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SUMMARY 

The effect of the local anesthetic dibucMne on the solid to liquid-crystalline 
phase ~ansition in phospholiNd vesicles was studied by cMofimetry and fluorescence 
polarization. The partition coeffident (>  3000) of dibucaine in the membranes of 
vesicles prepared from acidic phospholiNds was more than 20 times higher than in 
neutral phospholipid membranes under the same conditions. CMorimetfic measure- 
ments on vesicles prepared form acidic phospholipids (bovine brain phosphatidyb 
serine: dipMmRo~phosphatidylNycerol) showed that dibucMne ( I .  10 -~M)  
produced a Mgnificant reduction in the gel-liquid crystalline tranMtion temperature 
(~) .  This fluidi~ng effect of dibucNne on acidic phospholipid membranes was even 
more marked in the presence of Ca 2+. In contrast, dibucaine at the same c o n c e n t ~  
tion did not alter the T~ of neutral phospholipids (dipMmitoylphosphatidylcholine). 
Significant increase in the fluidity of neutral phospholipid membranes occurred only 
at higher dibucMne concentrations (2. I0 -3 M). Measuremen~ of the fluorescence 
pohrization and li~time of the probe, l~-diphen~hexatfiene, in acidic phospholiNd 
vesicles revealed that dibucMne (l • 10 -~ M) caused an increase in the probe rotation 
rate indicating an increase in the fluidity of the phospholipid membranes. A good 
correlation was obtained between fluorescence pohrization data on dibucMne-induced 
changes in membrane fluidity and calorimetric measurements on vesicles of the same 
type. 

INTRODUCTION 

Local anesthetics produce a wide variety of effects on bioloNcM membrane~. 
In addition to their anesthetic action on excitable membranes [1-3] they have been 
shown to displace Ca 2+ from membranes [4-6] to induce membrane expansion [5]. 
to modify the osmotic ~aNlity of erythrocytes [7], to inhibit cell fusion [8] and cell- 

Abbreviations: TES. N-Tris-(hydroxymethyl)metlayl-2-aminoethanesullbnic acid; DPH. 1.6- 
diphenyEl.3.5-hexat~ene. 
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to-call adhedon ~-11]  and to impNr call movement [8]. Although it is generNly 
thought that locN anesthetics produce such effec~ by interaction with membranes, 
the molecular even~ accompan~ng anesthetic-induced changes in membrane prope> 
ties are still largely unknown. S tud ,s  on the interaction of local anesthetics with a~i- 
ficial lipid membranes, including monolayers [1, 12~ black lipid films [13, 14] and 
phospholipid vesk~s [15], have establNhed that there N a good corrdation between 
the abil~y of local anesthetics to interact with phospholipids and thdr  ability to 
modify membrane properties. These observations, together with other ~ud~s review- 
ed by Seeman ~]  and Papahadjopoulos [16], ~ ro n ~)  sugge~ that the action of local 
anesthetics on membranes may be mediated via a spedfic interaction with acidic 
phospholipids. This is considered to involve both hydrophobic and ionqon dect~osta- 
tic interaction~ and local anesthetic molecules are suggested to redde in membranes 
in close proximity to the polar groups of phospholiNds (see reE 16). 

Recent ~ud~s udng ESR and NMR techniques have shown that local ane~he- 
t~s can induce ~gnificant molec~ar disordering and enhance the fluidity of phospho- 
lipids in naturM [17] and model membranes [18, 19]. This "fluidi~n~'  effect was 
only observed, howeve~ at very high ane~hetic concen~ations (in the membrane 
lytic range), far above the concen~ation suffident to induce ane~hesim in this com- 
mun~ation we repo~ the effect of the locN ane~hetic dibucNne on the fluidly of 
neutral and acidic phospholipids in vesicles. CMorimet~c and fluorescence pola~za- 
tion measurements indicate that dibucaine has a ~gnificant fluidiNng effect on acidic 
phospholiNds even at low concen~ations in the typ~al anesthetic range, but neural  
phospholipids are unafl~c~d. The ability of dibucaine to increase the fluidity of 
acidic phospholipids and displace Ca ~+ Dora membranes may be an impo~ant me- 
chanism underlaying the effects of  dibucNne descNbed in the accompan~ng paper 
[20] in wh~h this drug was found to enhance the susceptibility of cuRured cells to 
ag~ufination by plant ~ctins and to induce redi~ribution of "'in~amemb~anous 
paOides" on the cN1 surface. 

MATERIALS AND METHODS 

Chem~a~ 

DibucNne hydrochlofide (>  95 ~ pure) was obtNned from K and K Labora- 
tories (NNnv~w, N.Y.) and used without fu~her p u f i f i c ~ m  bHis t i~ne  (Ngma 
grade) and N - T r i ~ ( h y d r o x y m e t h ~ ) m e t h y l - 2 - a m i n o e t h a n ~ N c  add (TES) were 
oNNned ~om the Sigma ChemicN Company (St. Loui~ Mo.). 1,~Diphen~-l,3.5- 
hexatriene (DPH) was a N~ ~om Dr M. SNN~ky  ef  ~ e  WNzmann lnstitme and 
w ~  Mso p u ~ h a ~ d  ~om the Ald~dge Chemical Company (Milwaukee, Wi~onsinL 
Eth~ene ~aminom~acefic add  (EDTA) was purchased ~om Ea~man Organic 
Chemicals (RocheMe~ N.Y.). 

L ~  
The phosph~iNds used in this ~udy we~ ~ n t h ~ i ~ d  and c h ~ a c t ~ i ~ d  in 

this Nbor~ory  and were chrom~ographical~ pure. P h o s p h a t i d ~ f i n e  was isolated 
~om beef brain and phosphatidykh~ine ~om egg yolk as desc~bed before [21]. 
Phosphatidylserine was ~chrommographed on a silidc acid columm w~hed ~ i ~  
EDTA and ~ored as the sodium salt in cNore~rm.  DipMmi~phospha t id~cho l ine  
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and dipalmito~phosphatid~glycerol  were synthesized as described dsewhere ~3].  
Their fa~y acid con~nt  was more than 99 '!~, p~mit i~  Cho~s~ro l  (99 '"o pure) was 
purchased ~ o m  Fluka (Buchs, Swi~erland) and recrystMlized twice t o m  methanol. 
All l i~ds were stored under ni~ogen in seMed ampo~es  at --50 °C at a concentration 
of appro~mate ly  10-20#tool of phospha~ per ml in c~orofo~m. A newly opened 
a m p o ~ e  was used for each experiment. 

Phospholipid ves~les 
M~filamellar  vesicles were p ~ p a m d  by the m~hod  of Bangham et al. [22]. 

U ~ m ~ r  vesicles were made by sonication of multilamellar vesicles as described 
p ~ o u s ~  [15,21]. The buffer used in all experiments contained 100raM NaC1 
unless stated etherwi~,  L~fisfidine (2 raM), TES (2 raM), EDTA (0.1 raM) a ~ u s ~ d  
to pH 7.4. This will be ~ e d  to as NaCl buffer. The ~ m p e r ~ u ~  of dispersion and 
s o ~ c ~ i o n  was 24 ~C for phosphatidytserine and 45 °C for d i p ~ m i t o ~ p h o s p h ~ i d ~ -  
choline and ~ p ~ m i t o ~ p h o s p h ~ y c e r o l .  In experiments on v ~ i d ~  c o n t ~ n g  
the fluorescent p~obe, diphen~hexatrien~ the probe was added in c~orofo rm before 
• spersion of the lipids. The phosphol i~d content of  vesicle prepar~Mns was measu- 
red by phosph~e  assay with mOybdate and ELON following perc~oric acid dig~fion 
as described pre¼ou~y [23]. 

Measurement of  lipid ~ a ~ # ~ n  ten~erature~ 
T~e ~ansition temperature (T~) of  t~e phospholi~ds in ~esicle preparations 

was determined with a Differential Scanning C~orimeter  (Perkin-Elmer DSC-2) 
using a scanning rate of 5 °C/rain and a sensiti~ty scale of  I mcal/s for full-scMe 
response as described ~sewhere [23, 24]. Phospholipids were suspended in 100 mM 
NaCI buffer as described ea~ier at concen~ations of  ~6  #mol/ml with the usual 
sampk being 3 #tool in 5 ml of  buffer. Local anesthetics were added at the specified 
concentration in buffer before dispersion of the phespholipid and the suspension 
dialyzed at room temperature for 2 h against buffer cont~ning the same concentra- 
tion of ane~heti~ The suspension was then centrifuged at 100 000 ×# for 30 rain at 
24 '~C and the wet pellet ~ansferred to the sample pan of the c~orimete~ Each sample 
cont~ned 0.5-1.0/~mol of  phosphate in 15/tl. The enthalpy of the transition was 
calc~ated ~ o m  the area under each peak (by w~ghing) and the amount of phosphate 
in the s a m ~  The c~ofimeter  was c~ibrated with an Indium ~andard (Perkin-Elmer: 
Norwalk, Conn.). 

Mearu~ment of  partition coefficient of  &cal a n ~ i c s  ~ phospholip~ 
The partitioMng of ~ b u c ~ n e  into p h o s p h ~ i ~ d  membran~  was d ~ m i n e d  

by ~cubat ion of dispe~ed phosph~i~ds  with 5 ml NaCI buffer c o ~ n g  ~ f f e~n t  
conce~r~ ions  of  ~ b u c ~ n e  for periods of at least 4 h at 25 or 37 °C. The li~ds were 
then ~para ted  ~om the aqueous medium (as judged by phesph~e  assay) by centrifu- 
gmion at 100 000×g  for 30 rain at 24 °C, and the supernamnt ~sayed  for ~ b u c ~ n e  
at the 325 nm absorption band in a Cary 15 or Beckman DB s p e ~ r o p h e t o m ~ .  
Partition coeffi~e~s (P) we~  c M c ~ e d  using the equation [25]: 

P : CT--cs Qs m (~ m) (I) 



507 

where Cx is the optical density of con~ol buffer with no lipid but containing dibu- 
caine: C~ is the optical density of buffer depleted of dibuc~ne by the presence of lipid 
and m is the ratio of the weight of lipid to the weight of the entire suspension. 

Fluorescouz" po~r~a t~n  measuron~n~ 
Fluorescence p~arizat ion measurements were made in an Amoco-Bowman  

spe~rophotofluorimeter as described previously ~6] using 1,6-~pheny~l,3,5- 
hexatfiene (DPH)  as a polar~ation probe. DPH fluorescence was excited at 365 nm 
using a mercury-xenon lamp (American Ins~uments;  Silver Spring, Maryland) and 
detec~d at 460 nm through 3 mm of 2 M NaNOz as a cu to f f  f i l ~  One mm excita- 
tion and emission slits were used. To correct for variation in the intensity of  the excit- 
ing beam, a mirror aligned at 45 ° was placed in the beam trap of the in~rument.  
This served to deflect light going through the cuve~e campa~ment  upward through a 
condensing lens to an EMI 9524B phototube. Interposed b~ween the lens and the 
phototube were an inter~rence filter passing only the exciting wav~ength, thin film 
neutr~ density filters p r o ~ n g  a density of  6-? and a ground quartz beam diffuser. 
Output ~ o m  the phototube is ~ d  to the second channel o f a  two~hann~  ratio averag- 
ing pho tome~r  (S and L Ins~uments,  Champ~gn,  Ill.); the first channel of this 
pho tome~r  me~su~s the fluerescence emission. When the cuvette is lifted out of the 
light path an accurate measurement of the exciting beam intensity can be made. The 
logarithm of the ratio of this intensity to the value when the cuvette is in place gives 
the o p t ~  density. D i ~  ratio recordin~ howeve~ can be ~ch~ved only with suspen- 
sions of con~ant  optical density. 

Lipid concentrations of a p p r o ~ m a t ~ y  0.1 p m ~ / m l  were used and the ratio 
of  DPH to lipid was b~ween 1/800 to 1/200. Low concentrations of  lipid were used 
in order to observe the effect of Ca ~+ on acidic phosph~ i~ds  without the optical 
coruSCation of excessive tur~di ty caused by flocculafion. 

The use of DPH as a fluorescence probe is c o m ~ a t e d  by fading of its fluores- 
cence after ex~tation. This is believed to resuR ~ o m  r e v e i l l e  phot~somerizat ion 
[2?] ~ o m  the all trans form to one or sever~ of the less fluorescent cis i somer .  |n 
high ~scos~y phosphofipid membranes the fading kinetics are not rapid enough to 
p ~ u d e  po~rizat ion measu~ments  by sequenti~ measurements of  vertical ( ~ )  
and horizont~ polarized (~n) inan i t i e s ,  p r o ~ n g  exposure |~r each i n a n i t y  is 
l imi~d to 4 s. The reve re  sequence of inten~ties (~n, ~ )  is then measured to compen- 
sate for fading effe~s. The values ~ o m  each set of inten~ties are averaged to give a 
typical standard de~at ion of the mean of less than ~ 0 0 3 .  

Probe rotation rate (R), a kinetic coeffioent descri~ng rotation defined by 
Spencer and Weber [28], was c~culated ~ o m  the equation: 

; : i,10 
where p is the measured pMafization; Po is the limiting p~arizat ion and z is the excited 
s ta~ li~time of the fluoropho~e. 

This equation has the same form as the Perfin equation when R is identified 
with the probe rota t ion~ diffusion coeffident. A rodqike mokcule such as DPH has 
three modes of rotation; one about  the long axis and two others (a~umed to be 
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identicM) about the short axes. Since the emission ~an~t ion moment for polyene- 
type molecules is a p p r o ~ m a t d y  parallel to the long axis, only the rotations about 
the short axes cont~bute ~gnificantly to the observed depolarization. Thus, our calcu- 
lated rotation rates presumably correspond to "end over end" tumbling of the probe 
rather than the much more rapid rotations occurring about the long axis. We also 
acknowkdge the possiNlity that only reM~cted angular motion [29] rather than true 
tumbling may occur. In this case the kinetic coeffident is related in an as vet undefined 
way to this Mternate rotationN mechanism. 

The addition of dibucaine to DPH labelled dispersions produces several 
expe~mentat problems. Flatly, dibucaine is a fluorophore having an excRation maxi- 
mum at about 325 nm and a broad emi~ion peaking at about 412 nm. However, it 
has little absorption at 365 nm so: {I) the inner filter efl}ct was neNi~Ne (less than 
2 ~o) and (2) dibucaine fluorescence was small (tyNcMly, less than 10 oo of the total 
fluorescence at the highest concentrations of dibucaine employed). This dibucNne 
fluorescence had a smaller polarization than DPH and when subtracted produced 
less than a 7 0,, increase in the polarization cNculated without considering this back- 
ground fluorescenc> It should be pointed out that since the dibucaine extinction 
rises sharply below 365 nm, the dibucaine contribution will depend strongly on the 
exaltation source and optics. 

A second co rusca t ion  in fluorescence pola~zation measuremems on 
phospholiNd membranes treated with dibucaine is that the drug may act as both a 
static and dynamic quencher of DPH fluorescence. The large membrane pa~ifion 
coeffident of dibucaine (see results section) gives rise to extremdy high dibucaine 
concentrations in membranes (appro~mately  0.4 M) which means that both static 
and dynamic quenching are possible. The maximum static quenching effect can be 
estimated using the concept of an "active sphere" around each quencher [30]. At 
membrane dibucaine concentrations of 0.4 M (vide supra) the residual fluorescence 
lk~r a sphere with a radius of 10/~ would be no more than 25-50 °~ of its ori~nal  
vNue. On the other hand, high concen~ations of ane~hetic in the membrane would 
also permit dynamic (lifetime sho~ening} quenching of DPH emNfion which would 
proceed via collisions between probe and quencher while &e probe is in its excited 
state. This efl}ct can be e~imated using two dimenfionN encounter kinetics [31]. 
Assuming membrane diffusion c o e ~ d e n ~  of approximate~ 10 -vcm2/s  for both 
probe and quencher (since both are small moleculesL a molecular radius of 5 A t\)r 
both, a lattice ' j u m p "  distance of 5 A and a DPH lifetime of 10 ns, it can be calcu- 
lated that a 75 °; diminution in fluorescence could occur by dynamic quencNn~ 
Measuremen~ of DPH fluorescence intensity in the presence of dibucaine indica~d 
that quenching did occur. Therefore, we also measured DPH fluorescence lifetime in 
the presence of dibucNne in order to c~cMare the DPH rotation rate using Eqn 2. 

Fhmresce~lce lift, t ime  ~ n e a ~ w o n e , ~  
The nanosecond fluorescence li~time ins~ument is described in detail else- 

where [55]. The emi~ed light was analyzed through a three cavity i m e r ~ n c e  fil~r 
having maximum ~ansmN~on at 450 nm with a ~6.5  nm bandpass (Di~ic Optics, 
Inc.}. Measummen~ were made at 25 °C with dry nitrogen drcul~ ing  through the 
sample chambe~ The deconvdution routines u~d  a method of moments anNyds 
t ~ i n g  the spectra as if only a sin~e exponentiN decay was p ~ n t .  All samNe spemra 
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~ere accumulated at low counting rates for constant analysis time. Control spectra 
were acquired on unlabNed sonkated phosphatid~se~ne vesicles and with dibucaine 
p~esent at va~ous concentrations. Under these exaltation condifionm there is signifi- 
cant dibucaine fluorescence. The lifetime and ~elative inten~ty of DPH emission when 
embedded in phosphatidylse~ne vesicles in the p~esence of dibucNne can be found 
by deconvoluting a difference spectrum produced by subtracting the dibucaine con- 
trol spectrum Dom the DPH spectrum in the presence of the same concentration of 
di bucNne. TN~ procedure also corrects l ) r  the scattering contribution of the phospha- 
fid~sefine vesicles ( <  5 ~ of the total intensity~ The assumption is made that the 
presence of DPH does not affect the dibucNne Et~time. Steady state dibucaine inten- 
sity measurements, where the dibucaine in the presence of DPH labelled phosphat id~-  
serine vesicles is excited at 334 nm and emission monitored at 370 nm, indicate that 
DPH could cause no more than a 10 '!~ decrease of dibucNne liDtime at the highest 
DPH : dibucaine ratio emNoyed. 

RESULTS 

Pe~tit~n coql~'cie~t oJ'N( al anes~etics ~ pho,s7~holipid membranes 
The p a ~ M n  coeNdent  of  dibucMne in acidic ( p h o s p h ~ i d ~ f i n e )  and neu- 

tral phosphdiNds  (phosphatid~choline) is summa~zed in Table I. The values of  
about 5500 obtained for the partition of dibucaine in p h o s p h a t i d ~ N n e  membran~  
a ~  among the highest ~ p o r ~ d  to date for any a n e ~ h N ~  [5]. Ca 2+ binding to phos- 
p h a t i d ~ f i n e  membranes pan ia l~  inhiN~ the binding of NbucMne at the concen- 
tration studied in these experiments. The pa~Non  coe~den t  of ~bucMne in phospha- 
t id~chdine  membranes was much lower (TaNe l). The inclusion of chdesWrN in 
phosphNiNd membranes Mgnificanfly ~duces dibucMne NnNng in both phosph~M~-  
serine and phosph~M~chd ine  membranes (TaNe I). The very different par tNon 
c o e ~ d e n ~  obtained for dibucaine in p h o s p h a t i d ~ f i n e  membranes compared with 
mixed phosphatidylcholine/chdesterol membranes (Tabk  1) would ind~am a p~-  
D~nce  for occupation of negafivelyeharged domains in membranes by a ~c to r  of 
a p p r o M m ~ d y  50. 

Diy~,rential scannht9 calorinw~v 
CMofim~fic measurements of the thermo~opic properties of dipMmitoyl- 

phosphatidylchotine in NaCI bufl?r revealed that the mid-point of the main thermo- 
~opic ~ansition, corresponding to the melting of the acyl chains, occurred at 42.5 ~C 
(Fig. l, curve a). This value is in agreement with previous studies [32, 33]. A minor 
tranMfion ( " p r e m d t " L  whose o~gin is still not unde~tood,  was detected at 37.5 °C 
(Fig. 1~ curve a). This minor peak disappeared after incubation with dibucNne 
(4 • ~0 4 M) and there was accompan~ng broadening of the main endothermk peak 
(Fig. I, curve b) .Howeve~ no significant shiR was found in the mid-point temperature 
of  the tran~fion (T~) which remained at 42.2 °C. Also, dibucNne at this concentration 
did not afl?ct the total enthalp~ of the trans~ion (AH 8.9~ 0.5 kcal/mol) ind~ating 
a loss in c o o p e r a ~ t y  as the overall effect at that concentra~on. However, higher 
concenna6ons of dibucNne (2" 10 3 M and 1 • 10 - x M )  produced a MgNficant 
downward shi~ in the main endotherm~ peak (Fig. 1, curves c and d). These results 
indicate that r d a t N d y  high concentra~ons of dibucNne are necessary to produce a 
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TABLE 1 

PARTITION C O E F ~ E N T  OF D I B U C A I N E  BETWEEN P H O S P H O M N D  M E M B R A N E S  
AND A Q U E O U S  B U F F E R  

Lipid c o m p o ~ n  Lipid DibucNne P a ~ a  Bound dibucainc 
c o n c e m r ~ n  c o n c e m r ~ n  coeffic~n~ per lipid 
~mM) (M) Imol ratio) 

P h o s p h ~ s e f i n e  0.1 1 - lO-a 5350 (2) 3.7 
Pho~h~MyNef ine  0.6 ~ . I0-  ~ 5700 (2) 4 .6  
P h o s p h ~ s e f i n e  t 

0 . 6mM Ca ~+ 0.6 2.  10 -~ 2650 (11 7.5 
P h o s ~ d ~ n ~  

c h o ~ e r ~  ~ 0.4/0.4 ~ - 10- a 1150 ( I ) 13 
P h o s p h ~ M ~ &  ,a 0.6 ~. 10 -~ 235 ~5) 30 
P h o s p h ~ i d y k h ~ i n ~  

c h o ~ e r o l  0.4/0.4 2 • 10- ~ 46 t4) 220 

~ Mean values derived ~ o m  number of experiments shown in parentheses; extreme values did 
not deviate ~ o m  the mean by more than 5.53~ ~ r  p ~ h ~ f i n e ,  3 2 ~  ~ r  p h o s p h ~ -  
d a O ~ m  and 50 % ~ r  phosphat i@k~l ine /choles te ro l .  

" ThN c o n c e m r ~ n  of  an e q ~ m O a r  lipid c h d e ~ e r ~  ~ s p e ~ m n  provides a suspen~on having 
the same weight as the 0.6 mM lipid d ~ p e ~ n ,  

~ ~ o s p h ~ y ~ M l ~ e  ~ s ~ o n s  incuba~d with dibuc~ne c o n s ~ e m ~  leave about 15yo of  
the total phosphme in the s u p e r n ~ a m  under our c e m f i ~ g ~ n  c o n ~ t ~ n >  The ~ u R ~ n  coeffic~m 
is corrected ~ r  this e ~ c t  under the a s s u m ~ n  that the supern~ant  p h o s p h ~ i ~ d  binds ~ b u c ~ n e  
with the same affinhy as the pellet p h o ~ h ~ M .  The mean corrected P value is about 15 ~ greater 
than the mean value c a ~ a ~ d  ignoring the s u p e r n ~ a ~  p h o s p h ~ i p ~ .  

a RecemlG N~yer  ~ n d ~ g  ~ u d ~ s  o f s ~ n  l abd~d  an~ogs  to tM G ( ~  N d ~ l a ~ n e )  m ~ l - 4 -  
ulkoxybenzo~e series of  local a n e ~ h ~ k s  have been ~ p o ~ e d  [54], Phosphatidy&efine N~yers  ~ n d  
almost all the a v ~ b ~  a n e ~ h ~ .  Neu t r~  p h o s p h ~ M ~ c h ~ i n e  bilayers bind M~ificantly lower 
amounts  of these a n ~ o ~  but apparemD still have a much higher affinhy ~ r  these local a n e ~ h ~ s  
than ~ r  dibuc~nm 

"'fluidiNn~" effect in dipMmito~phosphatidy~holine membranes. Impoaantly,  this 
drug has no fignificant fluidiNng effect on dipMmitoylphosphatidy~holine at concen- 
trations ( < 4 • 10 -4  M) which induce fignificant functionN Nterations in the mem- 
branes of living cells [20]. 

Since it is recognized that certain local anesthetics interact preferentially with 
acidic phospholipids (see reE 16) the experiments were repeated using dipalmitoyl- 
phosphafid~glycerol membranes which are negatively charged at pH 7.4. The results 
are shown in Fig. 2. Pure dipalmito~phosphatid~glycerol  in 100 mM NaCI buffer 
without anesthetic displayed a thermotropic behaviour similar to dipalmitoylphos- 
phatidylcholine. The mNn endothermic tran~fion occurred at 41.5 ~C and a minor 
transRion occurred at 34.5 °C (Fig, 2, curve a). Several recent studies [23, 24, 34-37] 
have shown that the thermotropic properties of  acidic phospholipids are substantiMly 
modified by divNent cations. Similafl% 6 - 10 -4  M Ca 2+ increased the Tc of  dipM- 
mito~phosphat id~Nycerol  to 51 °C (Fig. 2, curve b) and at even higher Ca ~+ 
concentrations no tran~fion was detectable up to 65 °C. This "~abi l iNn~'  effect of  
divolent cations on phospholipids has been d~cussed in detail ~sewhere [34]. Addi- 
tion of  dibucaine to d i p a l m i t o ~ p h o s p h a t i d ~ y c e r o l  membranes produced a large 
downward shift of  the To. This "fluidi~n~' effect was very marked. The 1~, was redu- 
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Fig. 1. Differential scanning c ~ o f i m ~ r y  o f  d i p ~ m i t o ~ p h o s p h a t i d y k h o l i n e  (DPPC)  vesicles in the 
presence o f  different concentrations o f  dibucMne hydrochlofide: (a) no d ibuc~ne:  (b) 4 -  10 ~ M 
dibucaine; (c) 2 .  10 3 M d i b u c ~ n e a n d  (d) I • 10 - ~ M d i b u c ~ n ~ V e s k k s w e r e p r e p a r e d i n  100raM 
NaC1 buffer as described in the methods.  
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Fig. 2. ~ r e m ~  scanning c ~ o H m ~  of  ~ m i ~ y l p h o s p h a t i ~ g l y c e r o l  ( D P P G )  vesicles in 
the presence ~ d i f l ~ r e n t  concentrations o f d i b u c a ~ e  and Ca ~+ : Q )  vesicles in 100 m M  NaC1 b u r r .  
The r e t a k i n g  curves were o ~ n e d  with vesicle p o p ~ n s  under the same c o n ~ n s  exce~ ~ r  
the presence o~  (b) 6 - 10 - ¢  ~ C a C I ~  ~ )  4 - 10 - ¢  M d i b u c ~ n ~  The a~ows indicate the m i ~ p ~ m  
of  the e n d ~ h e r m ~  peak in the presence o~2 • 10 - ~  and I - 10 - ¢  ~ ~ b u c a ~ e ~  ~ )  6 ' 10 - ¢  M Ca ~÷ 
and 4 -  10 - ¢  ~ dibucaine. 
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ced by as much as 18 ~C (Fig. 2, curve c) by dibucaine concentrations (4- 10 -4 M) 
which failed to affect the T¢ of ~pNmitoylphosphatid~choline membranes. Reduction 
of the T~ was also observed at even lower concentrations of ~bucNne (13 and 3.2 ~C 
downward shi~s in the T~ at 2 • 10 -4 M and I • 10 -4 M dibucaine, respectively). 
More impo~antl> the striking '~uidizinj"  effect of dibucaine on dipalmito~phos- 
phatidylNycerd membranes was also displayed in the presence of 6 • 10 -4 M Ca 2+ 
(Fig. 2, curve d), ind~ating that low concentrations of NbucNne (~ 4.  10 -4 M) 
can produce a fignificant increase in the ' ~ N t y "  of a d d k  phosphdiNds membranes, 
even in the presence of divNent m~als. It appears that dibucNne can displace Ca ~+ 
Dora the membranes, a condufion pertinent to the documented antagoNsm bmween 
Ca 2+ and local anesthNics in both n~ural [3, 4, 38] and model membranes [I 5, 39]. 

Since the main acidic phosphdiNd in most mammMNn cell membranes is 
phosphatid~serine, it was of interest to study the effect of dibucaine on this phospho- 
lipid. In contrast to synthetic ~pNmito~phosphat id~Nycerol  which contains more 
than 99 "i, palmitic acid refiduem phosphatid~serine isolated ~cm brain contains 
appro~matdy  50 °; unsaturated fatty acids [21 ]. This is ~flecmd in the lower T~ of 
phosphatidylserine which occurs at 7.5 C (Fig. 3, curve a). In the presence of Ca 2 ~ 
(6. 10 -4 M) the endothermk peak lbr this lipid was broader, the heat oftranfition 
was NmiNshed and the mid-pNnt of the uansifion was dNNaced 13 C upwards 
(Fig. 3, curve b). At higher Ca 2+ concentr~ions, there was no observaNe transition 
between 0 '  and 70 "C. X-ray diflYacfion of similar phosphatidylsefine samples in the 
presence of 2 mM Ca 2+ has revealed a sharp 4.2 A diflYaction, ind~ating that the 
hydrocarbon chains are at least partly crystMline [34]. 

Addition ofdibucaine (I • 10 4M)  produced a 5  C d o w n w a r d s  shi~ of the 
endothermk tr~uit ion of p h o s p h a t ~ s e r i n e  both in the absence (Fig. 3, curve c) 
and presence of Ca 2+ (6 '  10 4 M) (Fig. 3, curve d). Thus, the " ~ d i z i n j "  effect of 
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~ D,buc I • I 74M 
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÷C~2~@~ .4M ~ b g ¢  × ~ :  
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e 
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~ m p e r a t  u r e  [ ° C )  

Fig. 3. D i f l~rent iM scanning ca lor imetry  o f  phosphat idy~ef ine  (PS) vesicles in the presence o f  d i f l ~  
ent concentrat ions o f  d ibuc~ne  and Ca 2÷. (a) Vesic~s in 100ram NaC l  buffer. The rem~n ing  
curves were o b t ~ n e d  \vi th vesicle populat ions under the same condhions except for  the presence of:  
Ib)  6 .  10 ¢ M CaCI~; (c) 1 • 10 ¢ M dibucaine; (d) 6 .  10 ~ M CaCI2 and 1 • 10 -~  IV[ dibucaine; 
I¢) 5 .  10 -3 M MgCI~.  
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Fig. 4. ~ m ~  scanning c ~ o f i m m w  of  mixed p h o s p ~ l i N d  vesicles composed of  20 yo phos- 
p h ~ s e f i n e  (PS) in ~pMmimylphosphmid~chMine  ~DPPC). (a) vesicles in 100 mM NaCI b u r r .  
The remNNng curves were obtained with vesicle p o p u ~ n s  under the same condRions except ~ r  
the presence o f ( b )  I - 10 4 M ~ b u c ~ n e ;  (c) 6 .  10 a M CaCI~; (d) 6.  10 - a M  CaClaand  I • 10 a 
M dibucaine and (e) 4 • 10 - a  M dibucaine. 

dibucaine observed earlier on synthet~ dipalmito~phosphatidylglycerol also occurs 
with the naturMly occurring acidic phospholipid phosphatid~seNne. 

in addition to  C a  2+, the presence of Mg 2+ can also ~aNHze acidic phospho- 
lipid membranes. As shown in Fig. 3 (curve e), Mg 2+ {5 • 10 3 M) produced a 10 ~C 
upward shift in the T c of phosphatid~seNne. This ~abiHNng effect was inhibffed 
by dibucaine (4. 10 4 M). The endothermic curve obtained under these conditions 
(not shown) was essentially similar to curve d in Fig. 3. 

CMofimetNc measurements on mixed lipid membranes composed of 20 °; 
phosphatid~serine in dipNmffoylphosphafid~choline revealed a broad endothermk 
peak with a mid-point at 36.2 ~C (Fig. 4, curve a). Addition of dibucaine (1 - 10 ~ M ) 
had only a minimal eutectic effect on these membranes, shining the T~ downward 
by 0.9 C (Fig. 4, curve b). At higher dibucaine concentrations (4.  10 ¢ M) the 
T~ was still only depressed by 1.7 °C (Fig. 4, curve e). The addition of Ca ~+ (6 • 10 a 
M) increased slightly the T~ of the mixed membranes (Fig. 4, curve c). However 
addition of dibucNne (1 -10  -4  M) to mixed membranes in the presence of Ca e+ 
(6.  10 -~ M) had little effect on the T~ (Fig. 4, curve d). Thus, dibucNne at low con- 
centrations (1 - 10 -4  M) does not substanlially lower the T~ of the mixed membranes 
in the presence of Ca 2+. This contrasts with its marked " f l ~ d i A n j '  efl}ct at the 
same concentration in membranes composed entirely o fadd ic  phospholipids such as 
phosphophatidylserine or dipMmito~phosphatidylglycerol. 

The small but definite effect ofdibucaine (1 • 10 4 M) on mixed phospholiNd 
membranes (Fig. 4, curves a and b) is, howevem compatiNe with an effect on the 
acidic phospholipid component  of  the mixed membranes. As shown earlier, dibucNne 
at this concentration has no effect on neutral phcspholipids (Fig. 1) but lowered 
the T~ of phosphatidylse~ne membranes by 5 :C (Fig. 3, curve c). Howevem the 
dibucaineqnduced depre~ion of the T~ by a p p r o ~ m a t d y  1 ~C in mixed membranes 
is approximatdy 20 % of the T~ depression occmring in pure phosphatid~sefine 
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membranes and is thus directly proportional to the percentage of phosphatidylsefine 
in the mixed membranes. Finally, the lack of effect of dibucNne on the thermotropic 
prope~ks of the mixed membranes in the presence of Ca a + (Fig. 4, curve d) could 
by explained by the previously observed requirement for a dose-packed array of 
phosphatidylserine molecules in order for Ca2+-mediated changes to occur in mixed 
membranes (see refs 23, 40). The dilution of phosphatidylsefine below a 2 : I molar 
ratio with phosphatidylcholine would limit the occurrence of such close-packed arrays. 
The lack of effect of  dibucaine on mixed membranes in the presence of Ca 2 + is also 
potentially dgnificant in relation to the proposal made in the accompanying paper 
that the physiological effects of dibucaine at low concentrations ( l • 10 a M) might 
involve specific interaction of dibucaine with phosphatidylse~ne ~domain~' in 
natural membranes [20]. 

Fluorescence polarization mea~wemen~ 
Fluorescence polarization monito~ phosph~i~d  phase transitions as a sharp 

drop in p~arization in the region of the T~. The decrease in p~arization co~esponds 
to the marked increase in the rotation~ freedom of the probe upon malting of phos- 
pholipid ac~ chains which occurs at the gel-liquid-crystalline tranMtion [34, 41-43]. 

Fluorescence p~arization measurements on so~cated ~p~mito~phosphat i -  
d f i~yce r~  vesicles c o n t ~ n g  the fluorescence probe diphen~hexatfiene revealed 
that ~buc~ne  (2. l0 4 M) produced a ~gnificant "f l~dizin~ '  effect on the vesicle 
membranes as indicated by an 18.5 °C downward shi~ in the T~ (Fig. 5). The magni- 
tude of the shift produced by 2 • l0 4 M ~buc~ne  in Fig. 5 at a lipid concentration 
of 0.07 ~mol/ml is in good agreement with that produced by 4 • l0 -4 M dibuc~ne 
in unso~cated dipalmito~phosphatidylglycerol veMdes (0.6 ~mol/ml). This suggests 

04 

03 

~ o2 

,q, \ \~ DP~ 

~mpero~re (°C) 

Fig. 5. Phase t r a n s f f i o n o f s o n ~ a t e d d i p a l m i t o ~ p h o s p h a t i d ~ y c e r o l v e s ~ s i n t h e p r e s e n c e ( L J  ~ )  
and absence ( , - - , )  of  2 • l0 - 4  M d i b u c ~ n e  hydrochlor ide monRored by fluorescence po~f iza -  
t ion of  1,6-diphenylhexatr~ne.  The fipid d i spe~ ion  (15 ml) was made a p p r o ~ m a t ~ y  2 • l0 -~  M in 
unbound  d ibuc~ne  by dialyMs for 4 h at 45 C against  100 mM NaC1 buffer (200 ml) con tor t ing  
2 • l0 - a  M d i b u c ~ n ~  The concent ra t ion  of d ip~mi toy lphospha t idy lg lyce ro l  was 0.07 Hmol per ml:  
the d iphen~hexa t r i ene  to lipid rat io was a p p r o ~ m a t e ~  1/300. Polar iza t ion  in the presence of  dibu- 
caine is not  corrrected for the small  amount  of  dibucaine fluorescence which con t r i bu~s  less than  a 
6 ?~, increase in the observed values. 
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Fig. 6. The efl~ct of  Ca ~+ on the poMfizmion of  1,6-diphenylhexatfiene in phosphol iNd veMcks in 
the presence (_1 _ l ) a n d  absence ( ~ - - ~ ) o f l  • 10 -~  M d i b u c ~ n e h y d r o c h l o f i d e .  (A) DipMmitoyl-  
p h o s p h a t ~ y l ~ y c e r o l  (DPPG)  veskles  at 48 ~C. The experimentM condi~ons  were i den tka l  to those 
described in the legend to Fig. 5. (B) P h o s p h m ~ s e r i n e  (PS) vesicles at 25 ~C. Vesic~s were made 
a p p r o ~ m ~ e ~  I • 10 -4  M in unbound  dibucMne by dialysis i~r 4 h  at room mmpera ture  (22 ~C) 
against  100 mM NaCl  buffer c o n t M n ~ g  1 • 10 - a  M dibucaine. The c o n c e n t r a t ~ n  of  p h o s p h m ~ -  
serine was ~1 Hmol per ml; the d i p h e n ~ h e x ~ r i e n e  to phosphol ip id  rat io was less than 1/200. Polari-  
za t ion in the presence of  dibucMne is not c o ~ e ~ e d  for the small  amount  of  dibucMne fluorescence 
which creales less than a 6 ~£ increase in the observed values. 

posfible differences in the partition coeffident of NbucMne depending on soMcation 
and concentration of phosph~iNd. 

In order to demon~rate antagoMsm between Ca 2+ and NbucMne in this 
experimental sysWm, sonicated phosphatid~sefine and dipMmito~phosphatidyl- 
Nycerol vesides were titrated with Ca 2+ in the presence and absence of ~bucMne 
under con~tions where both membranes were fluid (T > To). The results, shown in 
Fig. 6, indicate that addition of Ca 2 + to both phosphatid~sefine and ~pMmito~-  
phosphatid~Nycer~ induced pMafization vNues approacNng those expe~ed for 
phospholiNds in the gel ~Nid) state. Flocc~ation of the vesicle preparations induced 
by Ca 2+ hinders measurement of polarization at concentrations of Ca z+ required 
to induce the full effect. Similar titration of vesicles with Ca 2+ in the presence of 
dibucaine (1 • 10-~-2 • I0 -4 M) revealed that higher concentrations of Ca 2+ were 
required to produce the same increase in p~arization (Fig. 6). Competition between 
Ca ~+ and ~bucMne can be observed direc~y as a drop in polarization as the drug is 
added to vesicles pre~oufly fi~ated with Ca 2+. We interpret th~ as a flMN~ng effect 
resMting from ~sNacement of membran~bound Ca 2+. With no Ca ~+ present, the 
higher po~rization values in the presence of NbucMne are compatible with a more 
"'fluid" membrane state induced by the anesthetic rather than a more ordered state. 
This interpretation based on dibucMne quenching of DPH emission, is justified 
below (see Table 11) using direct probe li~time measurements. 

Measuremen~ on the effect of different concentrations of NbucMne on the 
rotation rate of DPH in soMcated phosphatid~sefine vesicles at 24 °C revealed 
that the maximum membrane fl~dizing effect (increased rotation rate) was produced 
by ~bucaine at concentrations below 2. 10 ~M (TaMe II). The rotation rate of 
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T A B L E  I1 

E F F E C T  O F  D I B U C A I N E  O N  D P H  L I F E T I M e ,  P O L A R ~ A ~ O N  A N D  R O T A T I O N  R A T E  
IN P H O ~ H A ~ D Y ~ E ~ N E  M E M B R A N E S  ~ 

D i b u c a i n e  L i ~ t i m e  o f  L i ~ t i m e  o f  L i ~ t i m e  of  P o l a r i z a t i o ~  R m ~ n  
c o n c e n t r a t i o n  d i b u c a i n e  t o m , n e d  D P H  D P H  e m g ~ o n  rate  
(M)  e m ~ o n  and  d i b u c a i n e  a lone  I m H z )  

Ins)  e m ~ o n  (ns) (ns) 
_ . 

0.0 9,5 0. 166 36.7 
I ' 10 - ~  3.32 6.32 7.33 0.186 39.6 
2"  ~0 ~ 3 . t l  5.96 6,94 0.188 41.1 
4 '  l0 a 3.31 5.01 6,72 0.187 42.9 

. 

" L i ~ t i m e s  m e a s u r e d  by n a n o s e c o n d  f l u o f i m ~ r y  as desc r ibed  in m ~ h o d ~  Er ro r  e ~ i m a t c d  
to be less t h a n  or  e q u a l  to ~ 0.1 ns. 

~ Son ica t ed  p h o s p h a t i d ~ s e r i n e  d i s p e ~ i o n s  m e a s u r e d  at  r o o m  m m p e r ~ u r e .  Lipid  c o n c e n t r a t i o n  
was  0.1 # rno l / rn l ;  p r o b e  to l ip id  r a t io  was less t h a n  1/200. 

~ Po la r i zed  d ibucMne  f luorescence  b a c k g r o u n d  s u b t r a ~ e d  t h r o u g h  the use o f  iden t ica l  l ip id  
d & p e r ~ o n s  no t  l a b ~ k d  wi th  D P H .  

DPH could be calculated because both the polarization and the lifetime were measured. 
DPH lifetime measurements (Table 11) indicated that dibucaine did act as a dynamic 
quenching agent since the lifetime decreased from 9.5 to 6.72 ns (a 29 ~ decrease) at 
at 4 .  10 ¢ M dibuc~n~ Since the DPH intensity drops more rapidly than li~time 
(a 56 ~ decrease in intensRy at 4 • 10 -~ M dibucaine) a component of static quen- 
ching which increases with dibucaine concentration is also indkated. The value of 
~.5 ns for the li~time of DPH embedded in phosphatid~sefine vesicles, at room 
temperature, is in good agreement with the values of the DPH lifetime in other lipid 
vesicles (esfims.ted Dora intensity-temperature profiles [27]). Polarization of DPH 
emot ion  actu~ly increases by about 11 0~ on the addition of 0.1 mM dibucaine with 
no more increase on further addRions (Tabk  II). Howeve~ application of Eqn 2 
using both lifetime and polarization measurements shows that dibucaine add~ions 
increase the DPH rotation rate presuma~y corresponding to an increase in membrane 
fluidity. In this somewhat unusual case the fluidity increase caused by dibucaine is 
accompanied by an increased DPH polarization because the anesthetic also markedly 
sho~ens the DPH lifetime. 

D ~ C U S ~ O N  

Measurement of the freeNng point depression of phospholipids (lowering of 
the temperature, T~, for endothermk tran~tion from solid to the liquid-crystalhne 
state) has been used in the present study to monitor the effect of dibucaine on the 
fluidity of phospholipid membranes. Although this is an indirect method for evaluat- 
ing changes in membrane fluidity, the resuRs are in complete accord with direct 
measurement of the pa~ition coeffic~nt of dibucNne in different phospholipids. 
The recent work of Hill [44] on the efl}cts of general anesthetics on the thermotropic 
p r o p e ~ s  of dipalmitoylphosphatidylcholine membranes has also demon~rated the 
value of freeNng-point depression measurements as a tool for asses~ng ane~he tk  



517 

potency. The eutectic effect of several morphine de~vatives and antidepre~ant drugs 
on the phase tran~tion of phospholipids has also been ~epo~ed recently [45]. 

The present expe~ments indicate that the local anesthetic dibucNne produces 
a significant "f luidiNnj '  effect on phospholiNd membranes. The results obtained 
here with cdo rme t f i c  and fluorescence polarization and lifetime techNques agree 
with previous observations using ESR [18, 19, 46] and NMR techniques [18] in 
which similar disorde6ng and increased fluidity was detected in membranes treated 
with local and generN anesthetics. 

In addition the present results indicate that there is a marked difference in the 
affinity of dibucNne for acidic and neutral phospholiNds. Both the cMoNmetrc 
results, and differences in the partition coeffident of dibucNne in various lipids, 
indicate that dibucaine displays at least a 20-fold higher affinity for acidic phospho- 
lipids. This finding accords with earlier NMR observations [47] which indicated 
preferentiM immobil~ation of local anesthetic molecu~s by acidic phospholipids. 
DibucNne g positivdy-charged at the expe6mentM pH and the demon~mted preferen- 
tial effect on acidic phospholiNds reinforces the proposed impo~ance of charge- 
charge interactions in the action of dibucaine and related drugs (see tee 16). 

At dibucaine concentrations (2- 10 ~ M) sufficient to induce changes in the 
topograph~N d£t rbu t ion  of cell surface molecuks reposed in the accompan~ng 
paper [20], the fluidiNng effect of dibucNne would be expected to be confined solely 
to acidic phospholipid species. The present results also indicate that the membrane 
partition coeffident of dibucNne is reduced in the presence of chole~erol, presumably 
as a result of the higher rigidity of such membranes. A ~milar finding has been descri- 
bed p re~oudy  for benzyl alcohol [18]. 

The partition coeffident of dibucNne in phosphatidylserine membranes measu- 
red in the present experiments is very high. CMc~afion of the concentration of dibu- 
caine in phosphatidylse~ne membranes exposed to an aqueous bulk concen~ation 
of 1 • 10 -4 M dibucNne yields a vMue of 0.4 molar. This corresponds to a molar 
ratio of membrane assodated dibucNne to membrane lipid of appro~matdy  0.25. 
This finding lends suppo~ to the proposMs for lipid-ane~het~ interaction suggested 
by F d n ~ d n  [48]. The membrane partition coeffident of dibucaine in phosphatid~- 
seNne is higher than any value reported to date for other positively-charged drugs 
(review reE 5). For example, Seeman [5] reposed that chlorpromaNne achieved a 
concentration of 0.04 M in erythrocyte membranes in which acidic phospholipids 
represent appro~matdy  10 3~ of the total membrane [49]. I~ howevea chlorproma- 
zine were to bind preferentiMly to acidic lipids, then the drug concentration within 
such regions would approach the levels (0.4 M) obtained here with dibucNne in 
phosphatidylsefine membranes. It seems likely therefore that the local concentration 
of dibucNne and other drugs in natural membranes may well vary widely, depending 
on the local charge and the fluidity of the bilayer region. 

The results desc6bed here also indicate that dibucNne at phydoloNcMly rele- 
vant concentrations can compete effectively with C a  2 +  and Mg 2+ for negatNdy- 
charged groups in acidic phospholipids membranes. The ability of dibucNne to 
~gnificant~ lower the T~ of phospholipid membranes in the presence of divalent 
cations is directly opposite to that of divalent metals which have been shown to 
"stabile&' acidic phospholipid membranes (see rag 23, 24, 34, 35). 

It is also impo~ant to note that dibucaine had no ~gnificant effect on the 
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thermotro~c prope~ies of membrane composed of 20 i~a phosphatidylserine in 
p h o s p h a t ~ c h o l i n m  a propo~ion of acidic to neutral phospholi~d similar to that 
lbund in nerve membranes [50]. Consequently, it seems reasona~e to suggest that 
if the ~ o l o ~ c ~  effects of ~buc~ne  and other local a n e ~ h ~ s  at low concentrations 
are mediated via a specific i n , r a t i o n  with lipids, then the interaction is more likely 
to occur in dom~ns of addic phosphdi~ds.  Such dom~ns, if they exist, are probaNy 
associated with divalent cations and the basic groups of integral or peripheral mem- 
brane protdns. Dom~ns of acid phospholi~ds have been induced in mixed phospho- 
lipid membranes by Ca 2+ [23, 51, 52]. Fu~hermore, ~ a c ~ n e  has been reported 
to i n g r a t e  with the Ca~+-induced separat~n of phosphatid~sefine domains from 
p h o s p h a t ~ c h d i n e  (53). Binding of dibucaine would be expemed to " f l ~ z & '  such 
domains or perhaps cause their d i s p e ~  (disintegration) by dis~adng Ca 2 +. Induce- 
ment of such "dom~n  d g p e ~ "  might then al~r the binding and topographical 
• ~ribution of other membrane componem~ notably proteins. This concept is 
dabmated  in the following paper. 
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