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The interaction between te~ac~ne and egg phosphatidy~hdine (egg PC) mdtibilaye~ was examine& ESR 
spec~a of an ester s~n ~bel indica~ that at low uncharged anesthetic: ~ d  ratio~ membrane organ~ation 
decreases. At ~gher ratio~ saturation and phase separation occu~ as suggested by a second s p e c ~  
component w~ch appears when the ~aler solubility ~f te~acaine is reached. Hcwcver, expefimen~ with lhe 
drug in the absence and in the presence of membrane~ making use of a phosph~ipid spin ~bel, suggest that 
the new phase does not c o n ~  of s ~  te~ac~ne ~on~  Location of the new phase in the membrane would 
require a change in partition coefficienK while ~s location ou t ,de  wou~ im~y a mechan~m whereby the 
ane~hetic would come off the membrane as an aggregate cont~ning spin probe and phospholi~& Charged 
te~ac~ne forms micelles wh~h disrupt-unilamellar egg PC veeries (Fernande~ M.S. (1981) Bioehim. 
Biophy~ Acta 646, 27-30L M~ellar te~ac~ne added to bilayers containing a PC s~n probe changes the 
spectrum from one typic~ of a bilayer into one t y ~ c ~  of m ~ d ~  ind~ating the formation of a 
te~ac~ne-egg PC mixed micell~ The effect ~ r e v e r ~ e  upon dilution to concen~ations bdow the cfitic~ 
m~elle concen~ation of te~ac~ne. When membranes are prepared in the presence of a wate~soluble s~n 
label, TEMPOcholine, ascorbate des~oys the ~gn~ of un~apped label; when mixed phospholipid-te~acaine 
are formed by addition of miceilar t e~ac~n~ t~s  ~ads to a compete loss of the ESR ~gn~.  High drug 
concen~ations are often used for anesthe~a and could be re~ted to morphdo~cM nerve damage caused by 
~rge doses of anesthetics. 

* To whom co~pondence shoed be addressed. 
Abb~fiafions: PC, egg phosph~chd~e ;  ~SASL s~afic 
add cont~ng the 2',2C&methyl-N-oxyl ox~oli~ne moie~ at 
carbon 5; ~MeSL m~h~ ester of ~SASL; I~PCSU ~- 
palmitcy~ho~hatidylcholine cont~ng lie N-ox~ ox~oli- 
~ne m ~ y  at carbon 12 of the ac~ chin at portion sn-2; 
5-PCS~ &palmitoylphosphatidylcholine contai~ng the N-ox~ 
oxazolidine m ~ y  at carbon 5 of ~e ac~ chin at pofifion 
sn-2; ASL and CSL ~,2'-dim~hybN-ox~ oxazolidine defiva- 
t~es of 5a-androstan-17fl-ol-3-one and chd~m~on~  r~ 
~ f ive~ ;  TEMPOcholine, chd~e c ~ n  wh~e one m~h~ 
group was replaced by the 4-(2,2,6,~tram~hyl-N- 
o x ~ e f i ~ n ~  m ~ y ;  cm~ cdfic~ micd~ concentration. 

I ~  

The mechanism of action of local anesthetics is 
thought to involve crosfng of the membrane by 
the uncharged form and binding of the charged 
form to a specific file of the sodium channd 
located near the inner surface of the nerve mem- 
brane [1]. Nevenheles~ in many cases large doses 
are requ~ed for ane~he fa  [2], and a large amount 
of work has been done showing that such con- 
centration~ or smaller ones, are capable of alter- 
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~ g  both the p ~ m e a ~ l i ~  and the structure of 
lipid m e m b ~ n ~  [3-6]. 

M ~ n ~  resonance ~ c h ~ q u ~  have been used 
to investigate ~ e  ef~ct  of locM anesthetics on the 
organization of m e m b ~ n e  l ~ s .  Sp in -hbd  ESR 
~ 7 - ~ ,  ~ [10-12], deu~r ium ~ 1 ~ 1 ~  and 
p h ~ p h ~  [5,17,18] N M R  spectra have p m % d ~  
~ r m a ~ n  about loc~ ~ ~ m e m ~ e  in- 
teraction at a m ~ a  level. 

When the m e m b ~ n ~  confist of egg PC, it was 
found that the ~ n ~ n g  of the ~cM a n ~ e t i c  
~ t r ac~ne  varies ~ a n ~ e t i c  charg~ both 
~ d y  and quanf i a t ivdy  [1~. The amoun~  
of cha~ed  and uncharged anesthetic m the aque- 
ous and m e m b ~ n e  p h a ~  depend on m e m b ~ n e  
concentration [9] and it is important to take this 
fact into account when an~yfing ~ e  effect of 
either form upon m e m b ~ n e  structure and func- 
t~n.  

In ~ e  present work we a n ~ y ~  the effect of ~ e  
loc~ anesthetic ~ a c ~ n e  upon the ESR spec~a 
of s p ~  probes ~ E ~ a e d  ~ egg PC bHayer~ At 
~ f f i ~ t ~  ~ g h  c o n c e n ~ a ~ n s  and at ~ g h  pH, 
the unch~ged form of ~ a c ~ n e  saturates ~ e  
m e m b ~ n e  and p h ~ e  ~ r ~  occurs upon fur- 
ther ad~t ion  of ~ e  anesthefi~ 

The charged form of tetracaine forms ~ c ~ e s  
(cmc = 70 mM, ReL 1% capable of ~ smpf ing  egg 
PC u n ~ m ~  verities as shown by hght scatter- 
ing and by p h ~ p h ~  ~ ~ n  of ~ a ~  
[20]. Ma~ng  use of spin probe~ we pro%de spec- 
troscopic e~dence for the ~ a ~ n  of the 
p ~ h ~ p ~  into ~ a c ~ n ~ e g g  PC mixed 
m i ~  and we d e m o n s ~ a e  the ~ v ~ f i b ~ f f  of 
the phenomenon. ~ s o ,  by ufing a w a ~ - s ~ u ~ e  
s p ~  labd, we d e m o n ~  the loss of the aqueous 
compar tmen~ of u ~  or m ~ a m d h r  egg PC 
membranes upon ad~t ion  of ~ ~ a c ~ n ~  

A pre l imina~ account of some of the present 
r e s ~  has appeared dsewhere [8]. 

Materials and Methods 

T ~ r a c ~ n e  and dicetyl phosphate were ob- 
t~ned  from ~ g m a  Chemic~ Co, St. Louis, MO; 
5-MeSL and 5-SASL came from Syva, PMo Alto, 
CA. 12-PCSL was ~ o m  Serdary Research Labora- 
tories, London, Ontario; 5-PCSL and TEMPO- 
choline chloride were prepared by P. Laks from 

Simon Fraser Univerfity, Burnab~ British Col- 
umbi~  and were generous gifts of Dr. I.C.P. Smith 
from the National Research Council of Canada. 
Egg PC was prepared by the method of Nidsen 
[21]. AH other reagents were analytical grade. 

A 0.12 M b o r a t e / p h o s p h a t e / c i ~ a t e  buffer was 
used throughout. Samples were prepared by 
evaporating CHC13 stock solutions of egg PC and 
spin labels under wet ni~ogen. Unless otherwise 
stated, the fipid to probe ratio was 100:1 on a 
molar basis. The samples were placed under 
vacuum for no less than 2 h, then hydrated with 
buffer at the defired pH. Whenever addition of 
te~acaine altered the pH it was ad ju red  by ad- 
ding concen~ated a~d or base. pH mesuremen~ 
were done on a Metrohm E 512 pH-meter. ESR 
spectra were run on an E-4 Varian ESR spec- 
~omete~ at room temperature (22 ± 2°C). Sam- 
ples were placed in flat quartz cells for aqueous 
solutions from James Scanlon, Costa Mesa, CA. 

R e s ~  

The present work tries to di~inguish effects 
caused by the uncharged form of te~acaine from 
those caused by the charged form. As calculated 
from the model described in Ref. 9, at pH 10.5 
most of the anesthetic is in the uncharged form, 

v _ _ ~  j 

~ ~ 

! ~OG 

Fig. 1. ESR spectra of 5-MeSL in 5.2 mM egg PC membranes, 
pH 10.5 (A) In the presence of 2.3 mM tetracaine. (B) In the 
presence of 20 mM tetracain~ In the absence of tetracainK the 
lineshape ~ Mmilar to that in (A) [8,9]. 



533 

the amount of charged form being negligible. The 
converse is true at pH 5.5. 

Membrane satura~on and phase separa~on by the 
uncharged form of tetracaine 

Fig. 1A shows the ESR spec~um of 5-MeSL in 
5.2 mM EPC at pH 10.5. We have previou~y 
justified [9] the use of the empirical parameter 
h+~/h o ~atio of heigh~ of the low fi~d to mid- 
f idd hne~ as a measure of the combined effects of 
tetracaine on the degree of hpid order and mobi~ 
ity (see D~cusfion). At low anesthetic-to-phos- 
pholipid ratios, the h+~/h o ratio increases with 
increafing pH, until a plateau is reached (Fig. 2A 
and ReL 9), indicating a decrease in order a n d / o r  
increase in mobility caused by increased partition- 
ing of the uncharged form of teUacaine. 

This increased partitioning is a result of the 
shift in equifibrium towards the uncharged form 
with increasing pH. Since the partition coeffident 
for this form is much larger than that for charged 
te~acaine [9,14], increasing amounts of uncharged 
te~acaine partition into the membrane with in- 
creafing pH [9]. 

When the experiment was performed at higher 
anesthetic : phospholipid ratios, at pH 10.5 spectra 
fike that in Fig. 1B were obtained, where an 
additional component is observed. The contribu- 
tion of this spectral component, seen as a d~finct 
shoulder at low field in Fig. 1B, increases as the 
te~acaine : egg PC ratio increase~ Due to its line- 
shape, the new specia l  component contributes to 
an actual decrease of the h+~/h o ratio, and this is 
seen in Fig. 2B. We ascribe the appearance of the 
new spectral component to the following. At low 
te~acaine:egg PC ratio~ the uncharged form of 
the anesthetic is solubilized by the bilayer; after 
reaching a critical drug:fipid ratio (see below) 
additional anesthetic goes into a new phase which 
gives rise to a different spec~um. 

In order to verify whether solid uncharged te- 
~acaine could incorporate 5-MeSL, experiments 
were performed in the absence of membranes. 
When buffer containing the solid drug was put in 
contact with a film of 5-MeSL made on the wall 
of a test tub~ either no spectrum or a very ex- 
change-broadened one was obtained, indicating 
that a solid teUacaine phase is largely unable to 
accommodate 5-MeSL. Similar resul~ were ob- 
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Fi& ~ A )  and (B). h + l / h  o ratio as a function of pH for the 
sam~es of Fi~ 1 A and B, respecfivdy (O) and for c o n ~ s  in 
• e absence of ~ u a c ~ n e  (©). (Fig. 2A is taken from ReL 9, 
with permissionL 

tained when the probe was added from a con- 
centrated methanol solution. Experimen~ were 
done at variab~ membrane concentration~ ESR 
spec~a of 5-MeSL were obtained for various egg 
PC concentrations and increasing ~ a c a i n e : e g g  
PC molar ratios. These ratios were cMculated for 
membrane-located uncharged anesthetic ~om the 
partition coeffident in ReL 9. Fig. 3 shows that 
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(©, @~ and two sam~es contorting 32 mg egg PC/ml (~, ~), pH 10.5. The anesth~ic-to-lipid ratio was c~c~ated from ~ a c ~ n e  
concen~ations in the membran~ estima~d from the partition coeffihent in ReL 9. 

the h . l / h  o ratio depends on the anesthet~: l ip id  
ratio: the h+t/h o ratio first increases, as a resuR 
of increased anesthetic partitionin& Then, a break 
occurs and, at ~ a c ~ n e  : egg PC > 1, h+~/h o d~ 
creases sharply. We ascribe the break to the onset 
of the second spectr~ component, i.e., the ap- 
pearance of the second phase. The molar ratio at 
which the breaks were observed varied from about 
~55-~65 :1  ~ a c ~ n e  : egg PC. 

In order to check for the posfibility and extent 
of phospholipid incorporation in the newly formed 
phas~ expefimen~ were performed ufing a phos- 
pholipid spin prob~ 12-PCSL, at a high labd  : egg 
PC molar ratio (16:100), so that an exchang~ 
broadened ESR spec~um was ob t~ned  (Fig. 4). 
The c/d  ratio, mesured on the low fidd line, 
i nd~a~s  the extent of exchange broadening which 
is a resuR of the rate of col~fion b~ween labded 
molecules and should decrease with decreafing 

concentrations of the latter. Phospholipid is effec- 
t ivdy diluted upon ane~het~  partitioning into the 
membrane and Fig. 5 shows that the c /d  ratio 
decreases steeply for increasing t e~ac~ne  : egg PC 
ratios up to about 0.65 : 1. Higher ratios Lad to a 
much smaller decrease of c/d. 

/ 

- 1 0  G- 

~ & ESR spectrum of I~PCSL (14 m~%) ~ 5.2 mM egg PC 
membrane~ pH 10.5. The extent of exchange ~ r a ~ n  was 
estima~d from ~e  c/d ratio. 
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TTC :EPC (mge:m~ 
~ 5. c/d ratio as a function of ~wac~ne:e~ PC m~ar 
ratio for ~e sarape ~ ~ ~ The ane~h~c to h~d ratio was 
cMc~a~d as in ~ 3. 

Phospholipid bilayer disruption by m~ellar charged 
tetracaine: reversibility of the phenomenon 

Fernandez has r eposed  that charged teUacaine 
forms micelles with a cmc of about 70 mM [19]. 
She has also shown that when micellar teUacaine 
was added to egg PC unilamellar verities at a 
100 : 1 anesthetic-to-fipid molar ratio, fight-scatte~ 
ing measuremen~ and phosphorus determination 
of fil~ates gave an indication of membrane dis- 
ruption by the miceflized anestheti~ 

The experiments bdow were defigned to pro- 
vide spectroscopic evidence for phospholipid in- 
corporation into a charged anesthetic-egg PC 
mixed micelle. 

When 5-PCSL was incorporated into egg PC 
mulfibilayers, a spectrum typical of a membrane 
structure was obtained (Fig. 6A). Such spectrum 
resembles very closely that y idded by the fatty 
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Fi& ~ ESR spectrum of 5-PCSL in 5.2 ram egg PC (pH 6.2). 
(A) In the absence of ~acmn~ (B) In the presence of 80 mM 
tetrac~n~ When 5-SASL was used in~ead of 5-PCSL, the 
resuRs were very ~mih~ 

a d d  ~one  (5-SASL). Spec~a of the h t ~ r  probe in 
micellar detergents are well known [22]. When 
micellar ~ U a c ~ n e  is added to egg PC cont~ning 
5-PCSL, the spec~um (Fig. 6B) is very ~milar to 
that ob t~ned  for micdlar  sys~ms ]2~, as well as 
that ob t~ned  for micellar ~ a c ~ n e  ~one  (not 
shown). The resuRs deafly i n d ~ a ~  the formation 
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~ 7. ~ne~s  of the decay of ~e ESR ~gn~ h 6 ~ l  of a 1.1 
mM T E M P O ~ n e  s~ution ~ 5.2 mM ~g PC ¢ o n ~  4 
m~% d~e~  phospha~ (pH 6.2). The ~sn~ decay was mo~- 
toted afler ad~tion of 4.1 mM ascorhate (fin~ c o n c e n ~ o ~  
A£ter 20 ~a ,  ~ e r  buffer (O) or 92 mM ~ac~ne  (~n~ 
c o n c e n ~ o ~  ( ~  was added. 



536 

of a mixed ~wac~n~egg  PC m~elle. Similar re- 
suits were obt~ned both for unilamellar and mul- 
tilamellar egg PC b ihye~;  membrane di~upfion 
was observed for egg PC: ~ a c ~ n e  molar ratios 
up to 14 : 100. 

Dilution of the mixed micelles to ~ a c ~ n e  
concentrations bdow the cmc ~d to c o m p ~  
recovery of the b~ayer spec~um, ind~ating that 
membrane disruption is reversible. 

Membrane disruption was ~so demonswated 
by the loss of the aqueous compa~men~ trapped 
in egg PC multib~ayer disperfions. Experimen~ 
were performed according to Aracava et M. [23], 
by preparing the membrane in buf~r  cont~ning 
the wate~soluble ~pin label, TEMPOcholine chlo- 
ride. Addition of ascorbate to the bulk aqueous 
phase leads to an immediate loss of the TEMPO- 
cho~ne fign~ due to labd in this phase and a ~ow 
decrease of the sign~ due to labd rem~ning in 
the bilaye~endosed wa~r companmen~ (Fig. 7, 
open symbols). When micellar ~ a c ~ n e  is added 
(Fig. 7, solid symbolS, an instantaneous loss of 
the rem~ning ESR sign~ occur ,  indicating the 
c o m p ~  loss of the trapped water compartments. 

D~cusfion 

Deuterium NMR studies [5] have shown that 
when uncharged te~acaine partitions into egg PC 
b~ayer~ there is a decrease in the b~ayer degree 
of orde~ 

Ester spin probes like 5-MeSL are weakly 
anchored at the membrane surface and therefore 
possess a high degree of motional ~eedom. For 
that reason, it has been common practice in the 
~terature to calculate rotational corrdation times 
from ESR spectra of these probes. However, as 
discussed by Cannon et al. [24] and Schr~er et al. 
[25], as these probes undergo some degree of 
ordering in a membrane b~aye~ it is not correct to 
extract quantitative information about thor  rate 
of motion from thor  ESR spectra. Thus, we have 
used changes of the empirical h + i / h  o parameter 
as a monitor of the combined changes in the 
degree of order and mobility of the probe 5-MeSL 
upon addition of uncharged te~acaine to egg PC 
membranes. 

Taking the present, and deuterium NMR data 
[5] in conjunction, we can say that uncharged 

form of ~ a c ~ n e  affects order (decrease~ and, 
most fikdy, mobility 0ncrease~, of egg PC bi- 
laye~ at low anesthetic phosphofipid ratios 

As the ~ a c ~ n e  : phospholipid ratio increases, 
a second spectral component appears (Fig. I B). 
This component could be due to membrane 
saturation by the anesthetic and formation of a 
second phase which could be located either in the 
membran~ or in the aqueous phase, or in both. 

The experiments pe~ormed at dif~rent mem- 
brane concentrations (Fig. 3) indicate that the 
break in the plots of h + l / h  o vs. ~ t rac~ne :egg  
PC occurs at molar ratios of about ~ 5 5 - 0 ~ 5 :  1. 
Making use of the partition coefficient for un- 
charged ~ a c ~ n e  in egg PC membranes [9] it is 
found that the 0.65 : 1 ratio leads to an a n e s t h ~  
aqueous concentration which co~esponds to its 
solubility in this medium (about 1.2 mM, 
Boulange~ Y., Ph.D. thetis; Re~ 26). This would 
suggest that the second spectral component would 
arise from 5-MeSL i n ~ r c ~ a ~ d  in a solid tetra- 
c~ne phase which starts to form at the water 
solubifity of the anesth~ic, leading to no further 
partitioning into the membran~ That is, mem- 
brane saturation by the drug is imposed by a 
combination between the partition coeffi~ent and 
its water solubility, as observed with micellar sys- 
tems [27] and in studies of the effects of a~phatic 
~cohols [28] and an antichaga~c drug (HoHan& 
M.A.G.L. and Schr~e~ S., unpublished data) upon 
phospholipid membranes. 

Neve~hdes~ a t ~ m p ~  to incorporate 5-MeSL 
into solid uncharged ~ t rac~ne  in buffe~ in the 
absence of membrane indica~d the lack of abi~ty 
of the anesthetic to uptake the probe (see Results). 

Moreove~ incorporation of 5-MeSL pre¼ou~y 
in the membrane into the newly formed solid 
~ a c ~ n e  phase would require transfer from the 
former to the latter ~a  the aqueous phase; this 
would not be a ~able mechanism, fince it seems 
to depend on the probe partitioning into water 
[29]. We have pre~ou~y observed that when a 
de~c tab~  w a ~ s o l u b l e  probe, ASL, was incorpo- 
rated in a ~pid membran~ there was a fim~deo 
pendent ~ansfer of the probe to aggregated 
ampho~r i~n  B, with a co~esponding change in 
the spectral hneshape. However, when the mem- 
brane was pre¼ou~y labeled with a water-ins~u- 
ble probe, CSL, no transfer was detected [29]. 



Since 5-MeSL is highly wa~insolubl~  it is very 
unlikdy that Rs transfer from the membrane to a 
phase located outride would be mediated by lhe 
aqueous medium. 

Finally, the resul~ obt~ned with the phos- 
pholipid spin prob~ 12-PCSL, suggest that the 
new phase contains, in addition to spin probe, a 
small amount of phospholipid (Fig. 5). 

Whether this phase is located in the membrane 
or not, is not po~ible to estabfish from the pre- 
sent experiment. Membrane location would mean 
that at ~ast two phases with different anesthetic : 
phosphofipid ratios coexi~, and would require an 
overall change in the partition coeffident v~ue. 
Changes in partition coeffident with increased 
partitioning have been reposed for aliphatic ~- 
cohols in detergent micd~s [3~. On the other 
hand, for the probes pre~ou~y in the membrane 
to be ~ansfe~ed to a separate phase, this would 
require a mechanism not mediated by w a ~  Such 
mechanism could be based on the equihbfia 

T T C ~  ~ TTCH~o ~ TTC~m~rane ~ (TTC + probe+ 
p h ~ p h ~ )  

whereby ~Wac~ne (TTC) would come off the 
membrane as an aggregate contorting ~so probe 
and a small amount of phospholipid, as suggested 
by the experiments with spin-labeled phosph~b 
pid. This would be c o n ~ e n t  with the lack of 
5-MeSL uptake by solid ~Wac~n~ An~ogous 
events have been described for solutes partitioning 
into de~rgent micelles [31]. 

As for the charged form of tetrae~ne, our 
resul~ agree with the work by Fernandez [19] that 
shows that this spedes is capable of forming 
micelles which have the ability to di~upt fipid 
b~ayers. We obt~ned specUoscop~ e~den~ for 
the incorporation of egg PC into tetrac~n~phos- 
pholipid mixed micelles and for the rever~bifity of 
this phenomenon upon dilution of ~uac~ne to 
concen~ations b~ow its cmc. We ~so demon- 
s~ate the loss of the aqueous companmen~ 
~apped by the egg PC bflayers (Fig. 7). 

Loc~ anesthetics have been pre~ou~y shown 
to interact with fipid membranes, affecting bflayer 
organization and permeability. Loc~ anesthetics 
have ~so been shown to influence bilayer to 
hexagon~ phase Uan~fion and have been seen to 
p~omote membrane fu~on [1~32-3~. Bflayer dis- 
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rupfion by the charged form of ~Uac~ne has Mso 
been repor~d [19,20]. 

The present experimen~ show that loc~ 
anesthetics in thor uncharged form can saturate 
the membrane and ~ve rise to a new phase, while 
the charged form can reverfibly incorporate bi- 
layer phospholipid into mixed anesthefi~fipid 
m ~ s .  It is wo~hwhi~ reciting that high drug 
doses are sometimes required for locM anesthefia; 
thus, the events reported in the ~udies with modal 
membranes could occur in the in ~vo ~tuation. 
Morph~o#cM observations have ind~ated thin 
2% te~acaine solutions (67 mM) can cause great 
nerve damage [35]. Also, other locM anesthetics, 
when administered at high concen~afions were 
seen to cause severe myelin degeneration [36]. It is 
no~wonhy that in both cases the anesthetics were 
administered in ways that did not M~r thor inifiM 
concen~afion. We suggest that the observed mov 
pholovcM damage could be a result of membrane 
disruption caused by m ~ d ~ r  anesthetic. 
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