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Cationic local anesthet ics  decreased the transit ion temperature  of the  anionic phospholipid (dimyristoylphosphatidic 
acid, D M P A )  vesicles. "glhe counter ion concentrat ion changes  the electrical double laver effect ,  and affects  the 
magnitude of  tempera ture  depress ion caused by anesthetics,  From the eounter ion effect  on  the t ransi t ion-temperature 
depression,  the parti t ion coeff icients  of  cationic local anesthet ics  to liquid-crystalline and solid-gel D M P A  m e m b r a n e s  
w e r e  separately est imated.  The  dif ferences  in the  ~artition coeff icients  between solld-get and liquid-crystalline 
membranes  correlated to the  nerve Mocking potencies.  The re  are at least two states in the  nerve membranes:  rest ing 
s ta te  a t  higher tempera ture  and exci ted state  at lower temperature.  We  speculate that the rest ing state  corresponds to 
the  liquid.crystalline state ,  and the  exci ted s ta te  to the solid-gel state.  The  difference in the partition coefficients to the  
res t ing and exci ted  states  is the  cause of  local anesthesia.  

Introduct ion 

Decrease  o f  the main  phase- t rans i t ion tempera ture  
by addit ives is o f ten  analyzed by the freezing point  
depress ion  accord ing  to the van ' t  Hof f  model  [1-6]. The  
model  assumes comple te  exclusion o f  addit ives f rom the 
solid-gel membranes .  Anesthet ic  molecules,  however,  
par t i t ion into solid-gel membranes  as well as liquid- 
crystall ine membranes  [7,8]. 

By mainta in ing non-zero  solubility o f  local anes thet -  
ics into solid-gel membranes ,  we [9] es t imated part i t ion 
coeff icients  separately to solid-gel and  liquid-crystall ine 
membranes  f rom the depress ion of  the  transi t ion tem- 
perature .  We  fur ther  explained the mechan ism of  
widen ing  of  the  tempera ture  zone o f  the  transi t ion in 
the presence o f  additives. In this s tudy [9], zwit ter ionic 
phosphol ip id  (d ipalmitoylphosphat idylchol ine ,  DPPC)  
was  the  membrane  lipid and uncharged local anesthet ics  
were the ligand. Part i t ion coeff icients  were ob ta ined  
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from the change  in the transi t ion tempera ture  by vary- 
ing the phosphol ip id  concentra t ions .  At  physiological 
condi t ions ,  however,  most  local anesthet ics  are posi-  
tively charged, and cell membranes  are negatively 
charged. The present  s tudy analyzes interact ion of  cat-  
ionic local anesthet ics  with anionic lipid membranes .  

Negat ive  surf:~ee potent ia l  o f  anionic phosphol ip ids  
forms the electric double  layer a round  the vesicles, and  
the cat ionic anesthet ics  are condensed  in the doub le  
layer [10]. This  condensa t ion  facilitates the interact ion 
o f  cat ionic anesthet ics  with anionic membranes  [11,12]. 
Interact ion of  ca~tonic anesthet ics  with neutral mem-  
branes  is a lmost  negligible Ill ,  except  at very high 
anesthet ic  concent ra t ions  [2,12]. The  counter ion  con- 
centra t ion changes  the electric doub le  layer effect,  and 
affects the magni tude of  the t rans i t ion- tempera ture  de-  
pression caused by cat ionic anesthetics.  

In this communica t ion ,  the  par t i t ion coefficients o f  
cationic local anesthet ics  to solid-gel and liquid-crystal- 
line s ta tes  of  the anionic phosphol ip id  (dimvristoyl-  
phosphat id ic  acid, D M P A )  are separately est imated 
f rom the effect of  counter ion  concent ra t ion  on  the 
t rans i t ion- tempera ture  depression.  Biological signifi- 
cance of  the difference in the par t i t ion coefficient to 
solid-gel and liquid-crystall ine membranes  will be  dis-  
cussed. 
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Materials and Methods 

I.  C h e m i c a l s  

Synthetic dimyristoylphospatidic acid (DMPA),  di- 
bucaine-HCI, tetracaine-HCl, and proeaine-HCI were 
obtained from Sigma. Lidocaine-HCI was a gift from 
Astra (Westbourough,  MA). All other chemicals were in 
the reagent grade. Water  was triply distilled, once from 
alkaline potassium permanganate  solution. 

2. Ves i c l e  p r e p a r a t i o n  
DMPA was dissolved in a c h l o r o f o r m / m e t h a n o l  

mixture (6 :4 ,  v / v )  and the solvent was removed in a 
rotary evaporator  under  the flow of  nitrogen gas. Lipids 
were further dried under vacuum for one day. The dried 
lipids were suspended in an apppropr ia te  amoun t  of  
NaC1 solutions by a vortex mixer until homogeneous  
suspension was obtained.  The obtained multilamellar 
suspension was sonicated in a cuphorn  of  a Branson 
Sonifier Model 185 (Danbury ,  CT)  at above the transi-  
tion temperature  for 15 minutes. The final suspension 
was consisted of  0.2 m M  DMPA,  90 to 200 m M  NaC1. 
and 5 mM Bis-Tris-HC1 buffer  (pH 5.9). The presence 
of  buffer did not affect the transition behavior.  

?;. Trattsi t io~t t e m p e r a t u r e  m e a s u r e m e n t  

The transition temperature  was determined by the 
absorbance  methods  [13]. A Perkin-Elmer Model 554 
UV-visible speet rophotometer  (Norwalk,  CT) was used 
to measure the light absorbance  of  the l iposome at 400 
nm. The euvette temperature  was scanned at 0.5 K / r a i n  
by a p rogrammable  Perkin-Etmer digital temperature  
controller and a Peitier heat exchanger. The tempera-  
ture of  the sample was measured with a thermistor  
probe  inserted into the cuvette slightly ~bove the light- 
path,  and monitored by a Digitec thermometer  Model 
5810 (Dayton,  O H )  with 0.01 K resolution. The  ab- 
sorbance at 400 n m  and the temperature  of  the sample  
were recorded on a H e a t h / S c h l u m b e r g e r  X - Y  recorder 
Model SR-270 (Benton Harbor ,  MI). The sample  solu- 
tion was continuously mixed with a direct drive Spec- 
tre-Stir (Oreland, PAl dur ing the temperature  scan. "l'he 
phase transition was determined by the sudden change 
in the absorbanee,  and the transition temperatures  were 
the mean values of  the heating and cooling cycles. The  
transition temperature  obtained by this optical method 
was in good agreement with that obtained with differen- 
tial scanning calorimetry (DSC) as previously reported 
I131. 

Resadts 

All tested local anesthetics decreased the transition 
temperature of D M P A  membranes  at pH 5.9 linearly to 
the anesthetic concentration. Fig. 1 shows the effect of  
NaCI concentration on the dose-dependent  depression 
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Fig. 1. The dose-dependent depression of transition temperature by 
lidocaine at pH 5,9. and the effect of NaCI concentrations. NaCh 200 
mM (el, 100 mM (Ell, 50 mM (4), 20 mM (el. The curves are fitted to 

/ST = a I .IA]~_ + a2.1A]r + aa with the least-squares method. 

of the transit ion tempera ture  by  lidocaine. The tempera-  
ture changes (AT,) were fitted to the second-degree 
equat ion 

z~T~ = a,-IA]~- + a z' [ A] ~" + a3 

with the least-squares method.  The extrapolated values 
of the t rans i t ion- temperature  change (dd tT t /d [A] r )  to 
the zero anesthetic concent ra t ions  are summar ized  in 
Table I. 

In  100 m M  NaCI,  the t ransi t ion tempera ture  changes 
( d A T t / d [ A ] r )  were 1 .15 .10  ~ (dibucaine),  4 .64 ,104  (te- 
tracaine), 2.82-103 (lidocaine), and 8 .35 ,102  K - M  - t  
(procaine). The  order  of  the potency to decrease the 
transition temperature  is in good agreement  with the 
order  of  their nerve blocking potency.  

According to the decrease in the NaCI  concentra-  
tions, the degree of  the tempera ture  depression in- 
creased for all local anesthetics. The  tempera ture  de- 
pressions of  procaine,  Iidoeaine, tetraeaine, and  di- 

TABLE t 

The effect ot" NaCI concentrations on the transition temperature change 
caused by the local anesthetics at p H  5.9 

The values are extrapolated to zero anesthetic concentrations, units 
K.M -1, 

Local NaCi concentration 
anesthetics 200 mM i00 mM 50 mM 20 mM 
Dibucaine 9.81-104 
Tetraeaine 3.36.104 
Lidocaine 1.61.103 
Procaine 4.50.102 

1.15-10 s 1.24.10 S 1.30.105 
4.64.104 7.75.104 1.12.10 ~ 
2.82,103 6.25.10 ~ 1,14.104 
8.35.10: 1A7-10 :~ 3.33-10 ~ 



buca ine  in 20 m M  NaCI  were~ respectively, 7.40-, 7.08-, 
3.33-, and  1.33-t imes larger t han  in 200 m M  NaCI.  The  
effect of  the NaCI  concen t ra t ion  was s t ronger  with  less 
po ten t  anesthet ics .  

D a t a  a n a l y s i s  
T h e  t r ans i t i on - t empera tu re  o f  phospho l ip id  mode l  

m e m b r a n e s  in the  presence  of  low concen t r a t i ons  o f  
addit ives,  such  as local anes thet ics ,  Tt ̂  is wri t ten [14]. 

AH°(T ~ T ~ )  = Irl l ~  )(/ 

where  X~ and  X~ are the  mole  f rac t ions  of  addi t ives  in 
the solid-gel a n d  l iquid-crysta l l ine  m e m b r a n e s ,  respec-  
tively, A H  ° is the  excess  en tha lpy  assoc ia ted  wi th  the 
p h a s e  t ransi t ion,  R is the  gas  cons tan t ,  and  T, ° is the  
t rans i t ion  t empera tu re  wi thout  addit ives.  F r o m  Eqn. 1. 
t he  t r ans i t i on - t empera tu re  change  at zero concen t ra t ion  
o f  addi t ives  is expressed  as 

d ~ l i ^ l r - O  A S  ° [~ dlal r ] l^ l~-o  ~,dtalr/ial~-0,1 t2~ 

where  A S  ° is the  en t ropy  change  at  t he  phase  t rans i -  
t ion,  a n d  

dH  ° A S  0 ~ - -  (3, 
r, 0 

U s i n g  the  par t i t ion  coeff ic ients  o f  additive~ to liquid- 
crys ta l l ine  a n d  solid-gel m e m b r a n e s  (P~ a n d  PEA). the  
c h a n g e  in the t rans i t ion  t empera tu re  at zero concen t r a -  
t ion is der ived 19l, 

n r ?  e ~ -  e£  
(4,  

z~s o a s . s+  I ~ ( e ~  + "  e~) 

( d,,r, 
d[AI r ]lAlr - o 

a n d  

, X £  eX-~ (5) 

where,  X,~ is the  mole  f ract ion of  addi t ives  in bulk 
a q u e o u s  solut ion.  

A D M P A  molecu le  h a s  two negat ively  ionizable  sites 
in its head  group .  Between p H  5 a n d  7. D M P A  mole-  
cule  ha s  one  negat ive  charge  [13]. The  pK~ values  o f  
local anes the t ics  a re  be tween  8 a n d  9 115], and  more  
t han  99% of  the local anes the t ics  exist  as  the  ca t ionic  
f o rm s  at p H  5.9. Because  the p re sen t  s tudy  addresses  
the p rob l em o f  the  in terac t ion  be tween  cat ionic  local 
anes the t ics  and  an ion ic  phospho l ip id  m e m b r a n e s ,  t he  
electrostat ic  t e rm of  the sur face  charge  was  incorpo-  
ra ted  into Eqn.  4, as follows. 
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The  par t i t ion coefficient  o f  the  cat ionic  anes the t ics .  
def ined by Eqn. 5. includes  the  electric double  layer 
effect as well as the hydrophob ie  interact ion,  and  is an  
appa ren t  par t i t ion coefficient.  T h e  intr insic  par t i t ion  
coeff icient  is i ndependen t  o f  the  sur face  potent ial ,  and  
is the activity rat io of  anes the t ics  in the m e m b r a n e s  and  
in the  solut ion near  the charged  surface.  In di lute  
condi t ions ,  the intr insic par t i t ion  coeff ic ients  of  the 
cat ionic anes the t ics  to the /-state m e m b r a n e  (P~, , . ,)  is 

P' ~ ~ "  16) 

where  X~ is the  mole  fraczion of  the  charged  addi t ives  
near  the m e m b r a n e  surface.  Accord ing  to the Boltz- 
m a n n  d is t r ibu t ion  law. the relat ion be tween  X f  and  X~ 
is. 

Fff. X,~ = S ,~l  " e X p {  [ 

where  F is Fa raday ' s  cons tan t ,  and  if, is sur face  po ten -  
tial of  m e m b r a n e .  T h u s ,  the  relation be tween intr insic 
and  appa ren t  par t i t ion  coeff icients  is 

t%, 
~. = P.L.,-e~p(- ~ T  ) ts,  

Accord ing  to the G o u y - C h a p m a n n  theory,  surface  
potent ia l  of  charged  m e m b r a n e s  in a 1 :1  electrolyte 
so lu t ion  is wr i t ten  as 

Fff 
o = ( 2000,,oCR T fl / z . 2. sinh( ~ ) (9, 

where n is the sur face  charge  densi ty ,  e is the  relative 
permit t iv i ty  of  solut ion,  e o is the  permit t iv i ty  of  v a c u u m .  
and  C is the electrolyte concen t ra t ion  expressed  by 
molar i ty .  W h e n  the  negat ive  sur face  potent ia l  is h igh 
enough ,  Eqn. 9 is a r r anged  as  

expl [ -- F~. 02 
2000 ~ C  R T 

T h e  equa t ion  for the  t rans i t ion  ~emperature  change  
o f  an ionic  phospho l ip id  m e m b r a n e s  caused  by cat ionic  
anes the t ics  at its zero concen t ra t ion  is wri t ten as  

a,ar, 

Pl,n, o, eL°, 0D 
= ( I t )  

(ss .s .  c + I Lf r" ( e~,.,-20, + eLn," eg) ) ~ts0 

where  

o, )z 
O, ~ 2000ee. R T  ll2) 
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The ratio of area per  phospholipid molecule for 
solid-gel and liquid-crystalline states was 0.659 for singly 
charged D M P A  [13]. The area of solid-gel membranes  is 
smaller than the area of liquid-crystalline membranes ,  
and the electric double layer effect of  solid-gel mem- 
branes  is 2.30-times larger than that of  liquid-crystalline 
membranes .  Subscript,  i. of 0 and o indicates that these 
parameters  belong to the /-state membranes .  

Eqn. 11 indicates that the transition temperature  
changes (dATt /d[A]T)  depends on the lipid concentra-  
tion ([L]T), the transition parameters  ( / iS ° ,  z~H ° and 
T~°). the intrinsic parti t ion coefficients to the /-state 
membranes  (P~mt). and the electrolyte concentrat ion 
(C) .  The lipid concentrat ion ([LIT) was kept constant  
throughout  the study. When the value of (P~ ~,t" 01 + 
PAgint- ~g) is large, the effect of the NaCI concentrat ion 
on the transition temperature  depression becomes small 
(Eqn. 11). 

For  estimating parti t ion coefficients, the reciprocal 
((d/~ Tt/d[A! r )  - t ) of  the transit ion temperature  change, 
caused by anesthetics, is plotted against the electrolyte 
concentrat ion ( C )  in the solution. 

A sO{55.5.C 4 [L]T'( Pllnt'~I -P P~im'O,) } 
1 

B O ( dz~Tr~ RTl°(Pg at 0 -P.~ m g) 
d[Al r/lAir- 0 

(13) 

The slope, A, and the Y-intercept. B, are expressed 
by 

55.5.A8 e ( I4)  
A = -  R r o ( e L . . 0 , _  e~ . .e~)  

Z~SOtL],/--( p/ int.  Oi-j- P~im- I~s) 
B = (15) 

2R~o. (e~, ,°,. o , -  e~,.,. 0s) 

Following Eqn. 13, reciprocal of  the values in ~;'ahle I 
was plotted against NaCI concentrat ions ( C )  in Figs. 2 
and 3. The values for the slope (A)  and the Y-intercept 
( B )  are summarized in Table I1. 

The  transit ion temperature  (Tt°). and the transit ion 
enthalpy ( A H  °)  of  D M P A  membranes  between p H  5 
and 7 without  anesthetics were 324.1 K and 29 k J -  
reel - ] ,  respectively [13]. Using these values, apparent  
part i t ion coefficients of charged local anesthetics in 100 
m M  NaCI are obtained (Table IIl) .  

Copeland and Andersen [16] assumed the area of 
solid-gel membrane  to be 44 ~2 per one D M P A  mole- 
cule. The area ratio between solid-gel and liquid-crystal- 
line membranes  was  0.659 for singly charged D M P A  
[13]. This lead to an area of  liquid-crystalline of  67 A2. 
The 0, values were 35 (solid-gel) and 15 M (liquid-crys- 
talline) at 324.1 K, assuming that ~ is the permittivity of  

? 

NaCI CONCENTRATION / 10 "1 M 
Fig. 2. The effect of the NaCI concentration on the transition temper- 
ature change. Symbols: procaine (o), lidocaine (e). The values for the 

slope (A), and the Y-intercepts (B) are summarized in Table 11. 
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NaCI CONCENTRATION / 10 "1 M 

Fig, 3. The effect of the NaCI concentration on the transition temper- 
ature change. Symbols: tetraeaine (o). dibueaine (e). The values for 
the sfope (A). and the Y-intercepts (B) are summarized in Table IL 

TABLE II 

The ualue:~ for the slopes (,4), the Y-intereepta (B), and the coerelarion 
coefficients (e) of Eqn. 9. calculated from Table I 

Local anesthetics d a B b r 

Dibuceine 1.39.10- ~ 7.37- t0- 6 -- 0999 
Tetracaine 1,16.10 -4 7.51.10 -6 -0,985 
Lidocaine 3.01 • 10 - z 2.71 • 10 - ~ -- 0.997 
Procaine 1.06.10 -2 ] ~-5.10 -4 --0.999 

" K- I'(M of anesthetics),(M cg NaCI)- I. 
b K- t*(M of anesthetics). 



TABLE Ill 

Apparent partition coefficients of cationic local anesthetics to solid.gel 
and liquid.crystalline states of DMPA at pH 5.9 in I00 raM NaCI, and 
the differences in the partition coefficients 

Values in parenthesis are the intrinsi: partition coefficients, assuming 
that e is the perminivity of water, and that the areas per lipid 
molecule are 67 and 44 A z for liquid-crystalline and soiid-gel mem- 
branes, respectively. 

Anesthetics P~ P~ P)~- PA g 

Dibucaine 2.1 - 106 8.1 - 105 1.3-106 
(1.4- l0 a) (2.3-103 ) 

Telracaine 2.6- l0 s 1.0-105 1.6. l0 s 
(1.7.103) (2.9-102 ) 

Lidocaine 2.8- le a 2.2-104 6.1- to 3 
(1.9-102) (6.2-10 I) 

Procaine 3.3-104 3 . 1 - 1 0  4 1.7-103 
(2.2. l02) (8.8- tO 1 ) 

water,  Intrinsic part i t ion coefficients are shown in Table 
I I I  in parenthesis.  

Discuss ion  

The  numerical  values of  part i t ion coefficients vary 
according to the unit  for  solute concentrat ions [5]. To  
compare  with literature values, the present  part i t ion 
coefficients (mole fraction unit)  were converted to 
molali ty uni t  and were listed in Table IV. The  intrinsic 
par t i t ion coefficients of  the charged forms of  tetracaine 
and  procaine  agree with the reports  on  egg phospha-  
tidylcholine (PC) !171 and eg~g phosphat idylethanol-  
amine  (PE) [181 vesicles membranes .  The  part i t ion coef- 
ficients of  uncharged local anesthetics (tetracaine, 
iidocaine, and procaine)  to dipalmitoylphosphat idyl-  
choline (DPPC)  membranes  [9] are 17-(lidocaine, 

TABLE IV 

Reported oalue~ of partition coefficients of local anesthetics to r,,~del 
membranes 

Phospholipid Dibucaine Tetracaine Lidocaine Procaine 

DM PAa 
(gel, oH 5.9) 67 8.5 1.8 2.6 
(liquid, pH 5.9) 410 50 5.5 6.4 

E88p C b 
(pH 5.5) 22 2 

Egg P]6 c 
(pH 5.5) 46 3.3 

DPPC d 
(gel, uncharged) 1200 57 120 
(liquid, unehargcal) 1 800 91 200 

a The values wcr¢ converted from the intrinsic partition coefficient in 
Table Ill with the conversion factor of 34.2. 

b From the Ref. 17. 
c From the Re£ 18. 
d The values were converted from ReL 9 with the conversion factor of 

40,6, 

liquid-crystalline) to 140-(tetracaine. solid-gel) times 
larger than the parti t ion coefficients of  the charged 
forms to D M P A  membranes .  The parti t ion coefficients 
of uncharged forms of lidocaine and procaine to organic 
solvents were 21-126-t imes larger than charged forms 
[19]. Thus,  the difference in the parti t ion coefficient 
between charged and uncharged forms to model 
membranes  agrees with that to organic solvents. 

Kelusky et al. [20] reported that the electrostatic 
effect contr ibuted to the parti t ion of the charged local 
anesthetics to the negatively charged membrane,  phos-  
phatidylserine (PS). They mixed the PC and PS to 
control the surface charge density of the vesicle 
membranes .  In the present  study, the surface electro- 
static effect was controlled by changing the NaCI  con- 
centrations. The parti t ion of the cationic anesthetics to 
the anionic phosphol ipid  membranes  in 100 m M  NaCI  
is estimated to be 350-(solid-gel) or  150- (liquid-crystal- 
line) times higher than to the neutral  membranes .  We 
[13] have shown that the condensat ion in the electric 
double layer holds in the present  NaCI  concentrat ion 
range. Subsequent  part i t ion into the membrane  oc- 
curred by hydrophobic  forces. 

Ohki [21] estimated that the charge density of  squid 
axon membranes  was about  1 unit charge per  180 A:. 
The  charge density of the D M P A  membranes  (1 unit 
charge about  67 and 44 ~2) is about  2.5-4-t imes higher 
than the nerve membrane .  F r o m  Eqns.  7 and I0,  the 
electrostatic effect of the nerve membrane  on the 
anesthetic concentrat ion near  the membrane  surface 
changes by the quandrat ic  function of  the surface charge 
density. In 100 m M  N9C1, the membrane  surface con- 
centrat ion of  anesthetics in biological systems is esti- 
mated to be about  20-times that in the bulk water  at 
100 m M  NaC1. 

The  ordel of  the nerve blocking potency of  local 
anesthetics is dibucainc > tetracaine > lidocaine > pro-  
caine. The parti t ion coefficients (P~)  were dibueaine > 
tetracaine > procaine > lidocaine. The  order  of  lidocaine 
and procaine was reversed. The order  of  differences in 
the apparen t  part i t ion coefficients between solid-gel and 
liquid-crystalline membranes  ( A P A = P ~ - P ~ ) ,  how- 
ever, agrees with the clinical potency. Fig. 4 shows an 
excellent correlation between min imum blocking con- 
centrat ion (MBC) of Ideal anesthetics [221 and APA. 

Several reports  [23-281 indicate that  at least two 
states of  the nerve membranes  exist for the nerve excita- 
tion. It has been shown ..hat the nerve excitation (de- 
polarization) is an exothermic process, and the repolari- 
zation is an endothermic process [23-26]. Further ,  the 
nerve excitation was reported to be accompanied by a 
decrease in entropy [27]. The m e m b r a n e  potential  of  the 
squid giant axon showed the polarized potential  at high 
temperature,  and the depolarized potential  at  low tem- 
perature  [28]. These results indicate that  the rest ing 
state (polarized potential)  is stable at high temperature,  
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Fi~. 4. The correlation between minimum blocking concentrations 
(MBC) and differences in the apparent partition coefficients between 
the solid-gel and liquid-crystal membranes (A,PA= PAt --P~). The 
data are fitted to Iog(MBC) = --O.PAg'Iog(APA)+I.203 ( r =  --0.979) 
with the least-squares method. 1, procaine; 2. lidocaine; 3, tetracaine; 

4. dibucalne. 

a n d  the  e x c i t e d  s t a t e  ( d e p o l a r i z e d  p o t e n t i a l )  i s  s t a b l e  a t  
l o w  t e m p e r a t u r e .  

W i t h  p h o s p h o l i p i d  m e m b r a n e s ,  t h e  l i q u i d - c r y s t a l l i n e  
s t a t e  is  s t a b l e  a t  h i g h  t e m p e r a t u r e ,  a n d  t h e  p r o c e s s  f r o m  
the  l i q u i d - c r y s t a l l i n e  s t a t e  t o  t h e  s o l i d - g e l  s t a t e  is  e x o -  
t h e r m i c .  T h u s ,  t h e  l i q u i d - c r y s t a l l i n e  s t a t e  c o r r e s p o n d s  
t o  t h e  r e s t i n g  s t a t e  o f  t h e  n e r v e  m e m b r a n e s ,  a n d  t h e  
so l i d -ge l  s t a t e  c o r r e s p o n d s  t o  t h e  e x c i t e d  s t a t e .  T h e  
n e r v e  e x c i t a t i o n  is  n o t  i d e n t i c a l  w i t h  t h e  p h a s e  t r a n s i -  
t i o n  of  the  p h o s p h o l i p i d  m o d e l  m e m b r a n e s ,  b u t  t h e  
t r a n s i t i o n  o f  the  p h o s p h o l i p i d  m e m b r a n e s  m a y  se rve  a s  
a m o d e l  for  t h e  n e r v e  e x c i t a t i o n .  R e c e n t  d e v e l o p m e n t s  
in  t h e  s i n g l e  c h a n n e l  m e a s u r e m e n t  c o n f i r m  t h e  e x i s t e n c e  
o f  o p e n  a n d  c l o s e d  s t a t e s  i n  s o d i u m  c h a n n e l s ,  T h e  
p h a s e  t r a n s i t i o n  o f  m e m b r a n e  l i p i d  r e l a t e s  t o  t h e  t r a n s i -  

t i o n  o f  c h a n n e l  s t a t e s  [29]. 
H i l l e  [30] p r o p o s e d  t h r e e  s t a t e s  ( R ,  I ,  a n d  O s t a t e s )  i n  

the  n e r v e  e x c i t a t i o n .  L o c a l  a n e s t h e t i c s  i n c r e a s e  t h e  r a t i o  
o f  t h e  1 s t a te .  T h e  r e s t i n g  a n d  e x c i t e d  s t a t e s  a r e  s i m i l a r  
to  t h e  R a n d  I s t a t e s  o f  H i l l e ' s  h y p o t h e s i s .  A n e s t h e t i c s  
i n c r e a s e  the  r a t i o  o f  r e s t i n g  s t a t e  m e m b r a n e s .  T h i s  is 
e q u i v a l e n t  t o  s a y  t h a t  t h e  a n e s t h e t i c s  p r e f e r  t o  b i n d  to  
the  r e s t i n g  s ta te ,  o r  t h a t  t h e  a f f i n i t y  o f  a n e s t h e t i c s  t o  the  
re~;ting s t a t e  is  h i g h e r  t h a n  to  t h e  e x c i t e d  s ta te .  

W e  s p e c u l a t e  t h a t  the  r e s t i n g  a n d  e x c i t e d  s t a t e s  r e l a t e  
to  t h e  n e r v e  e x c i t a t i o n ,  a n d  c o r r e l a t e  to  l i q u i d - c r y s t a l -  
l i n e  a n d  so l i d -ge l  s t a t e s  o f  p h o s p h o l i p i d  m o d e l  m e m -  
b~anes .  T h e  d i f f e r e n c e  in  the  a f f i n i t y  of  a n e s t h e t i c s  t o  
the  r e s t i n g  a n d  e x c i t e d  s t a t e s  c a u s e s  t h e  l oca l  a n e s t h e t i c  
a c t i o n .  In  a m o d e l  m e m b r a n e  s y s t e m ,  t h e  d i f f e r e n c e  in  
the  p a r t i t i o n  c o e f f i c i e n t s  to  so l id -ge l  a n d  l i q u i d - c r y s t a l -  

l ine  s t a t e s  d e c r e a s e s  the  t r a n s i t i o n  t e m p e r a t u r e ,  a n d  
c o r r e l a t e s  t o  t h e  n e r v e  b l o c k i n g  p o t e n c y  (F ig .  4). 
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