983a) according to an 
equation derived from the relationships of Hodgkin 
and Huxley (1952): 

I~a = l~a[1 - exp(-t/rm)]3[h=(1 - exp(- t / rh))  + exp(--t/rh)]. 

(1) 

The data for an axon analyzed with the 
Hodgkin-Huxley parameters are shown in Figs. 5 
and 6. There is a depolarizing shift of m= and 1/'i'm of 
about 20 inV. The inactivation parameters h~ and 1/ 
rh are little affected. The major contributors to the 
suppression of the peak Na current Ip are the posi- 
tive m~ and 1/Tm shift. Records of K currents before 
and after exposure of the axon to 1.58 mM 2-dece- 
noate were analyzed by the following equation of 
Hodgkin and Huxley (1952): 

IK = Ik[1 - exp(-t/~'n)] 4. (2) 

There is a depolarizing shift of 1/7~ of about 20 mV 
(Fig. 7). 
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Fig. 5. Effects of internal application of 1.54 mM 2-decenoate 
on the steady-state activation (m=) and activation time constant 
(~'m) of the Na current. White dots: control records; black dots: 
test records. Abscissa shows the membrane potential 

Discussion 

FATTY ACIDS AND THE MEMBRANE CURRENTS 

The suppression of the Na current depends on the 
number of carbon atoms and the chemical structure 
of fatty acids. Fatty acids with less than 7 carbon 
atoms have little effect on the Na current. The EDs0 
increased about 3 times for each decrease of one 
carbon atom in the chain. The chain-length depen- 
dence suggests that a hydrophobic interaction is an 
important factor. Assuming that the EDs0 can be 
equated with the dissociation constant, the standard 
free energy change per mole per methylene group 
for the fatty acids-channel interaction can be calcu- 
lated. The value was -3.05 kJ mole -t for CHz for 
the series of compounds examined, suggesting that 
a hydrophobic interaction is indeed involved in the 
channel suppression. Requena and Haydon (1985) 
showed that the standard free energy of adsorptio n 
per CH2 from the aqueous phase to the lipid is 
-2.92 kJ �9 mo1-1 for the phospholipid system and 
-3.10 kJ �9 mol -l for the phospholipid-cholesterol 
system of eggs. Kamaya, Kaneshitna and Ueda 
(1981) also showed that the increase in the absolute 
value of the standard free energy change with the 
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increase of the carbon chain length of the n-alcohols 
is -3.43 kJ �9 mol -I per CH2 for dipalmitoylphos- 
phatidylcholine. Yeh (1982) summarized the data 
and obtained the value of 600 calories �9 mole ' per 
CH2 for tetramethylammonium and tetramethylam- 
monium derivatives. These data indicate that the 
perturbation of the lipid bilayer structure by the 
longer-chain fatty acids differs in important re- 
spects from that caused by the short-chain fatty 
acids. Another possibility is that interactions di- 
rectly with membrane proteins are involved. 

When the effects of fatty acids having the same 
chain length were compared, we found that inhibi- 
tion depended on the chemical structure. Sebacic 
acid had no effect on the Na current. I0-hydroxy 
decanoic acid also had no effect on the Na current. 
We might surmise that the fatty acids got into the 
lipid layer of the membrane and caused the suppres- 
sion of the Na current, whereas sebacic acid and 10- 
hydroxydecanoic acid, having carboxyl or hydroxyl 
groups in the co position, were not able to get into 
the membrane and therefore had no effect on the Na 
current. Both internal and external application of 
the drugs inhibited the current, but internal applica- 
tion was more effective than external application. 
One reason for this may be that the external side of 

the membrane is covered with a thick Schwann 
sheath which impedes drug permeation, and an- 
other reason may be that the reacting point of the 
fatty acids is located near the internal surface of the 
membrane. As we discuss later, the fatty acids 
might affect a gate, and this gate might be located 
near the internal surface of the membrane (Arm- 
strong, Bezanilla & Rojas, 1973; Narahashi & Sey- 
area, 1974). Elliot et al. (1984) also observed the 
long time course caused by external application of 
octanoic acid and suggested that this acid acts at the 
internal surface. 

HODGKIN-HUXLEY PARAMETERS 

AND MEMBRANE FLUIDITY 

The negative peak in the peak current-voltage rela- 
tion measured by the voltage-clamp method was 
shifted towards the positive side by the application 
of fatty acids. These effects are different from the 
effects of tetrodotoxin, because tetrodotoxin causes 
no shift of the negative peak on the peak current- 
voltage relation (Narahashi, 1974). These effects 
are also different from those of local anesthetics, 
which cause no shift of the negative peak (Nara- 
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hashi & Frazier, 1971). On the other hand, these 
effects are similar to those of octyltrimethylammo- 
nium (Elliott et al., 1984) and alcohols (Haydon & 
Urban, 1983b). 

The steady-state activation (m~) curve and ll'rm 
show a shift in the depolarizing direction. The phys- 
ical origin of the shift in the steady-state activation 
curve is not yet clear. Some change in the steady- 
state properties of the membrane must be consid- 
ered and obvious candidates are the surface free 
energy or surface tension, and the dipole potential 
at the surface. We have found that fatty acids in- 
crease membrane fluidity (Takenaka, Horie & Ka- 
wasaki, 1983). The lipid lateral motion of the mem- 
brane complex was increased about 40% by the ap- 
plication of 2-decenoic acid, whereas valeric acid 
caused much smaller changes in the lateral motion 
of the membrane lipids. These results correspond to 
the electrophysiological phenomena in the axon 
membrane. 2-decenoic acid, having l0 carbon at- 
oms, inhibits the Na current and shifts m~ and rm, 
whereas valeric acid, having 5 carbon atoms, does 
not inhibit the Na current. We might suppose that 2- 
decenoic acid gets into the lipid layer of the mem- 
brane and increases the lateral motion of the mem- 
brane, which causes perturbation of the membrane 
lipids and the Na channel lipoproteins. 

THE ROLE OF LIPIDS IN EXCITABILITY 

How to explain the mechanism of this block of the 
Na channel by the fatty acids? Na channels in the 
nerve membranes are supposed to be surrounded by 
lipids. The lipid environment of the Na channel 
might play an important role in the functioning of 
the channel. In our experiments, the fatty acids 
having more than 8 carbon atoms showed a strong 
inhibitory effect on the Na channels. Usually, 
palmitic acid and stearic acid are the main fatty 
acids in the membrane lipids, but oleic acid and 
linoleic acid are also observed in 10 to 20% of the 
membrane lipids. Both fatty acids have a double 
bond at position 9. Oleic acid has a cis double bond 
at position 9 and linoleic acid has the double bond at 
positions 9 and 12. The role of the cis double bond 
in the unsaturated fatty acids is important. It lowers 
the transition temperature of the membrane, 
thereby enhancing the fluidity and disorder within 
the membrane. The cis double bond in position 9 is 
significant in the membrane (Haines, 1979), but 
there is no explanation of its meaning yet. This dou- 
ble bond creates a kink in a large fraction of mem- 
brane fatty acid chains enhancing the separation of 
two regions in the membrane. We have designated 
these regions the "s t i f f"  and the "plastic" (disor- 

dered) regions. The stiff region is between the head 
group and the position 9 double bond. This region is 
in a regular array of trans conformations and the 
double bond enhances the rigidity of the membrane 
in this region because the cis double bond at posi- 
tion 8 will tend to maintain these trans conforma- 
tions utilizing pi-pi interactions between adjacent 
chains at position 9. The plastic region is distal to 
the 9 carbon and has a greater degree of freedom 
and gauche conformations. The double bonds in the 
polyunsaturated fatty acids distal to carbon 9 facili- 
tate trans bilayer pi-pi interactions enhancing com- 
paction of the bilayer during the electrostriction. 
These Na channel proteins are usually amphilic: 
they have hydrophobic regions that interact with 
the hydrophobic tails of the lipid molecules in the 
interior of the bilayer and hydrophilic regions that 
are exposed to water on both sides of the mem- 
brane. The hydrophobicity is increased by the cova- 
lent attachment of fatty acid chains that help anchor 
these proteins in the bilayer. Gate m might be lo- 
cated in the hydrophobic region which corresponds 
to the plastic region. It appears that the fatty acids 
will be adsorbed with their long axes perpendicular 
to the membrane surface. The fatty acids increase 
the disorderliness in the plastic region of the mem- 
brane. This causes the perturbation of gate m and 
suppresses the function of m and as a result the Na 
channel is suppressed. 

The authors wish to thank Dr. Yoshiro Miura, Department of 
Biochemistry, Teikyo University, Tokyo, for his supply of fatty 
acids with the hydroxyl groups. 
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