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Sarcoplasmic retiodum vesicles are used here as model membrane system to question the hypothesis of 
enhancement of permeability of cations by anesthetics, particularly that of Ca 2+ and of Mg 2+. The effects of 
dibucaine (up to 800 pM), tetracaine (up to 2 mM), lidocaine (up to 10 mM) and procaine (up to 10 mM) on 
the permeability of these membranes to Ca 2+ and Mg 2+ have been measured. We have used an experimental 
approach based on the light scattering method (Kometani, T. and Kasai, M. (1978) J. Membrane Biol. 41, 
295-308). It has been found that all the local anesthetics cited above markedly increase the permeability of 
sarcoplasmie reticulum vesides to Mg z+ and, in the concentration range tested herein, only dibucaine and 
tetracaine increase the permeability to Ca z+. The kinetic analysis of the time dependence of the light- 
scattering data alter the osmotic shock shows that, in the absence of local anesthetics, the Mg z+ influx can 
he described as proceeding through a unique type of channel. However, Ca 2 + influx appears to involve two 
channel of different kinetic properties. Because the relative fraction of both types of Ca 2+ channel is similar 
to the average ratio between light and heavy vesicles in unfractionated sarcoplasmic reticulum, we suggest 
that each type of channel can he preferentially located in one of these fractions. The determined rate 
constants for Ca 2+ permeability through both types of channel are 0.77 + 0.08 min -!  (fast channels) and 
0.025 + 0.005 min -1 (slow channels) and that for Mg 2+ is 0.08 + 0.02 min -l .  These results agree with data 
obtained by other groups using different experimental approaches. Dibucaine and tetracaine significantly 
alter the rate of Mg z+ and Ca z+ influx through the slow channels. In addition,these two local anesthetics 
also produce the effect that the Mg z+ influx cannot he described with only one exponential process, thus 
suggesting a differential effect on vesicles of different density. The increase of Ca 2 + and Mg 2+ permeability 
by dilmcaine and by tetracaine is found at concentrations of these drugs that do not produce a noticeable 
inhibition of the (Ca2+ + Mg2+)-ATPase activity of sarcoplasmic reticulum vesicles. 

Abbrevmtlons EDTA, ethylenechammetetraacetac acid, EGTA, 
ethyleneglycol bls(fl-anunoethyl ether)-N,N,N',N'-tetraacetlc 
aexd, Tens, 2((2-hydroxy-l,l-blghydroxymethyl)ethyl)ammo) 
ethanesulphomc acxd 
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Introduction 

Although a large research effort has been done, 
anesthesia remams to be satisfactorily explained at 
a molecular level (see, for example, Refs 1 and 2 
for recent reviews on tlus topic) Two extreme 
hypothesis have been formulated (0 that 
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anesthetics exert their actions xaa dtrect perturba- 
tion of specific membrane proteins upon binding 
to them [3,4] or (n) that anesthesia results from 
functional perturbations of membranes as a result 
of alteralaons of the physical state of the hpld 
matrix by anesthetics [5,6] 

In any case, the nature of the membrane func- 
tional perturbataons leading to anesthesia also re- 
mares obscure Previously, Johnson and co- 
workers [7,8] suggested that anesthesia could re- 
sult from a non-specific enhancement of the per- 
meabthty of excitable membranes to physiolog~- 
cally relevant cations More recently, Bangham et 
al [9] have proposed that anesthetics act by in- 
creasing the functional proton permeablhty of 
membranes, particularly those of synaptlc vesicles, 
and thus it has been called the pump-leak hy- 
pothes~s Later, it was noted that m the presence 
of ATP the functioning of a H ÷ translocatmg 
ATPase m synaptxc membrane vesicles could com- 
pensate for this increase of H ÷ passive flux [10] 
However, Barchfeld and Deamer [10] have shown 
that the increase of permeabihty of H + induced by 
general anesthetics through hposome membranes 
is not markedly different than that reduced for 
K + at concentrations close to their pharmacologi- 
cal doses 

In flus respect, it is worthwhile to recall here 
that many of the blochermcal actions of local 
anesthetics are expressed in Ca2+-dependent 
processes [11] Electrophysiologlcal studies have 
shown that the conductance of nerve membranes 
to Ca 2+ is perturbed by procaine and that these 
perturbations are reverted by Ca 2÷ [12] Recently, 
we have shown that the (Ca2÷+ Mg2+)-ATPase 
from synaptosomal membranes is mlublted by 
local anesthetics at pharmacological concentra- 
tions of these drugs [13] These observations have 
led to the hypothesis that anesthetics may depress 
synapUc transmission as neurotransmttter stores 
become depleted, due to the non-specific release 
of neurotransrmtter winch should follow to a sus- 
tained increase of free cytosohc Ca 2+ [10,13] 

It is also known that some local anesthetics 
mlublts the tmtochondnal F1-ATPase [14,15] and 
the (Ca 2+ + Mg2+)-ATPase from sarcoplasrmc re- 
t~culum [16-18] It is also well known that in 
mahgnant hyperthermla induced by general 
anesthetics the ablhty of the sarcoplastmc retlcu- 

lum to requester Ca 2+ is drastically lmpatred [19] 
On the other hand, the rate of Ca 2÷ fluxes across 
sarcoplasrmc reuculum membranes is slmtlar to 
those currently found in other membranes of exci- 
table tissues [16] In addition, this membrane is 
one the membranes better characterized at a bio- 
chemical level 

For these reasons, we have chosen sarcoplasmxc 
reticulum membrane preparations to check the 
hypothesis of enhancement of cations permeabil- 
ity by anesthetics For slmphcity in handhng, we 
have used local anesthelacs as model anesthetics. 
It has to be noted that sarcoplasrmc retlculum 
membrane likely undergo structural changes on a 
narrow pH range near 7 0, as reflected by the 
steep pH dependence of the ATPase actiwty 
around tins pH [20] Therefore, we have not at- 
tempted to check the effects of local anesthetics 
on H + permeabthty, because these studies imply 
the estabhshrnent of a ApH of, at least, 1 umt and 
it has been shown that these membranes are lughly 
permeable to H + [21] 

To study the effects of these anesthetics on 
sarcoplasnuc rettculum permeability to physiologi- 
cally relevant cations we have used an experimen- 
tal approach that involves the distortion of mem- 
brane vesicles by osmotic shock with a hyper- 
osmotic solution, as described in Ref 22 After the 
osmotic shock, the internal volume of the vesicles 
decreases sharply due to water outflow and, then, 
the vesicles slowly recover their spherical shape m 
a process that closely follows the inflow of the 
lomc species that have been used to produce the 
osmotic shock [22] 

Tlus procedure offer several advantages with 
respect to the use of tracer methods First, radio- 
actwe tracers of physiologically relevant cations 
(for example, Mg 2÷) are not always readily availa- 
ble Second, this approach is less expensive and 
generates continuous data as a function of time, 
data that can be mathematically handled for 
lonetlc analysis of the chffuslon of ions across the 
membrane On the other hand, because we have 
recently found that local anesthetics interact with 
divalent cation-chelatmg structures such as EDTA, 
ATP and EGTA [23], metallochrormc mdacators 
of dlvalent cations have been specifically avoided, 
because they can generate artifactual results 
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Materials and Methods 

Sarcoplasmac rettculum has been prepared from 
rabbit skeletal muscle following the protocol of 
MacLennan [24], except that phenylmethyl- 
sulfonyl fluoride (0 1 mM) and fl-mercaptoethanol 
(2 mM) were added to all the preparation buffers 
The sarcoplasnuc rettculum was resuspended m 
the buffer (50 mM Tes /01  M KC1/025 M 
sucrose/2 mM/9-mercaptoethanol (pH 7 4), spht 
into small ahquots and frozen at - 6 0  to - 7 0  °C 
until use, currently w, thm 1 month after their 
preparation The samples used m this study were 
thawed only once SDS-polyacrylamtde gel elec- 
trophoresls of these samples have shown that the 
protein pattern of sarcoplasnuc reUculum mem- 
branes ~s unaffected during storage m these condi- 
tions 

The protein concentratton has been measured 
following the method of Lowry et al [25], using 
bovine serum albumin as a standard The (Ca 2+ + 
Mg2+)-ATPase actlv, ty was measured using the 
coupled enzymatic assay pyruvate kanase-lactate 
dehydrogenase, as descnbed m Ref 26 The com- 
position of the reacuon mixture used in kmeuc 
assays was as follows 0 1 M Tes/0 1 M KCI/0 1 
mM CaC12/5 mM MgC12/2 5 A T P / 0  42 mM 
phosphoenolpyruvate/02 mM N A D H / 7 5  IU 
pyruvate kanase/18 IU lactate dehydrogenase (pH 
7 45) The Ca2+-mdependent ATPase actxv, ty was 
measured m the presence of 3 4 mM EGTA, and 
it was found to be less than 10% of total uncou- 
pled (Ca2++ Mg2+)-ATPase actlv, ty The raUo 
between the (Ca2++ Mg2+)-ATPase acUwty m 
the presence and absence of A23187 (2 #g/ml)  
was used as a control parameter to characterxze 
the 'leakiness' of sarcoplasrmc reUculum vesicles 
[27] Tlus ratio has been typically found to range 
between 2 5 and 4 at 20-22°C m all the prepara- 
tions used m tlus study 

Measurements of tomc permeabthtzes 
Iomc permeabdltles have been measured fol- 

lowing the hght scattenng method, as apphed to 
sarcoplasnuc reUculum by Kometam and Kasa~ 
[22] Bnefly, the expenmental protocol used was 
as follows. Sarcoplasnuc vesicles have been dm- 
lyzed to remove buffer components (025 M 
sucrose, 0 1 M KCI and excess Tes) and the corn- 

posttton of their lununal space has been fixed to 
10 mM Tes (pH 745) In order to avoid an 
extensive lysxs of sarcoplasnuc retlculum vesicles, 
sucrose and KC1 were removed m three steps of 
1-2 h each, so that the vesicles were dialyzed first 
against 10 mM Tes/25 mM KC1/100 mM sucrose, 
then against 10 mM Tes/25 mM KCI and finally 
against 10 mM Tes The effect of these dialysis 
treatments on the leakiness of vesicles has been 
checked using A23187, as indicated above We 
have found that the dialyzed vesicles retean their 
ablhty to generate Ca 2+ gradients coupled to ATP 
hydrolysis, as referred from the fact that their 
(Ca2++ Mg2+)-ATPase acUwty is stimulated 
more than 2-fold at 22°C by A23187 

The operaUonal procedure followed m the ex- 
penments of osmotic shocks is outhned next 1 
vol of dialyzed sarcoplasnuc ret~culum vesicles 
preequdxbrated at 25 o C is nuxed with 1 vol of 10 
mM Tes buffer contatmng the appropriate salt 
(1 e ,  NaCI, KC1, CaC12 or MgC12) at a concentra- 
tmn of 200 mM. The final salt concentration is 
fixed to 100 mM and the protein concentraUon 
diluted to half of Its lmtaal value (currently 0 2 
mg/ml) We also confirmed that lower salt con- 
centratmns (1 e ,  25, 50 and 75 mM) gave us slnu- 
lar time dependence, but m these latter cases the 
amphtude of the scattermg change was much 
smaller, therefore increasing the noise to signal 
ratio 

Ltght scattenng intensity at 400-410 nm has 
been measured at 25 °C as a function of time after 
mlxang using a Hltactu/Perkdn Elmer spectrofluo- 
nmeter, model 650-40 Because of the hght ab- 
sorptmn of dlbucalne in the wavelength range 
400-410 nm, m experiments mvolwng ttus local 
anesthetic the hght scattermg measurements were 
carried out at 450-460 nm 

Due to the low solublhty of local anestheUcs m 
water, to reach the tugher local anestheUcs con- 
centratlons used m tlus study we used con- 
centrated stock ethanohc soluuons Separate con- 
trol experiments have shown that ethanol con- 
centrauons below 2% (v/v) do not slgmficant alter 
the reflux rate of the salts used m tlus study across 
the sarcoplasrmc reuculum membrane Thus, care 
was taken that the ethanol concentratmns added 
together with the local anesthetic never exceeded 
flus value In addluon, we carefully checked the 
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pH of the solutions after addition of ethanohc 
local anesthetic, for pH changes due to the proto- 
nation of the local anesthetics Tlus effect ~s larger 
than approx 0 1 - 0 . 2  pH umts when local 
anesthetic concentrations are m the mdhmolar 
range Whenever necessary, the pH was readjusted 
to pH 7 45 + 005 

As ~t will be m&cated below, the analysis of the 
data requires the deternunatlon of the hnuting 
value of the scattering ln tenmy at long times ( t~)  
after nutting Considering the permeab~hty proper- 
ties of sarcoplasnuc retlculum vesicles to the ca- 
tions studied hereto [22], this value has been mea- 
sured up to 2-3  h after mixing, on gently stirred 
samples. Measurements camed  out at different 
times between 2 and 6 h after mixing have shown 
that there ~s not any appreciable change of light 
scattering intensity m tlus penod of time In some 
cases appropriate lonophores or low detergent 
concentrations (Triton X-100) have been used to 
dissipate rapidly the mmc gradient estabhshed at 
t = 0 and, thus, accelerate the approach to the 
hrmting scattering intensity Both experimental 
approaches have gwen us identical results m our 
expenmental  condmons 

Analysts of the hght scattering data 
The time dependent decrease of the light 

scattenng intensRy after an osmoUc shock is re- 
lated to the passive diffusion of the salt compo- 
nents of the outer medmm to the tuner space of 
vesicles [22] As shown by Kometam and Kasat 
[22], m the case of sarcoplasnuc reUculum vesicles 
chlonde ~ons are much faster permeant species 
than are cations Therefore, the decrease of the 
hght scattenng lntens~ty after the osmoUc shock 
reflects the equihbratlon of the cation across the 
membrane 

On the other hand, it has been shown [28] that 
the following relationship between internal 
volume, V~, and scattenng intensity, 190, holds for 
hposomes subjected to osmotic deformations 

av~( a lgo) 3/2 (1) 

Because water must accompany the cation dif- 
fusion wittun the lurmnal space of the vesicles in 
order to maintain lSOOSmolanty dunng the re- 
covery of the hposomes' shape [22], for the case of 

a simple passive diffusion process defined by a 
diffusion constant (D~tlo.) we can write 

( V . o _ V t ) = ( V  _Vo  ) e - D  . . . .  t (2) 

where V.o, V o and V t are the hnutlng volume 
(volume of the relaxed spherical state), the volume 
of the vesicles at the begtumng of the phase of 
recovery of spherical shape and the volume at a 
time t after the osmotic shock, respectively. 

Combining Eqns 1 and 2, it can be derived 
that 

I 1~o - / ,  13: ffi I i~o - Io 13/: exp( - D..o. t) (3) 

where loo. 10 and 1 t are the scattenng mtensmes 
of the vesicle state defined by Voo, V o and V t, 
respectwely The electroneutrahty of the cation 
passwe diffusion is guaranteed in our experimen- 
tal condmons by the parallel ddfuslon of chloride 
anion It follows that It the recovery of spherical 
shape can be described by a simple &ffuslon 
process through a umque type of channel of fixed 
permeablhty properties, the plot of (3 /2)  I n [ / ~  
- l t l  versus t must give a straight hne, from 
where Dc.t~on can be estimated 

As it will be seen later, m many instances clear 
and slgruficant dewations from lmearlty have been 
observed m these types of serndoganthmlc plots of 
the expenmental data In these cases, the data 
have been satisfactorily fitted to the sum of two 
exponentmls 

IIoo-I~l 3/2= #I~-Iol 3/2 (A e -°~ ' + ( I - A )  e -D~ t) 

(4) 

where D 1 and D 2 are the diffusion coefficients of 
the cauon through (a) two chsUnct pathways or 
channels m the membrane or (b) two chfferent 
conformattonal states of the same channel with 
different permeabthty properties, and A is the 
fraction of cation channels of type 1 or m confor- 
matlonal state 1 

In all the cases, the transformed data have been 
fitted by linear regression analysis to obtain the 
best values for Dc.tlo. In the cases where the sum 
of two exponentials have been used to fit the data, 
the operating protocol has been the following 
First, values for D 2 have been obtained by least- 
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squares linear regressmn fit of the data at long 
t~mes The difference between the transformed 
data and the corresponding Y value of the straight 
hne fitted to the longer times has been adjusted to 
another straaght hne, from where D has been 
obtained The value of A has been obtained from 
the ordinate intercepts of the fitted straight hnes 

Chemicals 
ATP, phosphoenolpyruvate, EGTA, dlbucalne, 

procaine, hdocalne, tetracame, phenylmethyl- 
sulfonyl fluoride, fl-mercaptoethanol, lnudazole 
and Tes were obtained from Sigma Pyruvate 
lonase and lactate dehydrogenase were purchased 
from Boehnnger Mannhelm All the other chem- 
Icals used m tbas study were obtained from Merck 

Results 

As indicated m Materials and Methods, we 
have measured the slow decrease of the scattenng 
intensity after an osmouc shock with a hyper- 
osmolar salt solution This protocol has been pre- 
vaously used with sarcoplasmac retlculum prepara- 
tions to measure the influx rate of cations under 
slnular expenmental condmons [22] However, 
vesicle-to-vesicle interactions could be s~gmficant, 
as inferred from the comparison of the data ob- 
tamed by laser scattenng measurements with those 
obtained by electron nucroscopy [29], and also 
from the different react~vaty of sarcoplasnuc re- 
tlculum vesicles against fl-mercaptoethanol at 0 1 
and 1 mg/ml [30] Moreover, these interactions 
could be altered by the presence of anesthetics 
Therefore, we further assessed that a putatwe 
dlssoclatmn of vesicles does not slgmficantly 
contribute to the observed hght scattering change 
after the osmotic shock m the presence of these 
drugs m our experimental conditions 

To ascertain tlus point, we carried out control 
experiments, m winch dtalyzed vesicles have been 
diluted with the same volume of the dialysis buffer 
m the presence of different local anesthetics 
concentrattons Because m these experimental 
condmons there ~s not osmotic induced deforma- 
tmn of vesicles, any change of the hght scattenng 
intensity should be directly related to a change m 
the extent of vesicle mteractmns We have found 
no slgmficant hght scattenng changes of sarcop- 

lasnuc reUculum vestcle suspenstons at total pro- 
tern concentraUons rangmg from 0 10 to 0 25 
mg/ml in these control experiments, m the pres- 
ence of the anesthetic concentrations used m tins 
study In addltton, we have not found slgmficant 
dewaUons from hneanty of the plot of hght 
scattenng intensity versus sarcoplasmac reUculum 
concentration, m the concentratmn range used m 
osmottc shock experiments (approx 0-0 2 mg/ml) 
Control experiments have also been carned out 
using vesicles preequflthrated with Ingh salt con- 
centrat:ons, 1 e,  100 mM NaC1, KC1, MgC12 or 
CaC12 Therefore, under our experimental condl- 
tmns changes m vesicle to vesicle interactions are 
unhkely to contribute s~gmficantly to the mea- 
sured tnue-dependent decrease of the hght scatter- 
lng intensity after an osmotic shock by Ingh salt 
concentrations 

The analysts of the results obtained on osmotic 
shocks w~th 100 mM NaC1 or KC1 presents ad- 
ditional dlfflcultaes derived from the fact that the 
reflux rate of these salts across sarcoplasmac re- 
Uculum membranes is relatively fast (tl/2 -- 0 2-0 3 
nun) [21,22] Due to techmcal hnutatmns, we can 
only record the taft of ttus process, x e, the hght 
scattenng change at umes longer than 15-20 s 
(results not shown) Consldenng the results ob- 
tained by Kometam and Kasaa [22], tins taft 
amounts to about 20-25% of the total hght 
scattenng change, winch should be about 45% of 
the final I~ value We have found that tins part 
of the scattenng change can be fitted to Eqn 3 
with a regressmn coefficient Ingher than 0 98 and 
yxeldmg a tl/2 of 15 nun (KC1) and 19 man 
(NaC1) (Table I) These lonetlc parameters are 
very slnular to those reported for K ÷ and Na ÷ 
permeablhty across the type II sarcoplasnuc re- 
tlculum vesicles [21], winch must be present in our 
unfractmnated preparations 

Table I also hsts the apparent tl/2 for permea- 
blhty to MgC12 and CaCI 2 Since the ume depen- 
dence of the hght scattenng data after an osmotic 
shock with 100 mM MgC12 can be adequately 
fitted to Eqn 3, the t~/2 value for MgC12 Is 
directly related to its dfffusmn coeffioent across 
these membranes However, the value of t~/2 for 
CaC12 ~s only apparent because the txme depen- 
dence of the hght scattering data after an osmotic 
shock with 100 mM CaC12 is best fitted by Eqn 4 



TABLE I 

APPARENT HALF-TIMES OF SARCOPLASMIC 
TICULUM PERMEABILITY TO CATIONS 

RE- 

Cat~on Tlus study (reflux) Selected hterature data 
(nun) (nun) 

K + ( ? 0 / 0  1 a 0 17 (mflux) b 

( ; 0 / 0  0 22 (reflux) b 
Na+ 2 a 1 6-2 0 (efflux) ¢ 

Mg 2+ 5-11 (2-6) (efflux) d 
( 20 (efflux) e 

Ca 2+ 20-30 ~ > 15-20 (efflux) t 
9-10 (efflux) g 

a Obtained by fitting to Eqn 3 the last part of the hght- 
scattering decrease after an osmotic shock w~th 100 mM 
NaC1 or KCI Therefore, it corresponds to a slow component 
of Na + and K + reflux across the vesicles used m tlus study 

b Deterrmned by the osmotic shock techmque [22] Slow and 
fast components were not analyzed separately 

¢ Measured by Mflhpore filtration [21] slow component 
d Deternuned using the metallochronuc indicator, ant~pyrylazo 

III [31] It vanes from approx 2 to 6 rmn depenchng on the 
KCI, sucrose and other salts concentrations of the medmm at 
pH 70 

e Measured by Mflhpore filtratmn [16] 
f Estimated from the combined data of Figs 1 and 2 of Ref 

32, assunung that on the average 2/3 of the vestcles are hght 
denmy sarcoplasrmc retlculum membranes Experimental 
approach from measurements Mflhpore filtration 

s Measured by Mflhpore flltraaon [33] 
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Ttus lmphes two chfferent pathways for Ca 2 + dif- 

fusion across the membranes  used in this s tudy 
(see Table  II). It  is to be recalled that heavy and  
hght  sarcoplasnuc re t lculum vesicles have differ- 
ent  Ca 2÷ permeabih ty  propert ies [32] Table  I also 
includes the values of the apparen t  tl/2 for passive 

fluxes of these cations across sarcoplasnuc reucu-  
lum membranes  deterrmned by  other investiga- 

tors 

Effects of local anesthet,cs on CaCl 2 perrneabthty 
Figs 1 (A) and  2 show the dependence  upon  

d lbucame and  tetracalne concent ra t ions  of the 

tune  course of the decrease of the hght  sca t tenng  
in tens i ty  of sarcoplasrmc reUculum vesicles after 
an  osmotic shock with 100 m M  CaC12 These 

results show that d lbucalne  and  tetracame m-  
crease the permeabih ty  of these membranes  to 
CaC12 in a dose-dependent  m a n n e r  In  addit ion,  
these data  have been  treated as described in  
Materials  and  Methods and, accorchngly, plot ted 

as ( 3 / 2 )  In( / t  - I ~ )  versus t Tlus  is dlustrated in  
Fig 1 (B) for d lbucame data  The plots given m 
tlus figure show that the data  do not  fit to a 
s imple exponent ia l  process (Eqn 3) (see Materials 

and  Methods)  They can be adequately fitted by 
Eqn  4 instead, thus indica t ing  that the diffusion 

of Ca 2+ in to  the lumina l  space proceeds through 

two kmetlcal ly different pathways 
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Ftg 1 (A) Time dependence of the hght scattering mtenmy of sarcoplasrmc reaculum (0 1 mg/ml) after an osmouc shock wtth 100 
mM CaCI 2 m the presence of various &bucmne concentratmns Total dlbucmne concentrations are indicated in the figure The 
recorder trace obtmned m the presence of 800 pM dlbucmne lay between those of 100 and 250 #M, showing that 250 #M dlbucmne 
has already saturawxl the effect of this local anestheuc on the CaCI 2 influx rate (B) Sermloganthrmc plot of the data shown m (A) 
The points indicated are only representatwe data The symbols correspond to the following concentraaons (pM) of dtbucame e, 0, 

[2]. 50, A, 100, O, 250 
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Fig 2 Time dependence of the hght scattering mtenmty of 
sarcoplasrmc retaculum (0 1 mg/ral) after an osmotic shock 
vath 100 mm CaC12 m the presence of several tetracame 
concentrauons Total tetracame concentrauons are indicated m 

the figure 

0 

l m M  

2 m M  

t 116 I 

The results gwen m F~gs 1 (A) and 2 are the 
results obtained m a typical experimental series 
w~th one preparaUon These results have been 
confirmed w~th at least three different prepara- 
ttons In order to check carefully the reliablhty of 
the effects of local anesthetacs observed, as well as 
to control any possthle alteratxon of the sarcop- 
lasnuc rettculum membrane by storage on ice dur- 
ing a few hours (the tune reqmred to complete a 
expenmental series), we repeated the control ex- 
periments three umes, as follows one at the be- 
gmmng, another m the huddle and the last at the 
end of each expenmental series In general, we 
nouced that the three control expenments overlap 
w~thm the expenmental noise of the recorded sig- 
nal It should be noticed, however, that we ob- 
served a relaUvely large vanaUon between control 
experiments carned out with chfferent prepara- 
uons Tins is illustrated m the Table I, m wluch 
the hnutmg values obtained for tl/2 have been 
hsted 

Lldocmne (up to 10 raM) and procaine (up to 
10 mM) do not mgmficantly alter the tune course 
of the dependence of the hght scattenng mtenmty 
after an osmotic shock with 10 mM CaCI 2 

Effects of local anesthettcs on MgCI 2 permeabthty 
Fig 3 reproduces the recording traces of the 

hght scattering intensity decrease after an osmottc 
shock with 100 mM MgC12 m the presence of 
several concentratmns of dlbucalne The data given 
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Fig 3 Time dependence of the hght scattenng mtenmty of 
sarcoplasmlc reUculum vestcles (0 1 mg/ml) after an osmotic 
shock vnth 100 nun MgC12 m the presence of various d~- 
bucame concentratmns Total chbucame concentraUons are 

mchcated m the figure 

m tlus figure have been replotted as (3/2) ln(I t - 
I~o) versus t (not shown) These plots show clear 
devmuons from hneanty m many instances Thus, 
for these cases a stmple exponenUal equaUon (Eqn 
3) cannot account for the effects of these anesthet- 
tcs on the permeabthty process These data can be 
fitted to Eqn 4 instead, and the relevant kmeuc 
parameters obtained have been hsted m Table II 
Tetracame (1 and 2 raM), procaine (10 raM) and 
hdocame (10 raM) also increase the pasmve per- 
meabthty to MgC12 (see Table II) (results not 
shown) In these latter cases, however, the data 
can be saUsfactonly fitted to a sunple exponenual 
equaUon These results show that all the local 
anestheUcs tested hereto produce a large increase 
of the pasmve permeabthty to MgC12, an increase 
wluch ts dependent on total local anesthetic con- 
centratlon 

As mchcated above with respect to penneab~hty 
to CaC12, the recording trace obtained after an 
osmoUc shock with 100 mM MgC12 overlaps wltlun 
the expenmental errors m duphcate experiments 
carried out w~th the same preparaUon However, 
relaUvely large vanaUons have been observed for 
chfferent preparaUons (see the values of tl/2 hsted 
m Table I) For these reasons, the results gwen m 
Fig. 3 are those obtained m typical experimental 
series w~th the same preparaUon These effects of 
local anestheUcs o n  MgC12 reflux across sarcop- 
lasmxc retlculum membranes have been confirmed 
w~th three different preparatmns 
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TABLE II 

EFFECTS OF LOCAL ANESTHETICS ON CATIONS PERMEABILITY TO MgC12 A N D  CaC12 

Values are averaged from the data  obtained m duphcate  or tnphcate  experiments D1, D 2 and A have been estimated by fitting the 
time dependence of the hght  scattering intensity after the osmotic shock to Eqn 4 The correlation coeffloent  of  these fits was always 
better than 0 98 and the s tandard devaauon ranged from 0 04 to 0 3 

Salt used to produce Local anesthetic D 1 t~/2 D 2 t21/2 A 
the osmotic shock (concentration) ( n u n -  1 ) (man) ( n u n -  1 ) (nun) 

100 m M  MgC12 None 0 0 8 + 0 0 2  9 + 2  - - - 
Dlbucame (100 t~M ) 0 5 2 + 0 0 5  13  0 1 1 5 : 0 0 1  6 2  034  
Dlbucame (200/LM) 0 4 6 + 0 0 5  15 0 1 6 5 : 0 0 1  4 3  0 3 4  
Dlbucame (800 t~M ) 0 6 9 + 0 0 6  10  0 2 9 + 0 0 1  2 4  034  
Tetraeame (1 mM) 0 4 9 5 : 0 0 5  14  0 3 2 ± 0 0 2  22  046  
Tetracame (2 mM) 1 2 2 5 : 0 0 8  057 0 3 7 5 : 0 0 2  19  056  
L~docame (10 raM) 0 3 9 5 : 0 0 3  18  - 
Procaine (10 raM) 0 2 6 5 : 0 0 2  2 6  - - - 

100 m M  CaC12 None  0 7 7 5 : 0 0 7  0 9  00255 :0005  28 (0235 :003)  
Tetracame (1 mM) 0 6 3 + 0 0 6  11 0 0 4 3 + 0 0 0 5  16 028  
Tetraemne (2 mM) 0 7 9 5 : 0 0 8  0 9  0 0 8 5 : 0 0 1  87  034  

None 0 7 7 5 : 0 0 7  0 9  00255 :0005  28 0 2 0  
Dlbucame (50 pM)  0 80 5:0 08 0 9 0 021 5:0 003 33 0 30 
Dlbucame (100/~M) 0 8 5 5 : 0 0 5  082  00255 :0003  28 040  
Dlbucame (250/~M) 0 7 8 5 : 0 0 5  0 9  0065 :]: 0006 107 041 

Effects of  local anesthettcs on sucrose permeabthty 
Although at concentrations higher than those 

used in tins study, some local anestheucs (such as 
tetracame) have been shown to produce macelhza- 
tion of hposomes [34] Due to tins reason, to 
estabhsh the integrity of the membrane structure, 
we have measured the effects of the local anesthet- 
ics at the concentrations used herein on the per- 
meabihty of sarcoplasmac retlculum membranes to 
sucrose 

The results obtained (not shown) have demon- 
strated that none of the local anesthetics used 
decrease markedly the half-time of the light- 
scattenng reequIhbration after an osmotic shock 
w~th 100 mM sucrose The value that we obtained 
In the current work for the ti/2 of sucrose influx is 
larger than 120 man In addition, the absolute light 
scattenng intensity of sarcoplasmlc reuculum 
vesicles is not slgmficantly altered by the local 
anesthetics concentrations used m tins study (re- 
sults not shown) 

Therefore, these results strongly suggest that 
the local anesthetics used in tins study do not 
produce a sigmflcant macelhzataon of these mem- 
branes under our experimental conditions 

Discussion 

The results presented in tins paper show that 
local anesthetics have pronounced effects on Mg 2+ 
and Ca 2 + permeabihty of the sarcoplasmac retlcu- 
lum Table II summarizes the kinetic parameters 
obtained from the best fit of the experimental 
data to Eqns 3 and 4 by least-squares regression 
analysis 

It has been claimed [35] that aggregation of 
vesicles reduced by high concentrauons of CaC12 
can lead to erroneous estimation of the permeabil- 
Ity of sarcoplasrmc reticuham membranes to Ca 2+ 
by the osmotic shock techmque As indicated in 
Results, tins is unhkely to contribute sIgmficantly 
to the 19o changes measured in our expenmental 
conditions Moreover, the tl/z values deterrmned 
herein for Ca 2+ and Mg z+ influx agree satisfacto- 
rily with available hterature data reported for 
Ca 2+ effhax using the Mllhpore filtration tech- 
nique [16,32] and for Mg 2+ efflux using anti- 
plnlazo III [31] However, other investigators have 
pubhshed data for Ca/+ efflux of fractlonated 
vesicles that suggest a 5-10-fold higher sarcop- 
lasrmc reticulum permeablhty, using the Mllhpore 



382 

filtration techmque as well [33] Sulphydryl pro- 
tecting reagents, such as fl-mercaptoethanol or 
dlthaothrettol, were not present in these studies 
and it is now known that ageing processes due to 
the oxidation of sulphydryl by oxygen largely 
increase the sarcoplasmlc retlculum passive per- 
meabthty to Ca 2÷ [27,36,37] We have also found 
that, unless oxadation of protein cystemes is pre- 
vented, the permeablhty of sarcoplasrmc retlculum 
vesicles to Ca 2 ÷ and Mg 2+ ~s increased several-fold 
by ageing processes that develop in a few hours on 
ice-storage, the t~me required to prepare them for 
these experiments, either by dialysis or by prem- 
cubation of vesicles with Ca 2 ÷ (results not shown) 

It appears that our results give support to a 
hypothesis hnkmg anesthesia to altered divalent 
cations permeabihty across excitable membranes 
The results presented in thas paper also show that 
the increase of permeablhty to divalent cations 
induced by local anesthetics is specific and it is 
not related to breakdown of the bllayer structure, 
because the permeablhty of sarcoplasmlc reticu- 
lure vesicles to sucrose is little affected m these 
experimental conditions In thas respect, it should 
be recalled that extensive NMR studies have shown 
that the local anesthetics studied herein sit closer 
to the l ip id /water  interface region than to the 
center of the bllayer structure, penetrating through 
the glycerol backbone and shghtly into the fatty 
acid core of the hpld bllayer [38,39] 

Fluidity is also known to play a major role in 
the modulation of the permeablhty of ions across 
biological membranes However, the hpids of the 
sarcoplasnuc retlculum membranes are in the fluid 
state at 25 °C  [40] and, thus, these drugs are not 
expected to induce important fluidity changes in 
thas membrane We have confirmed thas point 
using diphenylhexatnene polarization measure- 
ments (Escudero, B and Gut16rrez-Merino, C ,  
unpubhshed results) On the other hand, De Bo- 
land et al [16] have shown that the permeablhty 
of hposomes made of hplds of sarcoplasnuc re- 
ticulum to Ca 2+ is 4-5  orders of magmtude lower 
than that of native vesicles or that of ATPase 
reconstituted vesicles Dlbucame and tetracame 
only increase the Ca 2+ permeability of hposomes 
of endogenous hpids 3-4-fold Therefore, it is 
likely that the effects of local anesthetics on the 
permeablhty of sarcoplasrmc retlculum to Ca 2÷ 

and Mg 2+ reported herein denve from alterations 
of hpld-protem interactions that contribute to de- 
ternune the kanetlc characteristics of these chan- 
nels 

The data presented in Figs 1-3 and the param- 
eters hsted in Table II show that the time depen- 
dence of hght scattenng after an osmotic shock 
cannot be satisfactorily fitted to only one ex- 
ponential process m all the cases Therefore, Ca 2 + 
or Mg 2+ influx can be better described in a wide 
set of experimental condmons as proceeding 
through two types of channels of different lonetlc 
characteristics The possiblhty exists that each type 
of channel is preferentially located in one of the 
sarcoplasmlc rehculum membrane regions, namely 
clsternae or longitudinal parts Different permea- 
bihty to cations, Ca 2÷ among them, of both frac- 
tions has been already reported [32,41] Moreover, 
the rate of Ca 2 ÷ influx across the fast permeating 
channels derived from the analysis presented here 
is about the same to that reported for the Ca 2÷ 
gated channels of the heavy fraction of sarcop- 
lasrmc retxculum vesicles [21,32] The estimated 
weighing factor of the fast permeating channels 
shows values strmlar to the weight ratios of the 
two types of vesicles in unfractlonated sarcop- 
lasnuc retlculum preparations [42] The experi- 
mental data presented in Table II also show that 
the effects of some of the local anesthetics studied 
here (such as dibucame and tetracame) are clearly 
different in the two types of channels 

It is evident from the comparison of the data 
given in Fig 4 with those presented in Table II 
that the concentrations of these local anesthetics 
that produce a slgnlhcant increase in the vesicle 
permeablhty to MgCI 2 and to CaC12 differ from 
those required to inhibit the (Ca2++Mg2+)-  
ATPase actixqty of these preparations A closer 
observation of these data indicates a complex 
mhibmon pattern, which shows a phase of insensi- 
tivity to these drugs at low anesthetic concentra- 
tions However, It is to be noted that in native 
vesicles the (Ca2+ + Mg2+)-ATPase is largely m- 
habited by the high free Ca 2+ concentrations in 
their lurmnal space whach is acbaeved dunng ac- 
tive transport [43] Therefore, an increase in Ca 2+ 
permeablhty by dibucame should also tend to 
decrease the internal free Ca 2+ concentration, 
whach in turn will increase the steady-state (Ca 2+ 
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Fig 4 Dependence of the (Ca2+ + Mg 2+ )-ATPase acawty of 
naUve sarcoplasrmc reUculum vesicles upon the total con- 
centraaon of dthucame (A) and of tetracalne (O) The mea- 
surements have been carried out at 25 o C and at pH 7 45 m 0 1 
M Tes buffer Other conchtmns as stated m Materials and 

Methods 

+ Mg2+)-ATPase activity m such a way that both 
effects (Le, partial mlubitaon by the anesthetic 
and activation of ATPase) can cancel each other 
at the lower anesthetic concentrations 

Interestingly, all the local anesthetics tested 
share the ablhty to produce a marked increase of 
the permeabihty of the sarcoplasrmc reticulum 
membranes to Mg 2+ It rmght be worthwhile 
recalhng here that an early and long sustained 
observation is that raising the extracellular Mg 2+ 
concentration decreases cellular excltabIhty in 
mammals [44] This has been rationahzed m terms 
of Mg 2+ competition with cytosohc Ca2+-bmdmg 
sites An increase of Mg 2+ permeablhty by 
anestheUcs, such as that reported here, should 
potenuate these types of effect 

Finally, we wish to note that the concentrations 
needed to ehc~t a sigmfIcant increase of passive 
divalent cations permeabihty in sarcoplasnuc re- 
ticulum are between 20 and 50-fold larger than the 
concentrations needed to reduce the amphtude of 
the A,, acUon potentials in sciatic nerve by 50% 
[4] Therefore, the physlologtcal lmphcations of 
the flnchngs reported herein are unclear at present, 
and suggest that the sarcoplasrmc reticulum is not 
the primary s~te of action of these drugs Never- 
theless, when attemptmg to rationahze the differ- 
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ent sensmvity of synaptosomal and sarcoplasrmc 
retlculum (Ca2++ Mg2+)-ATPase to local 
anesthetics, it should be recalled that a negative 
membrane potential can promote a slgmficant ac- 
cumulation of posmvely charged hpophthc species 
within membrane vesicles [45,46]. Tbas accumula- 
tion can produce a 10-100-fold increase of hpo- 
phthc drugs m nerve membranes that maintain a 
large steady membrane potential, whereas it will 
be neghglble m sarcoplasrmc reUculum vesicles, 
because these membranes do not raise a large 
membrane potential during active Ca 2÷ transport 
[47,48], nor in the experimental conditions used in 
this study. 
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