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The depth of local anesthetic-induced conduction block is

modified by the frequency of impulse traffic in the nerve

frequency-dependent conduction blockt. The present study was

designed to compare the frequency-dependent characteristicscharacteristic of

number of local anestheticsanesthetic of different lipid solubilities. Two

antianhythmic drugs. quinidine and propranolol. were also

tncluded. Frequency dependence was assessed by measuring the

height of the compound action potential of the frog sciatic

nerve in response to single stimuli and to stimuli presented

repetitively at different frequencies. All the drugsdrug tested showed

marked enhancement of block at 40 Hz. NervesNerve treated with

highly lipid-soluble agentsagent tbupivacaine. tetracaine etidocaine.

two experimental compoundscompound of low and very low lipid solubility

GEA 968 and QX-572. respectively and the antiarrhythmic

agentsagent took longer to develop and to recover from the effectseffect of

stimulation than those treated with drugsdrug of moderate lipid

solubility procaine. lidocaine. prilocaine. mepivacaine. and

benzocainet. The effectseffect of repetitive stimulation were apparent

at lower frequenciesfrequencie for drugsdrug in the former group than in

the latter. The resultsresult support an important role for frequency

dependence in the antiarrhythmic and local anesthetic propertiespropertie

of these drugs. They also reveal unexpected similaritiessimilaritie between

drugsdrug at the high and low extremesextreme of lipid solubility with

respect to the time course of frequency-dependent blocking

actions. tKey wordsword AnestheticsAnesthetic local Heart arrhythmia anti-

arrhythmia Nerve conduction Nerve block Nerve refractory

period.

LOCAL ANESTItETICSANESTItETIC block conduction hs depressing

the sodium conductance st stem which is responsible

for action potential generation.5 it has long been

recognized that local anestheticsanesthetic block trainstrain of action

potentialspotential more effectivelt than single action poten
tials.44 ThisThi phenomenon has recently been labeled

frequency-dependent or use-dependent con

duction block Most of the studiesstudie on the phenome
non 01 frequency dependence have been carried out

under voltage-clamped conditions7 using limited

number of local anestheticsanesthetic to study their effectseffect on

sodium currents. Very little published information
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comparescompare the many local anestheticsanesthetic thr reIluenc

dependent blocking actionsaction propertiespropertie that may be of

great importance to their apparent clinical potencies.

and have also been suggested to be relevant to

antiarrhsantiarrh th mic properties.ttt1 The present study was

designed to compare the relative magnitudesmagnitude of the

frequenc -dependent cotnponentscotnponent of conduction

block for varieR of local anesthetic and anti

anhvthmic drugsdrug of
differing lipid solubilities. It is

hoped that the resultsresult will add to the understanding

of hotshot local anestheticsanesthetic can alter impulse traffic in

nervesnerve and possiblspossibl cardiac muscle.

MethodsMethod

The sciattc nert es oF 22t 2inch male Runa iieuI

frogsfrog were removed. desheathed and split in half.

Each bundle was mounted separatelt in sucrose gap

reuniting clbtnlher ligti re 1.li. All experimentsexperiment ts etc

carried out at room temperature. The RingersRinger solu

tion in the recording pool was of the following

composition in mM NaCI 114. KCl 2.4. CaCI2 2.0.

HEPESHEPE buffer 5. titrated topH 7.3 with 11 per cent

tetrameth.lammonium hvclroxide in most experi

mentsment tet raethsraeth laninionittin chloride ll...A St as

ciii iii fstitettirati4ti oh 7.5 tust to block pottspott
sitt in citati tick. IhisIhi ts as It tue in tirder to ilentif

the effectseffect as specific sodium channel properties.

The iliterpretatitni of changeschange in compound ac

tion potential amplitudesamplitude recorded bt the sttcrose gap

technique. antI controlscontrol for the effectseffect of both sttcrose

and TEA. are discttssecl below.

SamplesSample of the quaternarv compound QX-572. and

the tertiary compoundscompound GEA 968 MCi. procaine MCI.

lidocaine MCI prilocaine MCI mepivacaine MCI

bupivacaine MCI tetracaine HCI and etidocaine HCI

were provided through the courtesscourtes of Astra Phar

maceutical Company. Ben zocaine and propranolol

were kindly supplied by Ayerst Laboratories. Quini
dine sulfate was obtained from Baker Chemical

Company. Drug solutionssolution were made up freshly

each day in RingersRinger solution and the pM checked.

Measured pH was between 7. and 7.3 over all the

experiments. The drug-containing RingersRinger solution

was flushed into the recording pool in volume suf

ficient to provide ten complete changeschange of the solu

tion in the pool. Washout was carried out similarl.

Frequency dependence was assessed at equilibrium.
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Ftc. I. A. Diagram of the sucrose gap recording technique. The

desheathed frog sciant. nerse restsrest on pair of
stitnulatitig

electrodeselectrode insulated ut saseline sealsseal from each tuber and frtun

pool A. which cotitainscotitain ground lead not showit and the

reference recording electrode. DrugsDrug diluted in frog RingersRinger

solution are applied to the 5-nun length iii nate in pool A. lsottJtik

sucrose solution nonelectrolstr flowsflow continuousl% through the

23-mm diameter channel indicated the arrowsarrow and together

with vaseline sealsseal 41.3 mm each ekctricallsekctricall insulatesinsulate poo1 front

pool B. Pool is filled with 1211 nmi KCl. The active electrode

in pool recordsrecord against the reference electrode in pool A. the

electrical activity of the nerse segment in poo1 A.

8. Example of basal and frequency-dependent local anesane
thetic conduction blocks. Upper rita the normal drug-free nerve

response to single stimulusstimulu anti 46 Itt 44-Hz train lasttng 141$

msec town row 0.3 ms. ltdocaine producesproduce basal block of approxi

match 40 per cent tcp stimulation at 40 Hz for AOl msec

intensifiesintensifie the block to 80
per cent ftfl. Amplitude is measured from

the baseline immediatelsimmediatel preceding each response.
in order not to

include the alter-depolarization. Basal block is defined as the

decrease in amplitude of the response to single stimuli calculated

as percentage of control amplitude. Frequency-dependent block is

the decrease in amplitude of the last impulse in 40-Hz train

compared with the same impulse untler control conditions.

which was determined bs identical recordsrecord taken

live minutesminute apart. For most drugsdrug equilibrium was

attained in 1525 mintttesminttte the antiarrhythmic drugsdrug

required 3035 minutesminute and QX-572 almost an hour.

MeasurementsMeasurement were also made during drug equilibra

tion and washout in experimentsexperiment designed to provide

doseresponse cursescurse for frequetics-dependeni ser

sus basal block sttth as those shown in figure 4.

Stimuli were single pttlsespttlse or trainstrain delivered train

ptogtatnntahle isolated stimulator to bipolar dcc
rocksrock ott tionclrugtreatecl section of the nerve.

StimulusStimulu duration was I. msec and intensit twice

that which evoked maximum
response. Nerse

respotisesrespotise were displ cr1 ott ati oscilloscope and

photographed. Each drug ss as tested ott at least Rot

tier es taketi from different atiitnals.

Nerse ctsnductitni block stassta expressed as the per
centage decretnent itt

.ttitplit
ttde of the compound

actitm potential. Btsal
ttotilreqttenct dependetit

block was assessed in measurtng the response to

stimuli at freqtteticiesfreqtteticie SI low that there was no detect

able effect of preceding stimuli on the respone to

the test sti titulus. FrequeticsFrequetic dependent block ss as

sesseci In nieasuritig the decrement observed in the

last response to ati $l1-msec 41-H train compared
with the sante response ttnder control conditionscondition

fig.

181. ThisThi protocol was used to obtain the resultsresult

shown in figuresfigure 24. DrugsDrug were also compared over

range ol stimttlttsstimttltt Iretluencies. as shown in
figure 5.

Preliminart experimentsexperiment were carried out to deter

mine drug concent rationsration that produced approxi

mateR 25 per cent basal block and the definitive

experimentsexperiment on trequenc -dependent block crc

done at these concentrations. Basal blocksblock in those

experimentsexperiment however. saried between 13 and 311 per

cent not surprising incidence of variahilitsvariahilit among

preparations.

The sucrose gap technique reduced the potenc of

local anesthetic Irugs. presutnahlt in holding the

tnemhrattc potential at slightly hvperpolarized les el.

As control for thisthi effect standard killed-end

recordingsrecording without sucrose were done for four drugsdrug
lidocaine GEA 968 etidocaine and benzocaine.

TEA was used in these experimentsexperiment to enable

the drugsdrug to he compared for their effectseffect on

sodium channel properties. TEA. specific potassium

channel-blocking drug. preventsprevent the increase in

potassium conductance that contributescontribute to the re

polarization phase of the action
potential.

and may
also depolarize the nerve by decreasing resting potaspota
sium conductance thusthu enhancing local anesthetic

potency. Control experimentsexperiment without TEA were

therefore carried out on the same group of four

drugsdrug used itt the sucrose controlscontrol namely lidocaitte.

GEA 968. etidocaine. and benzocaine. ControlsControl ere

alst done with neither TEA tior sucrose present.

ResultsResult

All local aitesu heticshetic and antiarrhvihmic drugsdrug tested

showed increased pouenciespouencie when the nerve I2
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nrihrs4ng
lit go 1. En FRI QtF\tV-DEIENDEN tt nut %lA It

itt Egi tItt lit -lq itinltttt

effectseffect of four groupsgroup of drtig .1. QX.32
and 96$ are etperrntent lot.tl atic

theticsthetic of lo lipid
siluhilitssiluhilit It. tilepivn aloe

and benzncaine represent until anesihetitsanesihetit

of intermediate lipid snluhtliis. as doesdoe

lidocaine itt hnre r. ttracaitie .triil

bupivacaine are highlshighl lipid.siiluhle .tntl

thusthu vetsvet potent local anesthetics. 11. rn
pranolol and quitudine are atttj.trrhsatttj.trrh thmn

agents. .4lthouzh all rugsrug hate lteqttrtKt

dependent blocking propertiespropertie there

differencesdifference in p.fltcrn
iii nctl iii the

frequencsfrequenc -dependent conipotlents. Onset

relativelt rapid with drugsdrug uI intertueduate

lipid
solubilitu maximttnt freqitettusfreqitettu -tie

pendeni block being athiesed .tltei 4-5

tnuptttsestnuptttse at 41 DrugsDrug itt the uithrt

groupsgroup require 1.4 impulsesimpulse tip .ichtcse

the maximum effect cut 41-He stinuujtation

stimulated repetitkeh. Possible artitactsartitact due to the

use of the sucrose gap technique and blockade of

potassium channelschannel In TEA were excluded in control

experiments. Without sucrose. the baseline oFfset

accu flutlal ing erpuflent laIdl set-n tltt ring ci im tt Lu It tt

figs. and disappeared and both basal and

frequency-dependent blocksblock were enhanced.

ratio of frequency-dependent block to basal block was

diminished for alt drug in the absence itt sucrose.

However the temporal characteristicscharacteristic of freqttettn

dependent tltick remained the same for each clrttg.

and the repslrted differencesdifference among the four drugsdrug
were maintained lit the absence at sucrose. TEA had

no effect on either basal or frequencs-dependent

block with GEA 968 enhanced both slightly
with

lidocaine and henzocaine and enhanced both

markedly while reducing the frequenc-dependent/

basal block ratio somewhat with etidocaine. TEA did

not alter the temporal characteristicscharacteristic of frequenc

dependent block or change the relationshipsrelationship among

drugs. When sucrose was used TEA had no effect on

either basal or frequenc -dependent block.

For purposespurpose of comparison. the drugsdrug were divided

into antiarrhvthmicsantiarrhvthmic propranolol and quinicline and

three groupsgroup of local anestheticsanesthetic those with low lipid

solubility QX-572 GEA 968j. those with moderate

or intermediate lipid solubilit procaine. lidocaine.

benzocaine prilocaine. mepivacainc. and those with

high lipid .soluhilits.soluhilit bupivacaine. tel racaitc- and cli

docaine.3 In all groupsgroup 40-Hz stimulusstimulu train

enhanced conduction block. However differencesdifference

among drugsdrug appeared in the relative rapiditiesrapiditie

of onsetsonset of frequency-dependent block during train

of stimuli Fig. 2. At the end of an 800-msec

train. response atnplttude approached plateau lesel

when impukesimpuke heitsheit ccii trait onset and achievement

plateau were etiutnerated clear difference

among dntgsdntg emerged. IrugsIrug of low lipid soluhilitssoluhilit
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Basal Block

Ftc 4. Relationship beticeen basal and trequt-ncs.dependent

conduction blocks. MeasurementsMeasurement cit made during drug

equilibration and washout Frequenc. dependent as measured

at 41 Hz data
pointspoint represent one nerse lot each agetn.

ReplicationsReplication of the experiment produced similar results. Cnn ci

for 44-Hz block sersussersu basal block could be approxitnated hi .i

straight lint tot sattiessattie .l 4$ lit block bet%een 2t and $1 per cent

SlopesSlope for most local anestheticsanesthetic siere approximatelsapproximatel
2. QX-372

produced ers steep dope the .tntiarrhvthmic agent propranohil

was intermediate betseet QX.372 and niisi of the local antsant
Itci its is hilt priM .titit h.u .i si iiiiesi h.at lessles stee1 it. it tlt.iit ttiiisl

local anesthetä s.

the permanentlspermanentl charged quaternart compound

QX-572 and GEA 968 atid high lipid solubilit

bupivacaine. tetracaine and etidocaine required

relatively large numbersnumber of impulsesimpulse 1218 to reach

the maximum effect of use. Quinidine and propran
olol also fall in thisthi group. The other drugs. in

cluding all the commonly used local anestheticsanesthetic of

intermediate lipid solubilitv. required only 48
impulsesimpulse to achieve maximum frequency effects. ThisThi

temporal property was relatively dose-independent

for each drug at levelslevel of basal block of 40 per cent

or less.

When the frequency-dependent and basal com

ponentsponent of block were measured there was no

clear difference among drugsdrug when repetitive activity

at 40 Hz for 800 msec was used as the test

fig. 3. NervesNerve blocked by all drugsdrug showed two-

to fourfold frequency-dependent intensification of

basal block at 40 Hz.

When frequency-dependent block was plotted

Discussion

The interpretation of resultsresult obtained by the

sucrose gap technique requiresrequire comment as doesdoe the

use of TEA. In the sucrose chamber employed the

compartment that contained the reference electrode

was traversed by approximately mm of active

nerve and drugsdrug were applied to thisthi compartment.

5-mm
segnietit

of melinated nerve would be ex

pected to include two or three nodesnode of Ranvier.

When conduction-blocking drug was applied to

thisthi
segnient

of nerve. sonic axonsaxon continued tO

generate action potentials. probably in sonic casescase

2884
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against different depthsdepth of basal block produced bs

varsing drug concentration during equilibration and

washout. some differencesdifference among drugsdrug appeared

tfig. 4. Although the number of nervesnerve tested with

each drug 23 was too small for statistical treat

tnent. differencesdifference among drugsdrug were reproducible on

replication. The experimental cationic blocking agent

QX-372 showed an exceedingly steep slope for the

relationship between basal block and frequencsfrequenc

dependent block produced by varing anesthetic con
centrationscentration at levelslevel of basal block of lessles than

per cern. stimulation of 40 Hz increased the

block to nearl 100 per cent. The slope of the

curve of frequencsfrequenc -dependent versusversu basal block was

about lbr large group of drugs. including

lidocaine. benzocaine and tetracaine. and was some
what lessles for

procaine.
The antiarrhvthmic drug

propranolol produced steeper slope
than most

local anesthetics. hut it was not as steep as that of

QX-57th
When impulse frequeticsfrequetic was varied as shown in

ltgurc 5. tlw kasi Ii pidsi ltthk arid tnt st lipid

duNe of the slrtigsslrtig slit its ed similarities. nitrinal

tierstier c. an ci rrt 1H iiii pttlsespttlse per second it

littk impairment of action potential amplitude. .All

the drugsdrug tested shnrplt reduced the maximum ldlott

ing frequcncs. ExamplesExample of selected drugsdrug are shtn ii

iii figure 5. QX-572. GEA 968. tetracaine. hupivataine.

etidocaine. and the antiarrhtthmic drugsdrug quinidine

and propraiiolol were most potent in thisthi
respect.

These drugsdrug caused the tierstier to shint en king

or recent lepola nzationsnzation stintu Ii ap
plied at frequenciesfrequencie as low as 0.5 Hz after period

of rest produced accumulation of block. The remain

ing local anestheticsanesthetic of intermediate lipid solubilit

showed memory of lessles than seconds. requiring

stimulusstimulu frequenciesfrequencie higher than Hz before an

significant incremental block developed. It should

he emphasized that thisthi phenomenon memort is

highl dose-dependent.
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an adequate depolarizing stimulusstimulu hs opening to

permit sodium ionsion to passpas through the membrane

for brief period then reverting to the closed

or inactive state. In the inactive state the channel no

longer respondsrespond to stimulusstimulu by opening. Norniallv

sodium channelschannel recover from the inactive state with

time constant of 510 inset which accountsaccount for

the normal retractorsretractor period following an impulse.

It is strongly suggested that the frequents-dependent

component of conduction block is due to an alteration

in the processproces of sodium channel inactisation bs

local anesthetic drugs. It is known that there is

shift in voltage dependence of the inactivation pro
cessces in the drug-altered fraction of the sodium

channeLschanneL indicating that the inactive state is altered

by the presence of an anesthetic drug.
tr2.t$.19

In the present experimentsexperiment the use of TEA to block

potassium channelschannel permitspermit the conclusion that all

drugsdrug were exerting frequencs-dependent effectseffect

through an action on the sodium channel. This.

however doesdoe not implsimpl that the mechanismsmechanism of

frequency dependence at d.c molecular lesel are

preciselsprecisel the same for all drugs. PreviousPreviou studiesstudie

have showti that for the extremelsextremel Its
drophilic drugs.

opening of the sodium channel is necessary to permit

the drug to bind to and unbind hum the receptr.
ThisThi requirement. added to the alteration of in

activation ma be the basisbasi for the p-articularlsp-articularl

marked frequencsfrequenc dependence shown by these drugs.

Since the drugsdrug of intermediate lipid solubilitv showed

laster ratesrate of onset ol frequencs-dependent block.

and shorter tnemoriestnemorie for accumulated block than

drugsdrug of low lipid solubihitssolubihit one might have

expected even faster ratesrate of onset and shorter

memoriesmemorie for highly lipid-soluble drugs. ThisThi was not

the case. The similaritssimilarit between drugsdrug of low and high

lipid solubilitiessolubilitie as opposed to those of intermediate

lipid solubility ssasssa an unexpected finding of thisthi

study. The unexpectedly marked frequency-dc

pendent behavior of benzocaine was also surprising.

In voltage-clamped studiesstudie thisthi drug has been shown

to shift the
voltage dependence of inactivation but

not to show enhancement of block on repetitive

stimulation. It is possible that frequency-dependence

is strongly function of after-potentialsafter-potential following the

action potential. its extent in active nervesnerve may there

fore not be readily predictable from studiesstudie in voltage-

clamped preparationspreparation where the membrane potential

is held constant between clamp pulses.

The phenomenon of frequency-dependent conduc

tion block mas require careful redefinition of

local anesthetic
potency. Future studiesstudie of compara

tive potenciespotencie will have to describe much more

conipletelv the conditionscondition under which measurementsmeasurement

are made. In particular. apparent local anesthetic

potencspotenc variesvarie stith the rate of impulse traffic in

each nerse. .All drugsdrug selectisel. block nervesnerve firing

at high rather than losslos frequencies. Bupivacainc.

tetracaine and etidocaine extend thisthi selective block

to much lower frequenciesfrequencie of impulse traffic than

other local anesthetics. The phenomenon. of Ire.

queuesqueue dependence is related to concentration in the

sense that the rime constant for recosersrecoser iron.

freqttencsfreqttenc dependent incrementsincrement of block is longer at

losslos er content rations. The rationale for thisthi statement

is giseti hs the kineticskinetic of blocking and unblocking

described in other studies2 and in the footnotet.

In viessvies of thisthi relationship the frequencsfrequenc -dependent

hhKking pheutmienon mas partiallspartiall account for the

long durationsduration of actitm of these drugs.

Frequency-dependent tonduction block ma offer

basisbasi for selective block of different sensorssensor nerse

ts pes.
An ext retnelsretnel phasic sensorssensor nersner cell. firinz

sersser short ss idelsidel -spaced btirsts. sill be reknit cIt

resistent to lhick. ThisThi relatite resistance will be

greatest to the more potent. more lipid-soluble drtig.

hich require tti.umstti.um impulsesimpulse to denionsi rate maximal

frequencsfrequenc dependence. The nerse of tonic receptor

firing at -ers-er lost frequenciesfrequencie will also be relatisel.

unimpaired. Nene cellscell that fire in pattern of lti._

50 impulses/set. in burstsburst lasting half second or

Longer will have heir normal burst length curtailed

hs all drugsdrug at concentrationsconcentration losser than those

sociated stith complete basal block. The patmern it

impulsesimpulse arrisarri ing centrallscentrall ironsiron these sensorssensor net

runsrun may he expected to be yen different from the

patternspattern generated peripherally. It is suggested that

the phenomenon of irequenc -dependent conduction

block may thusthu play considerable role in tnodulating

anesthetic-associated analgesia.
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