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The effect of the local anesthetic tetracaine at less than 10 mM on the water permeability of the phespholipid 
membrane was examined using llposomes composed of various molar ratios of negatively charged cardiolipia to 
electrically neutral phosphatidylcholine by monitoring their osmotic shrinkage in hypertonic glucose solution at 
30°C. The concentration of tetracaine causing the maximum velocity of shrinkage of liposomes increased with 
increase in the molar ratio of cardiolipin. Tetracaine increased the ~'.potential of the negatively charged liposomd 
membrane toward the positive side due to the binding of its cationic form to the negatively charged peim- 
headBroups in the membrane, The maximum velocity of water permeation induced by osmatk shock was observed at 
essentially the same tetracaine concentration giving a ~-pe~ential of the liposomai membrane of 0 inV. These 
concentrations were not affected by cbange in the sort of ac~l-chain of phospitolipids im the liposomes when their 
negative charges were the same. These results sqgests  t,gJat the membrane integrity is governed mainly by the 
electrical charge of phosphoUpid polar headgroupe when phosphoUpid bilayers are in the highly fluid state, mad 
tha~ positively charged tetracaine molecules neutralize the negative surface charge, lowering the barrier for water 
permeation through phospholipid bilayers. 

Introduction 

Local anesthetics are known to exhibit diverse ef- 
fects on various biomembranes [I-5] besides their 
anesthetic activities, although the mechanism(s) of the 
latter activities is still controversial [6-I0]. Study on the 
interaction of local anesthetics with phospholipid mem- 
branes such as hposomes and bilayer phost~holipid 
membranes (BLM) is important, because it provides 
useful information for understanding the mode(s) of 
action of these compounds in the phospholipid region 
of biomembranes. However, despite extensive studies 
[11-15], it is not yet fully understood which region of 
phospholipid bilayers interacts with local anesthetics, 
or what type of modification of the membrane struc- 
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phosphatidylglycerol; BhCL, bovine heart cardiolipin; DCP, dicetyl 
phosphate; DMPC, dimyrisloyiphosphatidylcholine; LUV, large uni- 
lamellar vesicles: ANS, l-ani]ino-8-naphthalene sulfonate; Pt, or- 
thophosphate. 
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ture is important for induction of their effects on the 
membranes. Studies on these problems are important 
not only per se, but also for understanding the factors 
that govern the stable structure of biomembranes. 

We recently found that the local anesthetics bupiva- 
caine and tetracaine caused a unique uncoupling of 
oxidaIive ,nbosphorylation in mitochondria that was 
unlike the effect of weakly acidic uncouplers [16-18]. 
The uncoupling action of these anesthetics was greatly 
potentiated by addition of the amphipathic anion ANS 
[16,17]. "i'his uncoupling action was suggested to be 
caused mainly by perturbation of the membrane struc- 
ture in a way such that their uncoupling potencies 
depended on their degrees of membrane pe~urbation. 
Local anesthetics without ANS possibly interact with 
the membrane at the surface, or very close to the 
surface, whereas the nonpolar ion-pair complex be- 
tween the local anesthetic cation and ANS anion moves 
to the inner part of the phospholipid bilayers, causing 
greater perturbation and hence greater uncoupling 
[16,171. 

These results prompted us to study the action mech- 
anism of local anesthetics on phospholipid membranes. 
In this study, we examined the effect of tetracaine on 
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the barrier properties of phospholipid bilayers by mea- 
suring the water permeability induced by osmotic shock. 
We found that the tctracaine cation interacted with 
negatively charged phospholipid polar headgroups, and 
that this interaction loosened the t!gh~ arrangement of 
phospholipid molecules. The importance of the hydra- 
tion layer at the membrane surface in stabilization of 
the membrane structure was suggested. 

Materials and Methods 

BhCL was isolated as its ,~odium salt from bovine 
heart according to the methods of Faure and Morelec- 
Coulon [I9] and Pangborn [20]. EyPC and DMPC were 
purchased from Nichiyu Liposome Co. Ltd. (Tokyo), 
EyPG and DCP were obtained from Nippon Fine 
Chemicals Co. Ltd. (Osaka) and Sigma Chemicals Co. 
(St. Louis), respectively, and were used without furthe- 
purification. They were stored as solutions in chloro- 
form in sealed ampoules under an argon atmosphere at 
-20°C. Concentrations of phospholipids were deter- 
mined in terms of phosphorus (P,) according to the 
method of Ames [21]. Other reagents including tetra- 
caine were commercial products. 

LUV with a diameter of about 220 nm, determined 
with a particle sizer Nicomp 370 (Particle Sizing Sys- 
tems Products, Santa Barbara), were prepared by re- 
verse phase evaporation [22,23] in 10 mM Tris-HCI 
buffer (pH 7.3), and then filtrations through 0.4 p.m 
and 0.2 pm filters (Nuclepore Co., Pteasanton) in an 
Amicon type-8010 ultrafiltration apparatus. Experi- 
ments on osmotic shrinkage were carried out essen- 
tially by the method of Blok et al. [24]. LUV with a Pi 
concentration of 0.5 mM were suspended in l0 mM 

0.15 

~0 ~ e"-----'4" Aoo 
300pM tetracaine ~ | 

0os  ~--~"-;::::T7:7:""7:~o=° 
10 sec 

Fig. !. Typical lime*course of shrinkag~ of lipo.~mes of BhCL/EyPC 
= 2:98 caused by addition of hypurlonic glucose solution measured 
as at~)rhance incrca~ at 450 nm. Lil~SOmeS ((}.5 mM Pi) were 
suspended in an imtonic mlulion of 10 mM Tris-HCI buffer (pH 7.3) 
conlaining ~gl pM h:tracaine in a tolal volume of 2.94 ml, and 
incubated for 2 rain at 30°('. Th~n glucose at a final concentration of 
~-0 mM was added rapidly. Change in the ab~rbancc was monitored° 
and values of A.  (abmrbance of the l ipc~me suspension), A;t 
(a.hmrbance alter addition of tettacainc). A t .  o (absorbancc extra~,- 
lated to t = 0 just after addition o[ glucose), and A., (ab.,~rbance at 
the plateau level after glucose addition) were read. ca. initial velocity 

of absorbance change: A A. differe nee between A,, and A ~ _ .. 

Tris-HCI buffer (pH 7.3), in a total volume of 2.88 ml 
at 30°C. A typical example of the time course of 
absorbance change of liposomes is depicted in Fig. 1. 
On addition of a volume of 60 /.¢1 of tetracaine of a 
given concentration by microsyringe, the absorbance of 
the liposome suspension at 450 nm increased slightly. 
Then 60/~l of glucose solution (final concentration, 20 
raM) was added rapidly under stirring, and the rapid 
change in absorbance of the liposom¢ suspension with 
time was measured in a Shimadzu spcctrophotometer, 
model UV-3000 at 450 nm. Output signals were stored 
in a microcomputer, NEC PC-9801, at a sampling rate 
of 80 ms, and were recorded on an X-Y  plotter, 
Roland DXY-I01. The initial velocity of shrinkage was 
determined by the least-sq'.,ares method. A linear rela- 
tionship was observed between the reciprocal of the 
absorbance change and the reciprocal of the concen- 
tration of glucose at least up to 50 raM, indicating that 
phospholipids in the liposomes were tightly arranged 
and the liposomes behaved as perfect osmo-meters, 

The fluidity of the liposomal membrane was mea- 
sured as the fluorescence polarization of the probe 
perylene at 470 nm excited at 411 nm [25] in a Hitachi 
fluorophotometer, model 650 under similar experimen- 
tal conditions to those in osmotic experiments: The 
suspension of 0.5 mM Pi liposomes was incubated with 
500 nM perylene (molar ratio of liposomes to perylene, 
1000) for 1 h at 30°C in the dark, and then the degree 
of fluorescence polarization P was determined by Eqn. 
I. 

P = ( i l l -  I .  G ) / ( l l l  + I~ G) ( ! )  

where Ill and !± are the polarized intensities in the 
horizontal and vertical directions, respectiveIy. The 
correction factor G for instrument polarization was 
determined as reported previously [26]. For examina- 
tion of the effect of tetracaine on membrane fluidity, it 
was incubated with liposomes for 5 min before mea- 
surement of P. 

The ~'-potential of liposomes was measured accord- 
ing to their electrophoretic mobility in a Laser-Zee, 
model 500 (Pen Kem Inc., New York) at 20°C. 

Results 

As shown in Fig. 1, addition of tctracaine caused 
slight increase in the optical absorbance at 450 nm 
(A~) due to slight aggregation of liposomes, ~nd A~ 
became constant after about 2 min. This at~orbanc¢ 
was greatly enhanced by hypertonic osmotic shock in- 
duced by addition of 20 mM glucose and the ab- 
sorbance attained a certain constant level (A~) after 
less than l0 min. Increase in the absorbance (A) is 
associated with shrinkage and /o r  aggregation of lipo- 
somes. The initial velocity of liposome shrinkage (c0) 
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reflects the barrier ability of the liposomes against 
water permea:ion (el. Eqn. 3) [24,27-29], because the 
possible effect of liposome aggregation is unlikely in 
the initia~ stage of osmotic shock. 

In this study we wanted to know the effect of 
tetracaine on water permeability through the iiposomal 
membrane induced by osmotic shock as a key event for 
the anesthetic to exert its action in the membrane. 
Therefore, we used the c o value determined from Eqn. 
2 as an index of the change in the membrane structt:rc 
induced by tctracainc [24,27-29]. 

t ' l l  = (d(  I / A ) /d , r  ),, . o / (  1 / A ,  _ i t)  (2 )  

where A , : ,  is the A;j extrapolated to the t ime of  
glucose inject ion ( t - - 0 ) .  As  t ' ,  is propor t ional  to the 
initial velocity of volume change ( d V I d t )  in liposomes, 
the following relationship holds [24,27-29]: 

ril = k(dV /dl )t o = kP, SRTAC~Iu~,,,~ (3) 

where Pw is the water permeability coefficients, S is 
the surface area of the membrane, R is the gas con- 
stant, 7' is the absolute temperature, ACgluc, ~ is the 
difference between the concentrations of glucose out- 
side and inside the liposome membrane and k is a 
constant. Increase in t,, is dependent on Pw and S, but 
S would not change greatly on binding of tetracaine 
under the present experimental conditions in which the 
concentrations of tetracaine were much lower than 
those generally used in studies of its effect on mem- 
brane lysis [30,31]. Thus, the initial velocity of the 
absorbance change can be regarded essentially to rep- 
resent the velocity of water permeation. 
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Fig. 2. Effect of tetracaine on the absorbance change of liposome 
suspension. The initial velocity of shrinkage, ca, was plotted against 
the tetracaine concentration on a log scale. Experimental conditions 
were as for Fig. I. The molar ratios of BhCL/EyPC in liposomes 
were: tA) 0:100; (B) 2:98; (C) 5:95; (D) 10:90. The value at - =  

indicates that without tetracaine. 
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Fig.. 3. Change in Ih¢ tctracainc ¢onccntrathm rcquzrcd [l > induclhm 
of maximal water permeability. ('.,,,,. wi|h the molar ratm of BhCL 
in BhCL/EyPC lip~mgs. Values were lakgn from Ihe results 

in Fig. 2. 

Fig. 2 shows the effects of tetracaine on the perme- 
ability of liposomal membranes to water, +.,, induced 
by osmotic shock on addition of 20 mM glucose at 
30°C. In the experiments, liposomes composed of vari- 
ous molar ratios of negatively charged BhCL to electri- 
cally neutral E;yPC {BhCL/EyPC liposomcs) were 
used. With all liposomes carrying various negative sur- 
face charges, there was a distinct concentration of 
tctracainc that caused a sharp peak of maximum 
shrinkage of liposomes due to water effiux on hypcr- 
tonic osmotic shock induced by injection of glucose 
into the medium. The concentration of tetracaine nec- 
essary for induction of maximal shrinkage is refcr:'ed to 
as  Cma x. It is noteworthy that below.and above Cm:,x, 
the values of c .  were almost the same. Thus at a 
certain concentration, tctracaine loosened the tight 
arrangement of phospholipid molecules, allowing water 
to penetrate rapidly through the phospholipid bilayer 
according to the osmotic pressure, but at higher con- 
centrations than Cmax, tetracaine restored the per- 
turbed membrane structure to the level it1 the absence 
of tetracaine. The finding that A~j was almost the same 
with all the !iposomes suggests that the binding of 
tetracaine did not affect the size of liposomes. The 
value of Cm,, increased with increase in the content of 
the negatively charged BhCL in the liposomes (Fig. 3). 

As the effect of tetracaine on the water permeability 
of the liposomal membrane was dependent on the 
amount of BhCL in iiposomes (Fig. 2), we examined 
the change in their ~'-potential with tetracainc concen- 
tration, in the absence of tetracaine, the ~'-potential 
became more negative with increase in the amount of 
BhCL (Fig. 4), and the ~'-potential changed exponen- 
tially with the molar ratio of BhCL to EyPC in the 
liposomes, as ob~rved with phosphatidylserine/phos- 
phatidylcholine liposomes [32]. This finding suggests 
that BhCL was distributed uniformly on the outer 
leaflet as well as the inner leaflet of the lipid bilayers. 
The reason why EyPC liposomes (BhCL/EyPC--  
0:100 liposomes) showed a g'-potential of -6.1 mV 
would be because the N + end of the headgroup is 
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Fig. 4. Depe.-~:nce of ~'-potential of liposomes on the molar ratio of 
BhCL in Bht~L/EyPC liposames suspended in 10 mM Tris-llCI 

buffer (pH 7.3). 

oriented 'backwards" into the hydrocarbon environ- 
ment, rather than into the water phase due to the low 
ionic strength of the background solution [33], i.e., I0 
mM TrisoHC! buffer (pH 7.3). Thus, increase in the 
ionic strength in the bulk solution should diminish the 
electrostatic interaction in the he~dgroup region of 
EyPC. In fact, the ~'-potential of EyPC liposomes was 
about 0 mV in medium of  higher ionic strength (50 
mM KCI plus I0 mM Tris-HCI buffer (pH 7.3)) due to 
a charge screening effect as predicted by the Gouy- 
Chapman model. 

Fig. 5 shows the change in the ~-potential of the 
iiposomal membrane with tetracaine concentration. 
The ~'-potential increased with increase in tetraeaine 
concentration, and at above a certain concentration of  
tetracaine, the membrane surface became positively 
charged, indicative of an increase in the positive sur- 
face charge density ef  the liposomal membrane due to 
binding of  tetracaiac cation, From the results in Fig. 5 
and the relationship between the ~'-potential and sur- 
face potential (1/'o). the amounts of tetracaine cation 
adsorbed on the membrane can be roughly estimated 
assuming that the cationic form of tctraeaine is ad- 
sorbed on the surface of the membrane in a manner 
such that the positively charged tetracaine faces the 
polar-aqueous surface, and its insertion does not alter 
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Fig. 5. Effect of letracaine on the ~-potential of liposomes composed 
of various molar ratios of BhCL/EyPC. Liposomes were suspended 
in 10 mM Tris-HC1 buffer (pH 7.3). Figures adjacent to traces 
indicate the molar atios of BhCL in the BhCL/EyPC liposomes. 

Values at -0e are those without tetracaine. 

TABLE ! 
Amount of binding of t~tracaine cation to liposomal membranes at a 
concentration of tetracaine of 100 ~M 

BhCL/E~,'PC liposomes (molar ratio) 

2:98 5:95 10:90 

~-potenl ia l .  (mV) - 6 . 0  - 17.8 - 38.2 
q/0 h (mV) - 7.5 - 22.6 - 4 9 . 5  
C~ c (~tM) 135 247 724 

K~C~ d x ]04 (A 12 ~ 4.1 7.4 21.7 

Taken from the :esulls in Fig. 5. 
h Surface potuntiai of the membrane determined from the ~'.poten- 

tial in Ref. 32. 
¢ Concenlration of tetracaine cation at the membrane/water inter- 

face calculated by Eqn. 4. 
J Number of bound tetraeaine cation molecules per unit area of 

membrane surface taking the surface partition K~ as 3.0 with 
EyPC [iposomes from Ref. 34. 

the surface area of the membrane.  The amount  of  
charged tetracaine bound can be estimated as the 
product of the surface partition coefficient (K~) and 
the concentration of  tetracaine cation at the mem- 
b r a n e / w a t e r  interface (C~) [32]. C'~ is expressed by 
Eqn. 4 as a function of the concentration of tetracaine 
cation in the bulk phase (Cb) and the surface potential 
at the m e m b r a n e / w a t e r  interface after binding with 
tetracaine ( % ) .  

C~ = Ch exp( - e~o /k sT )  (4) 

where e is the elementary electric charge, and k e is 
the Boltzmann constant. In the calculation, we used a 
K, value of  3.0, which was determined with EyPC 
liposomes [34]. Table I summarizes the amounts  of 
bound tetracaine cation ( K , C , )  per/~2 of  membrane 
surface to liposomes with various B h C L / E y P C  ratios 
at 100 ~tM tetracaine, it is evident that binding of 
tetracaine with B h C L / E y P C  liposomes increased with 
increase in the molar ratio of BhCL in the liposomes 
due mainly to increase in the negative surface potential 
of the liposomal membranes. 

There was a linear relationship between the concen- 
tration of tetracaine giving a [-potential of  0 mV, C~. 0, 
and its concentration for maximum water permeability 
of the liposomes, Cm., x, as shown in Fig. 6. This linear 
relationship was expressed by Eqn. 5 with the very high 
correlation coefficient of 0.999. 

log C~. o - 0.98 log Cm.., ~ -0.07 (5) 

The results that the coefficient (0.98) was close to unity 
and that the constant term ( - 0 . 0 7 )  was close to 0 
indicate that lowezing of  the barrier ability caused by 
tetracaine is maximal at the concentration at which the 
local anesthetic neutralized the negative surface charge 
of  the liposomes. 
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Fig. 6. Linear relationship between the concentration of tetraeain¢ 
re:iuired f6r indecti<n, of maximal permeability to water by osmotic 
shock (C~,), and that for changing the ~-potential to 0 mV (C¢_.) 
with Iipo~mes composed nf various molar ratios of BhCL/EyPC. 
Values were taken from the results in Fig, 3 and Fig. 5. Numbers 
adjacent to data points are molar ratios of BhCL in the BhCL/EyPC 
liposomes. The open .~luare, closed square and closed triansle are 
data with DCP/EyPC = 10:90, EyPG/EyPC = 10:90, and BhCL/ 

DMPC = 5: 95, respectively. 

The dependencies of cn and the ~'-potential on the 
concentration of tetracaine were examined with lipo+ 
seines of DCP/EyPC= 10:90 and EyPG/EyPC= 
10: 90. As shown in Fig. 7, the changes of % with 
tctracaine concentration with both types of liposomes 
were similar to those with B h C L / E y P C  liposomes (cf. 
Fig. 2), and the Cm, , values with D C P / E y P C  -- 10:90 
liposomes, and E y P G / E y P C  = 10:90 liposomes, were 
de termined as 600 i tM and 800 i tM, respectively. 
These values were very similar to, and the same as, 
that of  800 it M with B h C L / E y P C  = 5: 95, which have 
the same apparent  negative charge density as these two 
types of  liposomes. Similarly, the values of  C~= 0 with 
D C P / E y P C  --- 10 : 90 l iposomes ( =  (.-00 i tM)  and 
E y P G / E y P C  -- 10: 90 l iposomes ( = 850 i tM)  were very 
similar to that with B h C L / E y P C  = 5: 95 l iposomes 
( =  800 i tM).  Data  with these l iposomes are well ac- 
commodated  by the relationship in Eqn. 5 (eL Fig. 6). 

Next, the fluidity of  phospholipid bilayers was deter-  
mined from the f luorescence polarization ( P )  of  pery+ 
lene with the B h C L / E y P C  = 0 :100  and 5 :95  lipo+ 
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log t t e m ~ k ~ 3  (M} 
Fig. 7. Effect of letraeaine on the absorbance change of liposomes 
composed of DCP/EyPC - 10:90 (A) and EyPG/EyPC., 10:90 (B) 
at 30~C. The initial velocity of shrinkage, co, was plotted agaiAsl the 
letracaine concentration on a Ioi; scale. Experimental conditions 
were as for Fig. 1. The value at - = indicates that without telracaine. 

TABLE II 

Change in the fluorewence polari=atirm of BhCL / EyPC lipt~,omes 
iaheh'd with perylen¢ under t'arious conditionx 

Additions Fluore~cnce polarr,~.fion ~' 

BhCL/EyPC liposomes (molar farm) 

tit 100 5:95 
(EyPC liposomes) 

A. None 
(liposomcs alone) O.t).'~7 +_ t).tX}3 0.057 +_ 0.001 

B. A + tetracaine " 0.057 ~ O.tXI2 11.115.6 .+_ t).002 

• Measured as the fluore~ence I~darization of perylcnc a! 470 nm 
excited at 411 nm. Values are average for six runs (±standard 
deviation). 

h Tetracaine corresponding to (-',,,~, was added: 81) /.dVl with 
BhCL/EyPC = 0: IIX) lilx~omes, and 8~N) ~M with BhCL/EyPC 
-- 5: 95 liposomes. 

somes at 30°C. As summarized in Table I!, the value of  
P with B h C L / E y P C  = 0 :100  liposomes was essentially 
the same as that with B h C L / E y P C  ~ -~ : ~5 liposomes, 
and did not change on addition of tetracaine at C,~=. 

It was of  interest to examine whether  tetracaine 
affects the phase transition of  phospholipid bilayers. 
As the phase transition tempera ture  of  EyPC Is about  
- I I Y C  [35], it is very difficult to study the effect o f  
tetracaine on the phase transition using EyPC lipo- 
seines. Therefore ,  we used D M P C  and B h C L / D M P C  
- - 5 : 9 5  liposomes. As shown in Fig. 8A, D M P C  lilxr- 
somes  ( B h C L / D M P C  -- 0: 100) showed distinct phase 

0 . 2 5 ~ = "  ", . . . .  - ;= 

0.15 t- -~"~-  - 

i o.2s, (.. . . . . . .  ; ,  

+ o+I 1 
o-'+t t 

0 t..,~ • , . . . . . . .  
0 15 20 25 30  

Temperature (°C) 

Fig, 8. Effect of tetracaine on the change with tempcralure of the 
tluo~scencc polarization of liposomes composed of DMPC (A) and 
BhCL/DMPC-5:95 (B). (A) Closed circles, without tetracaine; 
open circles, with 80 /.tM tetracaine; closed triangles, with I mM 
tetracaine. (B} Closed circles, without tetracaine; open circles, 800 
/~M tetracaine, closed lriapgles, with I0 mM tetracaine; dolted 

curve+ result with DMPC Iiposomes without teiracainc. 
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Fig. 9. Effect ,~f tc t racainc on the inilial vehmity of  shr inkage 0%) of 
Iiposomcs composed oi" B h C L / D M P C  = 5: 95 at 3I)°C. Experimental  
condit ions were as for Fig. t. "i he value at - z indicates that  without  

tc iracaine. 

transition at 23.5°C. coinciding with the reported val- 
ues of about 23°(? [36]. and they were completely in the 
liquid crystalline phase above 25°C. Tctracainc at 80 
g,M lowered the phase transition temperature slightly, 
and its effect was significant at i mM. in the case of 
BhCL/DMPC=5:95  liposomes without tetracaine 
(Fig. 8B), change of the fluorescence polarization P 
with temperature was gradual, and a clear inflection 
point of the curve was not observed due to incorpora- 
tion of the unsaturated acy[ chain of BhCL. However, 
thc cur;c was apparently shifted to a lower tempera- 
ture than that of OMPC liposomes, showing that BhCL 
fluidized the bilaycr structure of DMPC. As with 
DMPC liposomes, tetracaine at 800 #M had only a 
slight effect on the curve of temperature-dependent 
change of P. but at 10 mM it shifted the curve dis- 
tinctly to lower temperature, showing that at high 
concentrations it fluidized the BhCL/DMPC mixed 
bilayers. However, at the expe¢;imental temperature for 
osmotic shock of 30°C, the fluidity of the acyl chains 
was not affected. 

Fig. 9 shows the effect of tetracaine on the osmotic 
shock of BhCL/DMPC - 5 : 95 liposomcs at 30°C. Dis- 
tinct incr~:~e in co was observed at 600 p.M. This 
value of tke Cm.,, coincides well with those of other 
mixed liposomes carrying the same negative charge, 
especially with that of DCP/EyPC = 10:90 liposome.,,. 
Fhe value of C¢ ~, of the BhCL/DMPC = 5 : 95 lipo- 
somes was determined to be 800/zM, being similar to 
its Cm,,. These values are shown in the plot of log 
C¢..  against log C .... in Fig. 6. Apparently, the results 
with BhCL/DMPC = 5:95 liposomes were well con- 
sistent with the relationship shown in Eqn. 5, indicat- 
ing again that the surface charge of the liposomes is 
important for the barrier ability of their membrane to 
water. 

Discu~s|u~ 

Injection of glucose into an isotonic suspension of 
liposomes results in efflux of water, due to hypertonic 

osmotic shock, and shrinkage of the liposomes re- 
flected by increase in the absorbancc of the liposomal 
suspension [37], In this work we examined the effect of 
the local anesthetic tetracaine on the water permeabil- 
ity of liposomes composed of various molar ratios of 
negatively charged BhCL to neutral EyPC (BhCL/ 
EyPC liposomcs) with up to 10 tool% BhCL at 30°C, at 
which temperature the bilayer of the liposomal mem- 
brane was in the fluid liquid crystalline phase. With all 
liposomes tested, we found that tetracaine increased 
the rate of water permeation at a certain concentra- 
tion, referred to as Cm, ~, but had little effect below 
Cm~ ,, and that the enhanced perm~-,bility to water 
decreased to the original level above Cm~ ~. Thus, only a 
limited concentration range of tetracaine perturbed the 
tight membrane structure. As the value of Cm,,~ in- 
creased with increase in the molar ratio of BhCL, the 
negative polar head of phospholipids is concluded to 
be important for the barrier properties of the mem~ 
brahe against water permeation. This conclusion is 
consistent with reports showing the importance of the 
surface negative charge of liposomes and phospholipid 
monolayer for their stability [38-42]. The existence of 
the Cma ~ with the neutral EyPC liposomes was due to 
their slightly negative surface charge. Further:note, we 
fo,nd that tetracaine a~, higher concentrations than the 
Crux protected the phospholipid bilayer membrane 
against the perturbation caused by an osmotic differ- 
eflcc. 

Tetracaine was found to neutralize the negative 
surface charge of liposomes, and to induce a positive 
surface cargo at concentraitons of above the Cm,, x. As 
the value of pK,, of tetracainc is 8.46 [43], and its 
critical micelle concentration (cmc) is 65 mM [30], 
which is much higher than the concentrations of less 
than 10 mM used in this study, the effect of tetracaine 
on the liposomal membrane must be due to the cationic 
form of tetracaine monomer. When there is a nega- 
tively charged polar head of BhCL in the membrane, 
the electrostatic interaction between the cationic moi- 
ety of tetracaine and negative charge of BhCL will be 
dominant, leading to neutralization of the negative 
surface charge of the mixed BhCL/EyPC layer. 

As the concentration of tetracaine that neutralized 
the surface clt/~rge of liposomes (C¢=.) was approxi- 
mately the same as Cm,, ~, the effect of tetracainc in 
dccfeasir, g the barrier ability of the mixed BhCL/EyPC 
bilayer membrane was concluded to be due mainly to 
its neutralization of the negatively charged polar head- 
groups of liposomes. This finding also indicates that 
the barrier properties of the phospholipid bilayer are 
guverned by the surface charge of the membrane, when 
phospholipid bilayers are in the highly fluid state. This 
conclusion was supported by the findings that at above 
the Cm,,~, tetracaine restabilized the membrane by im. 
posing a positive charge on it (Fig. 2), that tetracaine at 
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about the C.,~,~ did not alter the motion of acyl chains 
of phospholipids of liposomes in the liquid crystalline 
phase (Table I! and Fig. 8). and that iiposomes with 
different acyl-ehain lengths but carrying the same neg- 
ative charge showed essentially the same values of C,,,,~ 
and C~.=, (Fig. 6). 

The bilayer surface is known to form water bridges 
that can hold E~.PC molecules together, and the 
charged headgroup of BhCL stabilizes networks of 
structured water molecules which are important for the 
stable arrangement of phospholipidmolecules in the 
membrane [42.44]. When the electrical charge of the 
polar headgroups of phospholipids on the membrane 
surface is neutralized by the tetracaine cation, the 
hydration layer becomes destabilized, resulting in de- 
crease of the barrier ability of the membrane to water 
permeation. The interaction between acyl chains of 
phospholipids has usually been regarded to be respon- 
sible for the tight structure of the phospholipid mem- 
branes [24,37,45]. In fact tetracaine lowered the gel- 
liquid crystalline phase transition temperature of the 
DMPC liposomes. However, the polar headgroups of 
phospholipid molecules are important for the barrier 
properties of the membrane bilayer, and hence for 
stabilization of the membrane structure, when the 
phospholipid bilayer is in the fluid state. In fluid mem- 
branes, the effect of tetracaine on the hydrocarbon 
core of bilayer structure could be insignificant, because 
the motion of acyI chains is already so great due to 
thermal energy. The importance of the polar head- 
groups of phospholipids has been suggested in the 
effects of insulin [46] and lysophosphatidylcholine [471 
on the stability of liposomes. Possibly tetracaine cation 
binds with phospholipid bilayers in a way such that its 
nonpolar portion is inserted into the bilayer region, 
and its cationic moiety faces the membrane/water  
interface, as suggested from the : ~suits of NMR spec- 
troscopy [38,48]. Our results are in line with the report 
by lnoue et al. [28] that anesthetics such as l-alkanols 
weaken the membrane structure by perturbation of the 
membrane/water  interface. 

In most studies, the effect of local anesthetics on the 
a,embrane structure has been studied under equilib- 
rium conditions, such as their effects on phase transi- 
tion [49], membrane expansion [2] and membrane sta- 
bility [30,50], and hence, their effects are observed as 
changes in the overall membrane organization. In this 
,audy, we examined the effect of tetracaine at the 
initial stage of its action on liposome membranes in the 
fluid state. Thus. the present finding of the importance 
of the effect of tetracaine at the membrane/water  
interface could be a key event for the action of local 
anesthetics in various membranes, including membrane 
perturbation in the uncoupling of oxidative phospho- 
rylation by local anesthetics [ 16,17]. The present results 
may be associated with the action mechanism of local 

anesthetics it, induction of their anesthetic activities. 
but the Cm,,~ values in various liposome systems are a 
couplt; of orders higher than the effective concentra- 
tion of tetrac-'_fine for its anesthetic action [1]. 
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