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Molecular Mechanisms of Nerve Block
by Local Anesthetics

Gary Strichartz, Ph.D.”

LOCAL ANESTHETICS are drugs that block im-
pulse conduction in nerves. They have been
used clinically for almost a hundred years.'?
but the exact mechanism of their action on
nerves remains unknown. Several siznificant
details about the molecular mechanisms of
local anesthesia have appeared during the
past five vears. This information has come
from neurophysiologic experiments on iso-
lated, single nerve fibers, from physicochemi-
-l studies of nerve membranes during anes-
thesia, and from investigations of the effects
of local anestheties on artificial, lipid-bilayer
membranes. The object of this review is to
summarize critically these results as they
relate to current hypotheses of the molecular
basis of anesthetic action. Before delving into
the recent experimental evidence, 1 briefly
review the current concept of the jonic bas
of nervous conduction. (A previous review of
anesthetic mechanisms appeared in 1975%.)

1. Excitability and ionic permeability of
membranes

1. Conduction requires ionic flow through
selective “channels™ in nerve membranes

The conduction of impulses in almost all
nerves requires a flow of sodium ions into the
nerve in response to depolarization of the
nerve membrane.! At rest, the electrical po-
tential inside the nerve is negative relative
to the outside and sodium ions are at a higher
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concentration outside than inside the nerve.
During the passage of a nerve impulse, or
“action potential,” the permeability of the
membrine to sodium ions increases tran-
siently (fig. 1) and sodium flows into the nerve,
passing though the membrune via sodium-
selective ionic channels that open and close
in response to changes in the electrical po-
tential across the membrane. The number of
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Fic. 1. Time courses of
the changes in membrane
potential (V) and con-
comitant changes in so-
dium permeability (Py)
and potassium permei-
Lility (Py) during an ac-
tion potential in a squid
wiant axont {after Hodukin
and Hualey?).

MEMBRANE POTENTIAL (mv)
3
1

msec

sodium ions transported during one action
potential is too small to modify measurably
the concentration difference across the mem-
brane. Sodium channels are very sparsely
distributed in the membrane®: in some small
non-myelinated  C-fibers, for example. the
density may be as low as ten channels g™
or one channel for about every 10° lipid
molecules in the membrane

Excitable membranes also contain potas-
sium channels that allow the efffux of K-
ions during the repolarization phase of the
action potential* (fig. 1). The nerve-blocking
action of local anestheties is on the Na®
channels * 1 hence the K- channels are not
discussed here.

2. Sodium channels are lipoproteins

Sodium channels are probably composed of
lipoproteins that span the thickness of the
nerve membrane.” The outer opening of the
channel appears to be a relatively static strue-
ture. It is the site where drugs like tetrodo-
toxint bind and block the sodium ion in-
flux.)=1® Tetrodotoxin binds to the chan-
nels whether they are open or closed, ie.,
whether the nerve membrane is at rest or
stimulated,” and even binds to this site after
the membrane has been dissolved by deter-

t Tetrodotoxin is a small {mw ~ 320} orzanic
molecule that is synthesized by and stored in both
the Pacific pufferfish family, or fugu, and American
newts of the genus Taricha. Tetrodotoxin blocks
nenve conduction by veny specifically abolishing the
sodium permeability of the nerve membrane.

gents, 7 Exposure of nenves to proteolytic
enzymes inhibits the binding of tetrodotoxin,
stggesting a destruction of the outer opening
of the sodium channel.” This enzymatie diges-
tion is facilitated by removal of membrane
phospholipids prior to proteolytic digestion'®:
thus, the channel protein appears to be em-
bedded in the hydrophobic matrix of the mem-

brane.

The inner end of the sodium channel is
probably the location of structures that open
and close the channel, the so-called “gating
functions.” Gating properties can be selec-
tively affected by exposure of the inner sur-
face of the nerve membrane to specific
agents. For examiple, in certain large nerve
fibers like the squid giant axon (0.5 mm diam-
eter) the evtoplasm can be replaced by a
continnously flowing artificial solution con-
taining a known concentration of drugs,
enzymes, or ions. Such agents can also be
infiltrated into a smaller, myelinated nerve
fiber (0.015 mm diameter) by allowing diffu-
sion from a cut across the myelinated inter-

nodal region of the axon to the node of

Ranvier (fig. 2). A remarkable result occurs
when the inside of a squid axon is exposed to
pronase, a mixture of several proteolytic
enzymes. Normally the sodium channels re-
spond to a maintained membrane depolariza-
tion by mpidly opening, then spontancously
closing at a slower rate (fig. 3). This slower
closing is called sodium “inactivation™ and
partially accounts for the phenomena of ac-
commodation and for the refractory behavior
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of nerves. Following promase treatment the
inactivition function disappears, and sodium
channels respond to maintained depoluriza-
tions by opening and remaining open.’™ This
experiment implies that the inactivation part
of the gating structure is made at least partly
of protein.

3. Local anestheties block sodium currents

Local anestheties block nerve impulse con-
duction by preventing the influx of sodium
jons.* 1 (fig. 3). They do this by altering the
normal increase in sodium permeability
ciated with the impulse and not by altering
the ionic gradients or the resting membrane
potential of the nerve, Local anesthetic mole-
cules are characteristically composed of ter-
tiary amines linked to lipophilic, hydrocarbon
groups by amine or ester bonds (fig. ).
Near physiologic pH such molecules exist in
both protonated and uncharged forms; the
latter are able to penetrate and cross the
hydrocarbon region of the cell membrane.
Two questions often asked are: 1) which of the
two anesthetic forms is the more active, the
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FIG. 2. Schematic of the chamber used in the
study of single myelinated nerves. The excitable
membrane at the node of Ranvier, N. can be ex-
ternally exposed to drugs that are dissolved in the
Ringer's solution in A, or the drugs can reach the
inside of the node by diffusing down the axo-
plasm from pool C after sectioning of the internode,
as shown. Membrane current is injected via the
internode in pool E and pool B is at ground. The
pools of solutions are isolated from each other by
Lucite partitions topped by Vaseline seals (cross-
hatched areas). (From Hille™).
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F1G. 3. lonic enrrents during voltage-clamp in a
node of Ranvier from the frog. Each trice is the
total ionic current that flows during a 15-msec
ization to the membrane potenti t the right
(traces for —30 and —45 mV depolarizations are
not labelled). Inward currents are negative, outward
positive. The early inward cumment is carried pre-
dominantly by sodinm ions; it reaches maximum
values within the first 2 m/sec of the depolariza-
tion and then “inactivates.” The later, outward
currents, which do not diminish with time, are
carried by potassium ions. In this prepanation the
sodium current is selectively blocked by 0.5 mt
lidocaine. Resting potential =75 mV, pulse fre-
queney 1 see™, temperature 6-7C and pH 7.0
(from Stric] 2. by permission of Raven Press,

charged cation or the neutral base, and 2)
where are the sites of action on the cell
membrane?

4. Cationic anesthetics inside nerves are po-
tent blocking agents

The first question has been explored using
many different nerve preparations. The ex-
periments easiest to interpret are those on
single, desheathed nerve fibers. Single ac-
tion potentials can be measured unumbigously
on isolated fibers. The maximum rate at which
the membrane potential changes during the
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FiG. 1. Structures of several local anestheties and quaternary derivatives. QN-314 is a quatermany

tive, RAC 421, is not shown, but differs only
alkyl amine.

rising phase of the action potential, V, is an
indication of the sodium current flowing into
the fiber at that time®™ (fig. 1). Alternatively,
by using the special technique of voltage-
clamping, the sodium current can be measured
directly. In a voltage-clamp experiment the
membrane potential is externally controlled
and therefore the voltage-dependent sodium
permeability, Py, can be modified in a con-
trolled way (fig. 3). The carly sodium current

¢ of lidocaine but is active only from inside the nerve. GEA-968,
¢, produces block that depends strongly on the frequency of nerve impulses. QN-3
membrme-permeant quaternary derivative of lidocaine that produces block in se
when diminished in Ringer's solution bathing the outsid
ability stereospecifically, one enantiomer beingt about twice as potent as the other.

an experime:

tal lidocaine
is a rela-
cral minutes
» of the nerve. RAC 109 blocks sodium perme-
Its quatemary deri
the tertiary

in having a third ethyl group on

that flows during depolarization of voltage-
clamped nerves is very similar to the carly
influx of sodium ions during an action po-
tential>?® (compare figs. 1 and 3). Conse-
quently, measuring the extent to which the
sodium current is inhibited by drugs during
a voltage-clamp experiment provides a good
measure of the conduction-blocking potency
of a particular agent. The direct observation
of membrane currents removes several
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ambiguities encountered when only action
potentials are measured. For example, the
contribution of potassium currents to the
rising phase of partinlly blocked action po-
tentials can be determined directly.

The actions of many local inesthetics appear
to be closely related to the “inactivation™
aspeet of sodium permeability. Membrune
sodium  permeability  increases transiently
during a depolarization under voltage-clamp
(fig. 3). As mentioned above, the spontancous
decrease in sodium permeability that results
from a maintained depolarization is called
“inactivation.” The extent of inactivation can
be tested by presenting a long conditioning
“prepulse” before a brief” depolarizing test
pulse. If the prepulse is a depolarization
inactivation is increased, so the sodium cur-
rents flowing during the test pulse are smaller
than those observed normally. If the pre-
pulse is a hyperpolarization, inactivation is
lessened and the sodium currents are larger
than normal. (The dependence of the sodinm
current on prepulse potentials is illustrated in
fizure 7A, and the dependence of Py, on
this potential in figure 7C.) The role of inac-
tivation in local anesthetic mechanisms is dis-
d in detail in Sections 11.3 and IL4.c.
xperiments  have been performed on
single-fiber preparations where both the rate
of appearance and the extent of the steady-
state inhibition induced by local anesthetices
were measured as a function of the external
pHL-22 Both rate and extent of inhibition
of sodium permeability produced by anes-
theties bathing the fiber were greater when
the anesthetic solutions were at high pH
rather than neutral p H. However, when alocal
anesthetic was perfused directly to the inside
of the fiber without having to cross the
plasma membrane, then an increase of internal
pH lowered the anesthetic potency.'® A high
external pH would increase the relative con-
centration of neutral anesthetic in the solu-
tion bathing the nerve as well as the con-
centration of neutral anesthetic in the nerve
membrane; it would also incres the con-
centrations of both neutral and charged
species in the nerve eytoplasm (fig. 3), but
see section 114.c. and reference 23. Internal
application clearly exposes only the cytoplasm
and membrane phases to anesthetic (the
exterior volume is large and is continuously

cu
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=X+ H*==XH*

XH*==H*+ X+

Na ———— Na

.lmund a nerve mcmhrml: Thc rLl.\tnc amounts
of cationic (XH*) and neutral (X) anesthetic depend
on pH of the medinm and pK of the lndl\ld f
anesthetic, according to the Henderson-t
equation, lower left. The neutral form i
significantly more soluble in the membrane's
carbon interior than is the charged form, but s
lipophilic, quatermary derivatives (e.g..
see fig. -f) apparently do p cross the membrane
in minutes. Auncsthetics may also bind at the inter-
face between the membrine and the aqueous solu-
tions (see fig. 6).

washed out), and increasing internal pi
would decrease the concentrations of charged
species at these sites. The observations from
these experiments are consistent with the
hypothesis that tertiary local anesthetics are
most potent in the cationic form acting from
the inside of the nerve.

This conclusion is supported by other data.
Quaterary derivatives of the tertiary local
.mcsth(.tlu (e.g.. QX-314, see fig. ) have
been applied selectively to the inside or the
outside of single nerve fibers. These mole-
cules have nitrogen atoms covalently bound
to four alkyl groups and are always positively
charged. Because of this charge quaternary
derivatives cross membranes very slowly
during a given experiment are usually re-
stricted to one side or the other of the nerve
membrane. The sodium permeability of an
axon is unchanged by external application of
quaternary derivatives (=10 ma),®= but is
reduced at least 50 per cent by quaternary
QX-314 (<1 mwm) applied internally.®+
Finally, if an extremely lipid-soluble tertiary

5
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TABLE 1. Potencies of Local Anesthetics

Effective” Avar
Concentration
s Mearet Tissue Avon: Draneter Relerence
External
application
Procaine 3(pH 7.9) Py, Squid stetlate Giant axon: 500 gm 1
Procaine S(pH 8.3) Cy Lobster Giant axon: 200 pm
Procaine 0.5 AP, Rabbit vagus C-fibers: 0.75 pgm
Procaine 04-058 Cy Cat spinal roots | C-fibers: ~1 pm 99
Procaine 025 Psa Frog sciatic Nade of Ranvier, of Aa 57
myelinated§: 15-20 pm
Procaine 1 Y Frog sciatic Node of Ranvier, of Aa 20
myelinated§: 15-20 gm
Procaine 3 AP, Frog sciatic All fast myelinated 36
Procaitine 0.21 Py Toad sciatic Node: 25 um 22
Procaine 41 Cy Cat saphenous Single Ay-A8: 2-6 gm 100
Procaine 2 Cy Cat lumbosacral | A8 = 6 pm 99
Procaine >22 Cu Cat lumbosacral | Aa, AB: 5-20 gm 99
Procaine >4 Cy Cat saphenous A A §-20um 100
Lidocaine 0.2 Paa Frog sciatic Node: 15-20 pm Strichartz
(unpublished
observation)
Lidocaine 0.25 P Frog sciatic Node: 15-20 pm 87
Lidocaine 0.4 v Frog sciatic Node: 15-20 gm 20
Lidocaine 1.2 Psa Toad sciatic Node: 23 pm 22
Lidocaine 0.3 AP, Rabbit vagus C-fibers: 0.95 pm a8
Cocaine 0.7 Ay Frog sciatic Node: 153-20 pum 20
Cocaine 26 AP, Frog sciatic All fast myelinated 56
Cocaine ~3.3 Cy Cat spinal roots | A&: 6 pm 99
Dibucaine 0.2(pH ) P Squid stellate Giant axon: 500 um 104
Dibucaine 0.33 AP, Rabbit vagus C-fibers: 0.75 pm 26
Dibucaine 0.005 Cy Frog sciatic All fast myelinated 56
Benzocaine | 0.5 Pu Toad sciatic Node: 25 pm 23
Benzocaine | 0.8 AP, Rabbit vagus C-fibers: 0.75 pm 28
RAC 1041} | 0.22 Pxa Frog sciatic Node: 153-20 pm 21
QX-572 1 (pH 5.0) v Squid stellate Giant axon: 500 gm 24
Internal ap-

plications
of anesthet-

s and de-
rivatives
RAC -21(D) | 0.034 Py, Frog sciatic Node: 15-20 pum 21
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TasLE | {Continued)

A

Tisue Avon: Diametis Reterence
ON-314 0.2 I\, Frog sciatic Node: 153-20 pum 25
OX-314 2 v Squid stellate Giant axon: 300 pm 24
QON-572 0.05 v Squid stellate Giant axon: 300 pm 24
QX572 0.13 P.. Frog sciatic Node: 15-20 um 87

< All measurements were made at pH 7.0-7.3, unless otherwise noted in parentheses.

 Measurements of anesthetic efficacy, listed in order of decreasing sensitivity: Py, sodium perme-
ability under voltage-clamp reduced by 50 per cent; V, rate of rise of action potential in single nerve
reduced by 50 per cent; AP, height of componnd action potential in nerve bundle bathed by anesthetice
reduced 50 per cents Gy, propagated action potential blocked by minimum anesthetic concentration. As
elaborated in the text, anesthetic effectiveness depends on pH of bathing medium and on stimulation
frequenc;

! Neny

still in sheath during anesthetie application.

§ Subsequently referred to as “node.

tocal anesthetie, such as dibucaine, is equi-
librated in @ nerve bundle, it will be washed
out only after many hours in anesthetic-free
solution. Ritchie and Greengard®® showed
that by alternating the pH of an anesthetic-free
bathing solution from 7 to 9. the impulses
in a uerve bundle previously treated with
dibucaine could be alternately blocked and
reactivated. respectively. Thus, by titrating
the anesthetic molecules sequestered in the
nerve they were able to block the action po-
tential reversibly. Again, the cationic form was
more active.

5. Neutral anestheties also block  sodium
currents

Evidence from several sources indicates
that the uncharged form of some local anes-
theties also has blocking activity. First, the
drug henzocaine can produce @ nerve bloc
even though it has no tertiary amino group
and is negligibly charged at pH 7.0 (fig. 4.
Both the rate of onset and the extent of the
steady-state conduction block by benzocaine
are independent of the external pH and are
about equal to the corresponding values for
procaine block at pH 93 Second. quantita-
tive analysis of the results of the internal
perfusion experiments deseribed in L4, where
the effects of internal and external pH on
anesthetic potency were examined, indicates
thatsome anesthetic potency must be assigned
to neutral species. (In the original analysis it
was assumed that the pH inside the axon

responded rapidly and sensitively to changes
in external pH,™ although many experiments
on nerve and muscle cells have shown that
the internal pH responds slowly and little
to external pH changes® ) The sodium per-
meability of the nerve membrane is also
selectively inhibited by aliphatic alcohols®
and the neutral form of harbiturates.® What-
ever the molecular mechanism of these neu-
tral compounds may be, their potency supports
the notion that active anesthetic molecules
need not be electrically charged.

In summary, both cationic and neutral
species of anesthetics are active in blocking
conduction. Their relative potencies probably
depend on o number of variables, including
the anesthetic being tested, the assay methods,
and the particular nerve tissue used in the
assay (sce table 1). The relative anesthetic
sensitivities of large and small nerve fibers
are discussed at the end of this review.

11. Specific models of anesthetic block

By what mechanism can local anestheties
affect sodium permeability® There are cur-
rently three general hypotheses to explain
the mechanism of local anesthetic block.
Anesthetics may interfere with the membrane
permeability by expanding the plasma mem-
brane, by binding to the membrane surface
in the charged form and changing its proper-
ties through an alteration of the electrical
potential, or by combining with a specific
receptor in the membrane. There is evidence
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that all of these phenomena do oceur, and the
critical problem is to determine which are
important as anesthetic mechanisms. A fourth
hypothesis that local anesthetics displace
citleium ions from some site on the membrane
where calcium regulates sodium permeability.
The calcium-interference mechanism  is
usually aseribed to an electrostatic competi-
tion between Ca™ and cationic local anes-
thetics for negatively charged membrane sites.
Therefore, it is discussed after the section on
surface potential changes.

1. Membnine expansion

The membrane expansion theory of anes-
thesia states that anesthetics absorb to hydro-
phobic regions of excitable membranes, ex-
panding some critical region(s) in the mem-
brane and thus preventing the sodium per-
meability increase.® This theory paraphrases
on a molecular scale the Meyer-Overton law
of anesthesia: anesthesia occurs when the
concentration  of chemically  inert sub-
stance reaches some critical value in the men-
brane.®3 The Meyer-Overton law describes
the thermodynamic state required for general
anesthesia, usually in terms of concentration
of mseous or volatile anesthetic, and has
been modified by Ferguson™ and by Mulling™
to make the chemical activity and the molecu-
Jar volume, respectively, the critical modali-
ties for anesthesia. Gascous anesthetics can
produce local anesthesia, but the conduction
block requires ten times the concentration
necessary to produce general anesthesia®
The extensive literature on general anesthesia
and membrime interaction has been reviewed
by Mullins.

are absorbed, there

are increases in the volume of nerve mem-
brane® and in the fluidity of the membrane
interior.® The membrane volume changes by
at least 4-6 per cent in biological samples™
(the real value may be as high as 10-15
percent) exposed to local anesthetics in nerve-
blocking concentrations, but the volume
changes of phospholipid—cholesterol mem-
branes are much smaller.¥ Apparently the
membranes must contain protein to show large
volume changes. Since the van der Waals
volume oceupied by the absorbed anesthetic
molecules is only about 10 per cent of the

GARY STRICHARTZ
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total increase in membrane volumes, the drugs
must be perturbing the membrane structure
by more than just a space-filling proces 3

Where do local anesthetics interact to
expand the volume? Since pure lipid mem-
branes are expanded little compared with
biological membranes, some  investigators
h.l\c suggested that proteins are the targets
of anesthetic action.* The membrane phase in
which anesthetics dissolve may be reflected
in measurements of the free energy of absorp-
tion of anesthetics by membranes. The fre
energy of alcohol anesthetic absorption by
cr_\'thmu_\'lc membrunes agrees better with
the free energy of uptake into hydrocarbon
solvents than with that of uptake into pro-
teins. " But the proteins used in these
thermodynamic measurements may  have
lacked the hydrophobic surface of membrane
proteins. Furthermore, thermodynamic meas-
urements of anesthetic uptake into the bulk of
the membrane may obscure the interaction
of the drug at a critical site present in rela-
tively low density. Indeed, anesthesia pro-
duced by the neutral molecule TEMPO is
enhanced by an increase of the atmospheric
pressure around the nerve, which also in-
creases the TEMPO population in relatively
polar sites in nerve membranes.#*# Of course,
anesthetics are probably dissolved throughout
the membrane as well as at the jonic channels;
at blocking concentration there may be as
many as 10* local anesthetic molecules in the
membrane for each sodium channel.®

The dynamie behavior of membrane lipids
is modified by local anesthetics. During anes-
thesia the lipid hydrocarbon tails in the mem-
brane can rotate and bend more easily and
the membrane interior becomes less or-
dered. #3531 The membrane also appears more
elastic to lateral stress since the anesthetics
stabilize it against osmotic ly The in-
volvement of lipids in the dynamices of sodium
channels is not known, but while the bulk
of the membrane interior becomes more fluid

during anesthesia, the rate of opening of

sodium channels becomes a little slower."
At least one appealing feature of the mem-
brane-expansion theory is its universal
application. It would explain the actions of
general and local anesthetics by a single
mechanism.’* However, there is no reason
to expect these drugs to act similarly, es-
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pecially when they are so different chemically.
General anesthesia probably results from the
alteration of synapses in the CNS,# where the
ionic conductance mechanisms are quite un-
like those in axons.

Both local and general anestheties block
conduction by inhibiting sodium
permeability selectively® Are the mecha-
nisms of action similar? We do not know.
Changing the atmospheric pressure has differ-
ent effects on local and general anestheties.
Conduction block by gascous anestheties can

axonal

be reversed by atmospheric pressures of

100-200 atm, conduction block produced by
volatile liquid anestheties is only partially
reversible by pressures of these magnitndes,
and block by nonvolatile anestheties is nn-
relieved by pressure®; sometimes it is even
enhanced.™® We might speculate that con-
duction block results whenanesthetics oceupy
membrane sites at sodium channels, crusing
some reversible conformational change in
channel protein. The sites for general anes-
theties nuy differ from those for local anes-
thetics, but they could also be the same, in
which case the different effects of increased
pressure that are observed may be explained
by postuliting different changes in volume
when different types of anestheties bind at the
site of action. Atmospheric pressures of less
than 250 atm do not affect action poten-

tials,*3% so it is most likely that the binding of

gascous and volatile anestheties is reversed
by pressure, rather than that pressure exerts
a direct effect on the conformation of sodium
channels.

In summary, nerve membrines do expand
and become more “fluid” during local anes-
thesia. Expansion may correspond to con-
formational changes in protein resulting
from anesthetic binding, but this has not been
proven. At preseat there is no direct evidence
that conduction is blocked by the membrane
expansion per se, and the theory remains
difficult to test experimentally.

2. Changes in membrane surface charge

The second hypothesis proposes that local
anesthetics act by binding to the membrane
and changing the electrical potential at the
membrane surface 3% According to this
hypothesis, cationic drug molecules are
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aligned at the membrane—water interface with
their lipophilic portions in the hydrocarbon
core of the membrane and their charged polar
ends at the polar, aqueous surface (fig. 6B).
Since some of the anesthetic molecules carry
a net positive charge, they will make the elec-
trical potential at the membrane surface more
positive and thus decrease excitability. This
hypothesis is consistent with the observa-
tion that positively charged anesthetics in-
side axons are more potent blockers than
neatral ones: it requires that the dominant
change in electrical potential occur at the in-
side surface, of the nerve membrane. Local
anestheties are known to absorh to lipid bi-
lavers and change their surface potentials.®
These potential changes depend on the anes-
thetic structure in the same order as do the
blocking potency.® surface tension changes
and monolayer penetration.™

The electrical potential at the surfaces of mem-
branes may be measured by several methods. The
one most frequently used relies on changes in the
cation conductance induced by certain antibiotics
in protein-free, artificial, lipid-bilayer membranes.
These membranes are very similar to the lipid
bilavers of biological membrnes in  structure
and composition, except for the absence of pro-
tein. When the membranes are doped with cer-
tain antibiotics, which act as cation “carrie
the membrane cation conductance increases by
several orders of magnitude®** This cation con-
ductance is very seusitive to electrical potentials
at the membrane surface because the conductance
depends on the cation concentration at the mem-
brane-water interface, and this concentration is a
function of the surface potential. The conductance
acts as a voltmeter to measure surface potential
changes ata molecular scale.® Followingaddition of
charged local anestheties to these bilayer mem-
the carrier-mediated ion conductance
ing that the surface potential has
ive ™

branes
decreases, indi
become more pos

There are sevenal objections to the surface-
charge hypothesis as a unique explanation of
anesthetic action. It cannot explain the ability
of uncharged anesthetic molecules to block
nerve impulses. (The carrier-mediated con-
ductances in bilayvers, mentioned above, are
not inhibited by the neutral anesthetics benzo-
caine and benzyl alcohol, or the uncharged
forms of dibucaine and tetracaine® from
which we conclude that alkali metal carriers
are poor models for the sodium-permeability

20z ludy 21 uo 3senb Aq ypd-z1.000-000019.61-Z2¥S0000/1 L9229/ L.2/IS¥/HPd-01on1e/AB0|0ISOUISaUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



430

membrane

o
|

outside

-~
]

(A)

S

(8)

(c)

mechanism in nerve.) Still, the cationic, pro-
tonated species of amine anestheties could
block conduction by altering surface po-
tentials.

Changes in surface potential could alter the
sodium conductance of the membrane by three
mechanisms. The local potential difference
across the membrane at the sodium channel
could be changed, thus shifting the apparent
transmembrane potential (measured be-
tween bulk solutions) needed to “turn on™
the sodium channels (fig. 6). Such an effect
would appear as a shift in the relationship
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FI1G. 6. Profiles of electrical potentials
in nerve membrnes. A, the solid line
shows the electrical potential profile
a sodinm channel. The potential
sured by electrodes in the bulk
solution, V, the sum of the potential
change across the insnlating region of
the membrane, . and the difference in
the potentials at the outside and inside
surfaces of the membrane, &, and o,
pectively. The surfuce potentials,
are due to negative charges on mole-
cules fixed to the membrane (from

McLaughlin and Haranv'™=). B. hypo-

thetical adsorption of charged local

anesthetic molecules to the outside

surface of the membrane would make

the surfuce potential less negative by
\pi an amount A, Dashed line is the
— original profile from A. The potential
profile then becomes steeper be
the decrease of &, appears
of @, Raising the extermal Ca®”
concentration would have the same
effect. C, the transmembrane potent
b, can also be iner d by increasing
V,, while keeping ¥, and ¢, constant.
The permeability of the sodinm chan-
nel responds only to the electrical po-
across the membrane, ®. Thas
ates of sodium permeability are
the same in examples B and C.

conductance and membrane po-
tential along the potential scale {(see fig.
7B, C).&=% In fact, shifts like this do oceur in
some anesthetized axons where the “inactiva-
tion” aspect of sodium conductance is shifted
dramatically (see ILdc). But large shifts
of inactivation vs. voltage also occur when
uncharged benzocaine is the anesthetic (B.
Hille, personal communication), so they can-
not be explained uniquely by a surface-
charge mechanism.

A second mechanism involving surface
charges oceurs by a lowering of the conduct-
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ance of open sodium channels. The charged
anesthetic, acting presumably at the inner sur-
face, would bind at or near the sodinm channel
and thus prevent ionic flow by electrostatic
screening. Channels could be blocked by
anesthetic molecules that introduce a positive
charge sufficiently near the nomal pathway
for ions, thus increasing the free energy
needed for ionic trunslocation far above the
available thernutl energy.® Recent evidence
shows that charged anestheties must not be
binding near the external openings of sodiumn
channels because they do not displace posi-
tively charged toxins, which are thought to
bind reversibly at this site.~= The physio-
logic action of these toxins,
voltage-clamp  experiments, s
pendent of the presence of local anestheties.™
The second hypothetical mechanism must
then only occur when cationic anestheties
bind atthe inner openings of sodium channels.
There is increasing evidence that such bind-
ing does occur (See Section 11.4).

The third mechanism hypothesizes  that
changes in surfuce potential affect general
membrane structure (e.g2., cause expansion)
and thereby interfere with the normal opera-
tion of sodium channels. This mechanism is
one step removed from the primary mem-
brane-expansion hypothesis and is similarly
difficult to test by direct experimentation.

While changes in surface potential may not
explain the mechanism of nerve block by local
anesthetics, such changes are probably very
important in explaining the effects of local
anesthetics on a variety of biological phe-
nomena, as well as in understanding the
binding of any charged molecule to & mem-
brane surface.

measured  in

also m(lc-

The electrical surface potential will be altered
by charged anestheties adsorbing to any mem-
brane.® Furthermore, the adsorption of the drug
depends on its concentration in the solution adja-
cent to the membrane® and that concentration
itself depends on the membrane surfuce potential.
This follows because the anesthetic is partially
charged and therefore its free energy, and equi-
librium distribution. will depend on the electrical
potentials in the different phases of the sys
Thus, the more anesthetic that is .\(lmrbcd the
more positive the membrme potential becomes
and the lower the concentration of charged anes-
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F1G. 7. Sodinm permeability is affected by local
anesthetics intwo w A, the patterns of- membrue
potential (E;) and membrane sodium current (1)
during a voltage-clamp experiment. Peak sodium
permeabilit caleulated by measuring peak
current (Iy,) s Sodium permea-
bility is maxim s a large membrane
depolarization (solid line in B) that is preceded
by a longer, hyperpolarizing pulse, E . (solid

line in C). E., depolarizations “active”™ sodium
permeability: E ppae hypemolarizations “remove
inactivation,” and in the absence of a hyperpolariz-

ing prepulse Iy, is smaller (dashed line in A).
B, The effects of 0.5 mM lidocaine on sodinm
activation are illustrated as dotted lines: C, the of-
fects of 0.6 myt GEA-968 on sodium inactivation
are shown as open circles connected by dashes.
For comparison, the effects of increasing external
Ca* from 2 to 20 myM are shown as a broken
line (control data from Hille®; lidocaine data from
Strichartz, unpublished obsernvations; GEA Y68 data
from Courtney™, and Ca™ data from Woodhull®
and Hille, Woodhull and Shapiro™).

thetic in the local solution at the membrune sur-
face. Since the local surfuce potential near the
sodium ch cons bas been estimated to be
as negative a value as —60 mV,® the initial con-
centration of the cationic species of anesthetic at
this locale will be ten times the concentration in
the bulk solution.®* Analogously, the proton concen-
tration at the membrane surface will be increased
by the same factor by the negative surface po-
tential. Hence, the proton-association constuant (and
the pK) of anesthetics is not changed by surfuce

mel it
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potentials. This restriction holds for any titratable
molecule that is not fixed to the membrane.

3. Calcium does not interfere directly with
Tocal anesthetie activity.

One frequently mentioned mechanism for
anesthetic block is the displacement of Ca*
from some membrime site that controls sodium
permeability. 3959 This mechanism is very
improbable for three reasons. First, while
Ca®- is known to shift the voltage-dependence
of sodium-permeability variables®™ (sce fig.
<B. C). such shifts urise from alterations of
surface potential through diffuse. nonspecific
mechanisms. 543 The specific binding of Ca®~
to sodium channels has been ruled out as a
regulating mechanism. ! Local anesthetics
are quite different from Ca3” in their effect
upon nerve membranes; local anesthetics de-
press sodium permeability but have only
marginal effect on the voltage-dependence of
sodium permeability.#13337 The sodium-in-
activation modality is shifted significantly
by some local anesthetics, but this shift is
produced by drug molecules inside the axon.
These molecules need not be charged (Sec
tion I1.4.¢), so the mechanisim must differ from
that of Ca*~. While there is some evidence
that increased internal Ca®™ may enhance
potassium permeability,™7* no such effect on
sodium permeability has been observed.

Second, the block by local anestheties can
be enhanced by stimulating nerve fibers®
However, inhibition by external Ca® does not
behave this way. It anything, depolarization
of the axon would relieve a caleium block of
sodium channels.™

The most critical evidence against the Ca®~
displacement mechanism is that varving the
concentration of Ca®~ bathing 1 myelinated
nerve fiber or squid axon has no effect on the
potencies of applied local anesthetics 3=
Whether the fiber is blocked by external
procaine®=? or lidocaine, the relative block
does not vary with Ca?™ concentration. While
these results differ from earlier findings in a
study of lobster axons 5 the discrepancy may
arise from morphologic differences. Lobster
avons are tightly bounded by a glial sheath,
and the access route of local anesthetics must
be through the glial cells. Calcium might con-
ceivably hinder the passage of local anes-
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theties across glial membranes, sinee it is
known that Ca** and anesthetics bind an-
tagonistically to some membrane sites.
In a myelinated nerve fiber. however. the
diffusion barriers to the nodal membrane
are insignificant for small molecules, so an
analogous interaction between Ca™ and local
anesthetics would not exist.

Note added in proof: The preceding evidence
(11.3.) has been cited to support the argument that
there is no direct interaction hetween Ca#* ions and
Tocal anesthetics. However, there is evidence foran
indirect antagonism between Ca®™ and local anes-
theties in nerve membranes. Local anestheties alter
the voltage-dependence of the sodium inactivation
function (see section [L4ce); in the presence of
exterally applied anestheties larger hyperpol
tions are required to “remove inactivation.” Both:
the normally-present, fast inactivation,” and, par-
ticularly, the slow inactivation induced by local
anestheties can be removed by hyperpolarizing
the membrane potential by 30-40 m\ for a few
, personal conpnunica-
e the voltage-de-
dtion is to increase the

iza-

minutes (ref, 2
tion). Another way
pendence of sodium inacti
exterm] Ca®* concentration; elevated Ca®* changes
the inactivation functions in the same way as
hyperpolarizing the membrane. Thus, certain local
anesthetics (... procaine, lidocaine) produce a de-
crease of Py, (slow inactivation) that can be re-
moved either by holding membrne potentials at
very negative values (=110 mV) or by raising the
external Ca® concentration (from 2 to 20 map).
Under these conditions it appears that external
Ca®~ ions antagonize the blocking action of local
anestheties, but the apparent antagonism nay oceur
because the two agents have opposite eflects on
sodium  inactivation and still need not interset
directly with cach other. (The reason this wis not
seen by investigators in refs, 20, 22, and 72 s that
cither they did not induce slow inactivation by long
depolarizations, or they were already holding the
membrine pnh:uti;ll at ~ —100 mV and removing
any slow inactivation.)

4. The specific-receptor hypothesis

The third hypothesis proposes that local
anesthetics act by complexing with specific
receptors in the nerve membrane. The ace-
tion of the drug is direct, not mediated by
some change in general membrune properties.
The idea of specific receptors was developed
to explain the effects of intr-axonal quaternary
lidocaine derivatives upon sodium  per-
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wd it has remained consonant
tions on several tertiary local

meabilits
with obser
anesthetics. The hypothesis stems from the
following observations.

a. Quaternary local anesthetie derivatives

interuet directly with sodium channels

When quaternary lidocaine derivatives (QX)
are present inside an axon, the extent to
which action potentials are inhibited
function of the frequency of stimulation
(Recall that QX compounds are inactive when
outside the nerve membrune.) The faster the
rate of stimulation, the greater the inhibition.
This phenomenon is called “use-dependent
inhibition™ and 1 been observed for a
variety of local anestheties and antiarrhythmic
N prociaine

agents, e.g., prociing on nerve:
and procainamide on atrial musele,* and lido-
caine on single nerve fibers and isolated
papillany muscles.™®

The mechanism of use-dependent inhibi-
tion was clarified by voltage-clamp experi-

ments. A brief description of the response of

normal sodinm permeability under voltage-
clamp will facilitate an understanding of the
results of the QX study.

There are two aspects to sodium permeabil-
ity, and both can be directly controlled by the
voltage-clamp. These aspects are illustrated
in figures 3 and 7A. When the membrane is
subjected to  depolarizing “test”  pulses,
sodium permeability undergoes a transient
increase (Cactivation™). Test pulses of in-
sing depolarization amplitude produce in-
sing permeability changes, up to some
limiting value (fig. 78). In other words, the
number of sodium channels that open depends
on the size of the membrane depolarization,
but there are a finite number of chamels and
above some membrane potential all of them
will have opened. If the test pulse is pre-
ceded by a long hyperpolarizing “prepulse”
then the subsequent permeability change
during depolarization will be larger. But
if the prepulse is depolarizing, the per-
meability during the test pulse will be smaller
(fig. 7C). The prepulse, therefore, determines
the extent to which sodium permeability can
be activated. The recruitment of more sodium
channels by a hyperpolarizing prepulse is
called the “removal of inactivation™ (see
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Section L4). These two aspects, removal of
inactivation by prepulses and activation by
test pulses, must be maximized for all the
sodium channels to be opened.

A "use-dependent” type of inhibition is ob-
served in voltage-clunp  experiments on
nerve fibers with QX inside. The QX inhibi-
tion is enhanced when the nerve is de-
polarized by pulses that would normally open
the sodium channels; the block is minimal
when the nerve is at rest and grows as the
nerve is stimulated with a tmin of brief
depolarizing pulses, finally reaching a new
steady-state inhibition. When such depolariz-
ing pulses are preceded by hyperpolarizing
prepulses the rate at which inhibition grows
is enhanced.® In normal, drog-free nerve
fibers, this is a pattern of stimulation that both
increases the activation of sodium permeabil-
ity and removes sodinm inactivation. The

onset rte of the use-dependent block and
the removal of sodium inactivation depend
upon the prepulse voltage in almost exactly
the same way (fig. 7C). ie., the block by
internal QX both becomes larger and increases
at a fuster rate as more sodium chanuels
are opened. This suggests that the sodium
channels themselves are directly involved in
this type of anesthetic block.

The use-dependent QX block will per:
for minutes if the nerve is returned to rest
and the sodium channels remain closed. But
the block is reversed faster by brief, small
depolarizing pulses that open the channels.
The reversal rate is proportional to the fre-
quency of application of the pulses, that is, to
the fractional time that the sodium channels
are open. It also depends on the prepulse
voltage, as did the onset rate of the block, al-
though the relationship between reversal rate
and prepulse voltage is not the same as the
relationship between normal sodium inactiva-
tion and prepulse voltage. Specifically, larger-
than-normal hyperpolarizing prepulses are
necessary to remove sodium inactivation in
QX-blocked channels. In other words, the
work necessary to muke sodium channels
available for activation increases when the
channels are blocked by quaternary local anes-
thetics.

All these results strongly support the idea
that anesthetic molecules combine selectively
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with “open” sodium chanuels
nels bound by drug molecules can close
and prevent the drugs from dissociating. The
inactivation mechanism of sodium channels
appears to be explicitly involved in QX bind-
ing. When channels are inactivated QX does
not bind to them and, reciprocally, the in-
activation of QX-blocked channels is harder to

remove =

b. Tertiary amine local anesthetics block like
their quaternary derivatives

To what extent does the normal action of
tertiary amine local anestheties resemble that
of their quaternary derivatives? They re-
semble each other in several aspeets. One al-
ready mentioned is that conditions of pH
that favor the presence of the protonated,
ationic form of tertiary anesthetic inside
nerves enhance anesthetic potency. How-
ever, this result might be merely fortuitous,
and it would be particularly gratifving if some
similar receptor specificity could be shown for
tertiany local anestheties and their quaternany
derivatives. This has, in fact, been shown us-
ing the tertiary amine anesthetics RAC 109
Land 11 (fig. 4. Structurally, they differonly in
being enantiomers, but their anesthetic po-
tencies differ by a factor of 2 or more.® The
two enantiomers are taken up equally by
nerves, and their partition coefficients be-
tween solvents are identical, so the potency
ditference must result from differential bind-
ing to the receptors.™

The potencies of RAC 109 T and I on
voltage-clamped, single myelinated nerve
fibers have been compared with the potencies
of the respective quaternary derivatives, RAC
421 1 and 11, applied inside the axons® In
both cases, with tertiary compounds outside
or quaterary compounds inside, enantiomer
blocked more than enantiomer 11, even when
emntiomer I was applied at twice the con-
centration. Similar results held when RAC 109
I and its quaternary derivative, RAC 421 1,
were compared with lidocaine and its
quaternary derivative, QX-314: RAC 109 I was
several times more potent than lidocaine, at
pH 8.3, and RAC 421 I was severalfold more
potent than QX-3142' Hence, the receptors
have similar stereospecificities.
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¢ Sodium inactivation is moditicd by local

anesthetics

A second similarity between tertiary and
quaternary compounds is that the inhibitions
produced by hoth are dependent on stimula-
tion frequency.  Use-dependent  inhibition
induced by a quaternary derivative of lido-
aine (QN-31HD v deseribed above. The
same effeet appears with internal RAC-421
and with a slightly lipid-soluble guaterns
compound, QX-372, applied internally or ex-
temally.® Several minutes  clapse before
ternal QN-572 produces block, probably
because it must traverse the membrane to
reach its site of action. ™™ Tertiary amine
local anesthetics also produce use-dependent
block. An experimental lidocaine derivative,
GEA-968. showed dramatic frequency de-
pendence even when volta amp pulses
were applied at a frequency of Usee® The
blockages produced by lidacaine, procaine
and procainamide are also enhanced by de-
polarizing pulses Higher stimulation fre-
quencies are necessary to develop use-de-
pendence with th anesthetics, probably
because their “affinities” for open sodimm
channels are lower than the affinities of QX
compounds and of GEA 968. Thus. many
tertiary local anesthetics manifest the use-
dependent  behavior seen with internal
quaternary anesthetices.

The sodium-inactivation gate is affected by
tertiary as well as quaternary compounds.
The voltage-dependence of inactivation is
shifted similarly by both types of compound
larger hyperpolarizations are necess:
move inactivation in anesthetized nerve fibers
(fig. 7C). 2= Weidmann has observed similar
results on mammalian Purkinje fibers treated
with cocaine. and was the first to attribute
shifts of inactivation to the influence of local
anestheties:® Aceves and Machne found that
the action potentials of frog spinal ganglion
cells treated with procaine are aflected by
hyperpolarizing prepulses in a manner con-
sistent with this inactivation shift* Further-
more, after the inhibition of sodium currents
in tertiary drug (GEA 968)-treated fibers is
increased by a train of brief depolarizing
pulses the inactivation functions are shifted
even further. Again, as with quaternary drugs,
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the onset of use-dependent block is enhanced
by the removal of sodiamm inactivation. Last,
with both external GEA 968 and internal
OX-314, the times needed for a hyperpaolariz-
ing prepul inactivation are
lengthened.

Despite the strong parallels between the
effects of tertiary and quaternary anesthetics,
there is o signal difference. Recent experi-
ments by Khodorov and colleagnes on frog
node of Ranvier have revealed another as-
pect of anesthetic block called “slow inace-
tivation.”® Slow inactivation refers to a de-
crease in sodivm permeability hronght about
by long (tens to hundreds of milliseconds)
depolarizations in the presence of externally
applied tertiary-amine anesthetics. The phe-

remove

nomenon is not observed in the presence of

internally applied tertiary or quaternary mole-
cules, or benzocaine. From studies of the
kineties of slow inactivation and its de-
pendence on membrane potential, Khodoroy
et al. conclude that it results from the binding
of anesthetic molecules to inactivated soditm
channels. To explain the several different ef-
fects of local anestheties and derivatives in-
side and outside nerve membranes, they
propose a variety of anesthetic receptors on
the macromolecular complex of the sodium
channel. The extent to which slow inactiv:
tion actually reduces Py, depends on the rest-
ing membrane potential, the pulse fr
quencey, and the pulse duration; therefore. its
contribution to conduction block cannot he
castally assigned. What is clear from the work
of Khodorov et al. is that certain receptors
for anesthetics are accessible only from the
external membrne surface and their occu-
paney produces effects different from those of
the occupancey of “internal” receptors.

In summary. there is good evidence that
both tertiary and quaternary local anesthetics
act by binding to sodium channels. Under
some conditions (internal quaternary, tertiary
drugs). the channels must be “opened™ in the
normal, ion-conducting sense for the drugs to
bind, and the binding is weakly stereospecifics
in particular. the inactivation of the channels
must be removed before the appearance of a
use-dependent anesthetic block. Under other
conditions (external tertiary amines) channels
must be inactivated by long-lasting depolariza-
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tions to produce slow inactivation. In either
sase, once the channels are blocked the normal
inactivation response becomes significantly
constrained.

The interaction hetween open sodium chan-
nels and local anesthetic molecules may oceur
with neutral as well as charged species. Pre-
liminary studies with benzociine reveal that
this neutral anesthetic probably blocks by a
similar mechanism. During  benzocaine
block the inactivation modality is shifted along
the voltage axis in the hyperpolarizing diree-
tion by tens of millivolts (B. Hille, personal
communication).

d. The nature of the anesthetie binding site

Initial studies of the ellects of internally
applied QX-314 suggzested that the drug mole-
cules were bound in the agueous pores of
the channels at some point about halfway
through the membrane.® This reasoning
followed the observation that the block by
QOX-314 continued to be enhanced by depolari-
zatious of increasing amplitude. even at vol-
tages above those that normally opened all
the sodium channels. Apparently the actual
binding reaction of drugs with fully opened
sodium channels was  voltage-dependent.
The simplest madel for a voltage-dependent
binding reaction envisaged the cationic QX
molecules being “electrophoresed”™ down the
sodium channel under the influence of mem-
brane depolarizations (see refs. 7,71). These
observations on QX-314 have now been ex-
tended to the tertiary local anesthetics by
Courtney,”™ who has reached similar con-
clusions based on his thorough study of
GEA-968.

It appears that the sodium channel may
have one internal binding site for different lo-
cal anesthetics, and the results of a few experi-
ments reported here suggest some properties
of that site. First, hydrophobic interactions ap-
pear to account for a significant part of the
binding energy. Not only are the most lipo-
philic tertiary drugs the most potent, but these
parallel properties hold also for the internal
quaternary compounds (table 1). Since the
internal quaternary compounds do not cross
the membrane to produce block, their potency
differences cannot arise from differences in
drug permeability through the membrane.
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The weak stercospecificity of the drug re-
ceptor diseriminates among local anesthetic
enantiomers around an asymmetric carbon
located in the bulky. lipophilic regions of the
anestheties (fig. 4). This portion of the drug
molecule is not indiseriminately “dissolved”™
in the hydrocarbon interior of the membrane,
but neither is it enveloped by some rigid,
tightly-fitting receptor. 1f it were, the stereo-
specificity would be more pronounced.

The tertiary or quaternary amine  group
has always seemed important for anesthetic
function.¥* Yet two observations question
that assumption: 1) benzocaine lacks the
terminal alkyl amine, vet isa potentanesthetic,
acting quite similarly to amine-containing
molecules: 2) quaternary ammonium  com-
pounds containing tri-ethylunmonium groups
identical to those in quaternary lidocaine anda
lipophilic “tail”” do not block sodium channels
(at 20 times the concentration of internal
QX).8% These quaternary mmonium com-
pounds Lack the ester or amide linkage com-
mon to the local anesthetices and their deriva-
tives. Evidently these linkages are important
for local anesthetic action. The polar nature
of the oxygen- and/or nitrogen-containing
bouds may be important, since procaine de-
rivatives containing the more electronegative
Se or S atoms in place of oxygen at the ester
bond are more potent than procaine itself**
And GEA 968, which is derived from lido-
caine by adding another amide bond in the
alkvl chain to the terminal amino group
(fig. ). is more potent than lidocaine, and
appears to bind more tightly to the sodium
channel, since it produces a use-dependent
block at relatively low action-potential fre-
quencies.™® GEA is a larger molecule, and
larger, bulkier anesthetic molecules tend
to be more potent (table 1): such molecules
are almost always more lipophilic, so the effect
of size alone is not clear. However, it does
not appear that the anestheties must fit
tightly within a site to block sodium perme-
ability.

We must be cautions in interpreting these
results as a literal picture of a locul anes-
thetic binding site or of a sodium channel.
In particular, mechanieal analogies should be
viewed suspiciously. At a molecular level.
drugs may exert their effects on membrane

GARY STRICHARTZ

components through the electrostatic forees,
at distances of as much as 50 A as well as
by van der Waals occupancey at (0.5 \ separa-
tions. Morcover. the physical properties that
determ clinical anesthe v
cuide the drug maolecules to their site of ac-
tion without heing necessary for binding at
the site. The structural requirements for anes-
thetic function should become clearer as the
techniques of voltage-clamping and internal
perfusion of drugs are applied cmatically
to a variety of anesthetic molecules.

ic potency nu

111. Differential anesthetic block of large
and small nerve fibers

One of the oldest observations about local
amesthetic block is that sensation is lost be-
fore motor function.™ There are two pertinent
questions concerning such a differential block:
is the selectiv
the rate at which sensory fibers are blocked
compared with motor fibers, or is there a
differential sensitivity at the steady state, so
that different concentrations of anesthetic
produce an absolute differential block? Cer-
tainly nerve fibers of smaller diwmeter are
blocked at lower concentrations of procaine
and cocaine than fibers of larger diameter® -
Thus, large, myelinated Ac fibers continue to
conduct impulses after the smaller Ay and A8
fibers have been completely blocked ™ The
blockade of conduction in nonmyelinated
C-libers shows anamesthetic concentration de-
pendence like that of A8 fibers,"™ but some
C-fibers often conduct impulses, although
somewhat slowed, after all the Ad and even
some of the Ay fibers have been blocked. s
Reports that small fibers were blocked more
rapidly than large fibers by supra-critical
anesthetic  concentrations have not been
substantiated in studies of individual nerve
fibers. !

Of the several explanations for difterential
block, the one proposed by Franz and Perry™
seems most tenable. These authors examined
the estent of differential block by monitoring
single nerve fibers contained in a nerve that
was  exposed to anesthetic over  different
lengths. When the length of the bundle ex-
posed to anesthetic solutions was 4 mm or
more, all fibers were blocked by 0.2 per cent
procaine, but when the exposed length was

lo:

of sensation a result of
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only 2 mm. A8 fibers could be blocked com-
pletely with no hlock of Aa fibers. Based on
these results, Frunz and Perry proposed that
differential block results from the variation in
critical lenzths of fibers of different dimmneters
that must he exposed to anesthetic. Accord-
ingly, differential block is a manifestation of
the electrical differences wmong the nerves
arising from their geometric differences.
Consider. for example, a large-diameter
myelinated nerve fiber and a smali-diameter
myelinated nerve fiber. In myelinated nerve
fibers action potentials are propagated from
node to node by a flow of current down the
axoplasm of the internodal region: “active.”
net inward current is not generated at places
other than the nodes ™ The extent of de-
polarization that occurs at a resting node due

to an action potential at an adjucent node
depends on the amount of current flowing
from the adjacent node. Usually the current
is sufficient to depolarize the resting nodal
membrane far above its threshold potential
and the generation of the action potential in
the adjucent node is ensured. One or even two
nodes along the fiber can be blocked, and
sufficient current will reach the third node to
an depolarization to  threshold, but if
three nodes in a row are blocked, then propa-
aation of the impulse will fail. ™ Sinee the
numbers of nodes along a given length of
nerve sely with diameter, smaller-
dianmeter myelinated fibers will have more
nodes exposed along a unitormly anesthetized
nerve tract than will Larger-diameter fibers.
Thus, for some eritical length the small-
diameter fibers can be blocked absolutely
while the large-diameter fibers still conduct.
For example, within the 2 mm of nerve tract
exposed to anesthetic in the study of Franz
and Perry, most of the delta fibers (0.3-0.7
mm internodal length) will have at le
nodes blocked. but few of the alpha fibers
(0.8-1.4 mm internodal length) will have
more than one node blocked. ™ The critical-
length hypothesis also explains the differential
rate of blocking that has often been reported.
As the anesthetic diffuses through the nerve
bundle it first reaches a blocking concentra-
tion over a length sufficient to block small
axons before spreading over lengths sufficient
to block large axons also.

st three
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Differential anesthetic susceptibility be-
tween myelinated and nonmyelinated axons
requires a more  detailed  explanation. In

principle, the critical-length argument  of

Franz and Perry is also applicable to nonmye-
linated fibers, because the length that must
be exposed to anesthetic to cause conduction
failure will also be shorter for smaller-diam-
eter nonmyelinated fibers. However, it is very
diffienlt to make predictions of the relative
conduction-blocking potencies of anestheties
on myelinated s, non-myelinated axons since
such predictions require a knowledge of the

specific membrane properties. such as the
soditm and potassium currents flowing during
small depolarizations and the resting mem-
brane resistances. These data are not cur-
rently availablet™

Differential block of sensory over motor
function is a subjective experience as well as

an experimental observation. The selective
loss of sensation may depend on more factors
than just fiber diameter. Although sensory im-
pulses are transmitted via nerve fibers that
are, on the average, smaller than motor
nerve fibers, they also are often trunsmitted
as bursts or trains of impulses. Under clini-
cal conditions, where the patient is often
Iving down. the relative activity in motor
fibers may be abnormally low. It was pre-
viously reported that anesthetic effectiveness
it higher stimulation frequencies.,
so we would expect sensory signals to be
preferentially  blocked.  especially  during
transition  into the anesthetized  state
In fact, transition (Wedenskid block is char-
acterized by a selective failure ot high-tre:
quency impulse transmission and, further-
more, this impairment appears to be more
severe in small axons than in farge axons.*™

increases

Summary

Localunestheties block nerve conduction by
preventing the increase in membrane per-
meability to sodium ions that normally leads
to a nerve impulse. Among anesthetios con-
taining tertian: amine groups, the cationic,
protonated form appears to be more active
than the neatral form. However, the neutral
torms. as well as uncharged molecules like
benzocaine and the aliphatic aleohols, also
depress sodinm permeability.
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Studies of single myelinated nerves and
squid axons show no direet interaction be-
s and local anesthetics, thus
+d on competition be-

X3

tween caleium io
disproving theories |
tween these twoagents. Likewise, hypothe
attributing  local anesthesia to changes in
electrical potentials at the membrime—water
interfice are disproven by the demonstrated
potencies of electrically uncharged anesthet-
ics. Hypotheses that propose that local
anesthetics act by expanding the nenve mem-
brane and causing a change in protein con-
formation that blocks sodium permeability are
vague in conception and  difficult to test
experimentally.

Evidence from voltage-clamp  studies of

single nerve fibers indicates that anesthetic
molecules interact with the sodium channels
directly, from the immer side of the nerve
membrane. Anestheties bind within sodium
channels which have opened during mem-
brane depolarization, preventing the nonnal
sodium jon flux. Anesthetic molecules can
dissociate from open channels, but not from
channels that remain closed when the nerve is
kept at rest. The “gating™ properties that
reaulate the opening and closing of sodium
chinnels are reversibly  maodified  during
anesthesia, Specifically, the inactivation fune-
tion responds more slowly and requires more
tive membrane potential changes to reach
ame values as in unanesthetized nerves.
ond. slow inactivation is observed follow-
sternal application of tertiary amine anes-
theties.

The selective binding of anestheties to
open sodium clannels provides a simple
explanation for Wedenski inhibition, in which
the block increases with the frequeney of
nerve impulses. When impulses  oceunr at
higher frequencies more sodium chanuels are
open over a period of time comparable to the
time necessany for the anesthetic binding reac-
tion, thus more channels are blocked. In addi-
tion, the changes of the inactivation fimction
result in a longer refractory period and, thus,
a decrease of impulse height at higher fre-
quencies.

Charged anesthetic molecules may bind in
the pore of the sodium channel. Their bind-
ing can be modulated by the eleetrical field
in the membrane. The channel has o higher

GARY STRICHARTZ

aflinity for larger anesthetic molecules, but
this may result from their greater hydro-
phobicity as well as from their size. The bind-
ing site favors molecules that contain more
polar linkages hetween the amine group and
the aromatic residue. Binding of wmine anes-
theties is weakly stereospecific and, surpris-
ingly. shows no absolute requirement for
the terminal alky] ammonium moicty present
in most local anesthetics

The greateranesthetic sensitivity of smaller-
diameter nerve fibers probably arises from the
differences in critical Tengths of axons that
must be exposed to anestheties in order to
block impulse propagation. Snaller-diameter
fibers have shorter length constants, whether
they are myelinated or nonmyelinated, so that
the potential excitability decreases propor-
tionately more over the same anesthetized
length of a small axon than a large one. To
some estent the selective block of sensory im-
pul may be accounted for by the facts
that sensory information is often transmitted
as bursts or trains of high-frequency impulses
and that anesthetic effectiveness often in-
wes demonstrably with increasing impulse

crex
frequency.

The author thanks Professor Bertil Hille for per-
mission to report unpublished observations, Dr.
Kenneth Courtney for allowing him to read his
manuseript before it appeared in press, Raven
Press for permission to use figure 3, and Drs. James
Kelly and Betty M. Twarog for critically reading
this review during its preparation.
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