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Cationic and uncharged forms of a tertiary amine local anesthetic are reported to have different properties and
potencies as nerve blocking agents. However, the relative capacities of each form of the local anesthetic to perturb
the properties of different model membrane systems is unknown. For this reason we have studied the effects of
uncharged lidocaine (high pH) and its quaternary amine analogue (W49091) on the phase transition properties of
DMPS, DPPE and DPPC liposomes using high-sensitivity differential scanning calorimetry. We report that neutral
lidocaine interacts similarly with all three phospholipids. This interaction results in a decrease in the temperature
of the gel - liquid crystalline phase transition (7p,), an increase in the enthalpy of the transition (AH), and a
slight decrease in the cooperativity of melting. Quaternary lidocaine (W49091), on the other hand, interacts sig-
nificantly with only DMPS; the result being again a decrease in the temperature of DMPS melting, an increase in
AH, and a slight decrease in the cooperativity of the phase transition. These results are interpreted to indicate
that uncharged lidocaine enters the membrane during the DPPE and DPPC phase transitions. In the case of DMPS,
an influx of both charged forms of lidocaine must occur at T,;,. These anesthetic fluxes at the lipid’s phase transi-
tion are suggested to be responsible for the observed elevated enthalpies of the respective transitions. The observa-
tion that the cationic form of lidocaine does not significantly modify the behavior of DPPC and DPPE liposomes
suggests that these lipids are not important components of the anesthetic’s site in nerve membranes. However, the
dramatic perturbation of the properties of DMPS by W49091 suggests that phosphatidylserine may comprise part
of this inhibitory site.

Introduction

Based on the premise that local anesthetics func-
ton in the lipid regions of the nerve membrane, a
large number of studies have focused on the interac-
tions of local anesthetics with model phospholipid
systems. The results of these studies have revealed
several anesthetic-induced perturbations of model
membrane systems which appear to correlate with an

Abbreviations: DMPS, dimyristoy] phosphatidylserine; DPPC,
dipalmitoyl phosphatidylcholine; DPPE, dipalmitoyl phos-
phatidylethanolamine; PS, phosphatidylserine; Tricine, V-tris-
(hydroxymethyl)methylglycine.

anesthetic’s ability to block neurotransmission. From
these model studies several explanations of anesthesia
have arisen which attribute a compound’s nerve
blocking potency to its ability to: (i) melt the sodium
channel’s boundary lipid [1-4], (ii) reduce the
cooperativity of the channel’s associated lipid phase
[5], (iii) disrupt an essential gel = liquid-crystalline
mixed phase domain surrounding the sodium channel
[6], (iv) fluidize the nerve membrane [7,8], (v)
thicken the nerve membrane [9—11], or (vi) expand
the nerve membrane [12].

One aspect of these model studies which has
received little attention has been the effect of anes-
thetic charge on the perturbation of the lipid bilayer
by the local anesthetic. While a detailed description
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of anesthetic binding to lipid membranes does exist
[13,14], little is known concerning the relative dis-
ruptive influences of the charged and uncharged
forms of the anesthetic on the behavior of these
model membrane systems. Since the cationic and
uncharged forms of the tertiary amine local anes-
thetics differ considerably in their properties and
potencies as nerve blocking agents [15-22}, a
thorough understanding of their relative potencies as
perturbers of model membrane behavior would seem
to be necessary before a critical evaluation of the
various explanations of local anesthesia (vide supra)
can be achieved.

The purpose of this investigation has been to ob-
tain accurate information on the effects of uncharged
lidocaine and a quaternary amine analogue of lido-
caine, W49091, on the calorimetric properties of
several phospholipid dispersions. We report that sig-
nificant differences exist between the effects of the
two charged forms of lidocaine on the temperatures,
cooperativities and enthalpies of the DPPC, DPPE and
DMPS phase transitions. These data allow a more
critical examination of the various proposed mecha-
nisms of local anesthesia which are based on model
membrane studies.

Materials

Lidocaine hydrochloride and W49091 were the
generous gifts of Dr. Bertil Takman of Astra Pharma-
ceutical Products, Inc., Worcester, MA. Dipalmitoyl
phosphatidylcholine (DPPC) was purchased from
Calbiochem-Behring Corp. and dimyristoyl phospha-
tidylserine (DMPS) was purchased from Avanti Chem-
ical Co. Dipalmitoyl phosphatidylethanolamine
(DPPE) and N-tristhydroxymethyl)methylglycine
(Tricine) were both purchased from Sigma Chemical
Co.

Methods

Preparation of phospholipid suspensions. DPPC
and DPPE liposomes were prepared by weighing the
desired amount of dry phospholipid (usually 3—4 mg)
into a 25-ml conical flask. The phospholipids were
then dissolved in either warm chloroform (for DPPC)
or chloroform/methanol (3 :2, v/v) (for DPPE).
DMPS was purchased in CHCl, solution so that the

required volume of solution was added directly to the
25-ml conical flask. (The amount of added DMPS was
more accurately quantitated using the phosphorus
assay of Bartlett [23]). In each case the solvent was
removed on a rotary evaporator at 40°C, and the
lipid-coated flask was placed in a vacuum chamber for
two additional hours to remove any residual solvent.
The lipid-coated flask was then heated to a tempera-
ture 10 degrees (10 K) higher than the melting tem-
perature of the lipid and prewarmed Tricine buffer
(20 mM Tricine plus 120 mM NaCl adjusted to the
desired pH) was introduced into the flask to achieve a
final lipid concentration of 0.5-1.0 mg/ml. The sus-
pension was vortexed for 30 s at the elevated temper-
ature (10°C above the phase transition temperature)
and used the same day as a ‘stock suspension’ for
calorimetric experiments. Directly preceding each
scan, 0.8 ml of the stock suspension were mixed with
0.4 ml of the same Tricine buffer solution containing
the desired concentration of anesthetic. After mixing,
the pH of the suspension was readjusted to the
correct value and the calorimetry was carried out. In
the case of DPPC and the quaternary lidocaine anal-
ogue W49091, complete equilibration of the anes-
thetic with the liposomes was not achieved within the
period (generally 1 or 2 h) between addition of the
anesthetic and the calorimetry. Thus, in this case, the
W49091 solution was introduced directly into the
flask containing the dried lipid film and the liposomes
were prepared in the presence of the anesthetic. Also,
since the DPPE liposomes were found to rapidly
precipitate out of solution at neutral pH, the DPPE
suspensions were invariably prepared and stored at
pH 9.5 until directly before the calorimetry. At this
time the suspensions were adjusted to the desired pH.
Unless this precaution was followed, highly variable
enthalpies of melting were observed.

Calorimetry. The calorimetry was performed on a
Microcal-1 differential scanning calorimeter (Am-
herst, MA), at a heating rate of 1.0—1.08 K/min.
‘Baseline noise with this instrument was always less
than 0.5% of the transition peak height. Reproduci-
bility of the gel to liquid-crystalline phase transition
temperature was typically better than *0.1K.
Enthalpies of each transition were determined by
comparison of the area under the calorimetric endo-
therm with the corresponding area of a DPPC transi-
tion which was assumed to have an enthalpy of 8.7



kcal/mol [5,24]). AH measurements on control sam-
ples drawn from different stock solutions were always
reproducible to *4% and were often reproducible to
+1% (for DPPC).

Buffers. Since the pK, of lidocaine (7.87, Ref. 25)
has a temperature dependence of —0.022/K (per-
sonal observations), a buffer had to be chosen which
had a similar temperature dependence so that the
relative concentrations of the charged and uncharged
forms of lidocaine would not change during the calo-
rimetric scan. Tricine, which has a temperature
dependence of —0.021 K [26] was chosen for this
purpose. Thus, although the pH conditions reported
for each experiment describe only the pH of the sus-
pension at room temperature, the concentration of
neutral lidocaine which was present at this pH will
remain constant throughout the scan.

Results

The effect of lidocaine’s charge on the DPPC phase
transition

A comparison of the calorimetric properties of
model membranes in the presence of cationic and
uncharged lidocaine can be conducted in two ways.
First, the influence of lidocaine (pK, 7.87) on lipid
behavior can be compared at pH 6.5 and pH 9.2
where the anesthetic is protonated and unprotonated,
respectively. This procedure, however, suffers from
the disadvantage that the head groups of phospha-
tidylethanolamine and phosphatidylserine may par-
tially titrate over this pH range, thus introducing an
extra variable into the interpretation of the experi-
mental results. Alternatively, the lipid perturbations
of lidocaine can be monitored at a single high pH,
substituting the quaternary amine analogue of lido-
caine (W49091) for cationic lidocaine:

CH,
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N—C—CHZ—II\IiCHa

C,H

CH, 2Hg

W49091

CH,

9 C,H,
N—C—CH,—IIliH
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lidocaine at pH 6.5
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This procedure assumes that W49091 accurately
mimics the effects of cationic lidocaine on liposomal
systems. We have found that if sufficient time is
allowed for anesthetic equilibration, the effects of
W49091 and lidocaine at low pH are essentially indis-
tinguishable. For this reason all further comparisons
of anesthetic effects on liposomal properties were
made between lidocaine and W49091 at high pH, i.e.,
where lidocaine is predominantly uncharged.

A comparison of the effects of 15 mM lidocaine
and 15 mM W49091 on the calorimetric transition of
DPPC liposomes buffered at pH 8.9 is shown in Fig.
1. The control scan has a temperature of maximum
heat capacity (T, of 41.35°C, an enthalpy of 8.7
kcal/mol (see Methods), and a width at half-height of
0.2°C. The number of phospholipid molecules per
cooperative unit (r) can be determined from the fol-
lowing relationship [5]:

n =4RT?, Cppax/ AH? N
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Fig. 1. Heat capacity profiles of multilamellar dispersions of
DPPC liposomes suspended in 20 mM Tricine and 120 mM
NaCl buffer pH 8.9, containing no anesthetic ( ), 1§
mM lidocaine (- -+ - - - ),or 15 mM W49091 (------ ). Heating
rate 1.08 K/min,
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where CPmax I8 the excess heat capacity at Tp,
and AH is the enthalpy of the transition. Using this
relationship the value of n is calculated to be approx.
360 phospholipids for the control scan at the scan-
ning rate used in these experiments (1 K/min). At
slower scanning rates, e.g., 0.25 K/min, the apparent
cooperativity of the control scan increases and the
width at half-height decreases to 514 molecules/unit
per 0.14 K, respectively. Because of the approximate
inverse relationship between the cooperativity of a
transition (n) and its width at half-height (W, ), we
have used W,,, as a rough measure of 1/n through-
out this paper.

As shown in Fig. 1 both W49091 and lidocaine at
pH 8.9 exert measurable effects on the properties of
the DPPC phase transition. However, the cationic and
uncharged forms of lidocaine differ significantly in
their perturbations of two of the three major proper-
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Fig. 2. Temperature of maximum heat capacity (Tp,), width
at half-maximal height (W;5) and enthalpy (AH) of the
phase transition of DPPC liposomes: (i) prepared in the pres-
ence of W49091 (w), (ii) prepared in the presence of lidocaine
(®), or (iii) prepared before addition of the lidocaine solution
(o) (see Methods). The suspending buffer contained 20 mM
Tricine and 120 mM NaCl, pH 8.9.

ties of the DPPC transition. Firstly, lidocaine, which
is approx. 90% uncharged under the conditions of
these experiments, is much more effective at lowering
the melting temperature of DPPC than is the cationic
analogue, W49091. Thus 15 mM lidocaine depresses
T, by approx. 7.5 K, while W49091 lowers T, by
only approx. 1K. This marked influence of anes-
thetic charge is also clearly illustrated in the concen-
tration study outlined in Fig. 2a. W49091 is seen to
be relatively ineffective at lowering the T, of DPPC
liposomes at all concentrations studied, while the
depression of T, by uncharged lidocaine increases
with concentration. These data agree with the light
scattering experiments of Ueda et al. [25} which sug-
gest that the T, of DPPC is perturbed primarily by
the unprotonated form of lidocaine.

Lidocaine and W49091 also appear to perturb the
enthalpy of the DPPC phase transition differently.
Thus, the area under the excess heat capacity curve of
DPPC is unaltered by the presence of 15mM
W49091, despite the transition’s shorter, more
broadened appearance (Fig. 1). On the other hand,
the presence of 15 mM lidocaine increases the appar-
ent enthalpy of the DPPC transition by approx. 31%,
i.e., from 8.7 kcal/mol to 11.4 kcal/mol. This striking
increase in enthalpy was found to be independent of
the method of introducing the anesthetic into the
liposomes and was roughly linearly correlated with
the concentration of lidocaine in the suspension (Fig.
2¢). Thus again, the uncharged form of lidocaine is
found to be the more potent membrane perturbing
agent.

In contrast to their disparate effects on the above
two properties, lidocaine and W49091 provoke rela-
tively similar changes in the cooperativity of the
DPPC phase transition. For example, 15 mM concen-
trations of lidocaine and W49091 decrease the size
of the cooperative unit (#) from 360 to 128 and 115
phospholipids, respectively. These decreases in
cooperativity are illustrated graphically in Fig. 2b

-where the width at half-height of each transition is

plotted as a function of the concentration of anes-
thetic in the liposomal suspension. Both charged
forms of lidocaine promote relatively minor, yet mea-
surable losses of cooperativity.

Finally, we have noticed the initial stages of a lido-
caine-induced phase separation in the DPPC liposomal
system at high concentrations of uncharged lidocaine.



The small shoulder on the high temperature side of
the main transition shown in Fig. 1 was present in the
calorimetric scan at high pH regardless of whether
lidocaine was introduced during or subsequent to
liposome formation. Thus, while the shoulder is
clearly not an equilibration artifact, its origin is pres-
ently unknown.

The effect of lidocaine’s charge on the DPPE phase
transition

Because of the partial deprotonation of DPPE at
high pH, it was decided to compare the effects of
lidocaine and its cationic analogue (W49091) at pH
7.9, where DPPE is completely zwitterionic [27,28].

Tm(°C)

Wi (K)

A H (kcal/mol)
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Fig. 3. Tpy,, W12 (width at half-height) and AH of the gel -
liquid crystalline phase transition of a vortexed dispersion of
DPPE after addition of lidocaine (0) or W49091 (»). The data
were obtained calorimetrically at a heating rate of 1.0 K/min.
The suspension contained 20 mM Tricine and 120 mM NaCl,
and was adjusted to pH 7.9 after addition of the anesthetic.
The dotted lines, labeled ‘L?’, represent the influence of
solely the neutral form of lidocaine on the calorimetric
parameters Ty, W, and AH. These lines were calculated by
a procedure described in the Results.
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Unfortunately, lidocaine (pK, 7.87) is approx. 50%
protonated at pH 7.9, thus rendering the evaluation
of the perturbing potency of solely the uncharged
form of the anesthetic very difficult. For this reason,
the data concerning the effect of lidocaine (‘L’) on
the properties of the DPPE phase transition have also
been plotted as a function of the concentration of
uncharged lidocaine (‘L®) (Fig. 3). These replots
were obtained by (i) calculating the concentration of
the protonated (cationic) form of lidocaine at each
lidocaine concentration using the Henderson-Hassel-
balch equation, (ii) subtracting the magnitude of the
perturbation which is caused by a concentration of
W49091 equal to this calculated concentration of
cationic lidocaine (this residual perturbation should
represent the contribution of uncharged lidocaine to
the total observed perturbation) and, (iii) plotting
this residual perturbation as a function of the calcu-
lated concentration of uncharged lidocaine in the sus-
pension. By this procedure, the plots labelled ‘L’
should reflect the perturbations due solely to the
uncharged form of the anesthetic.

The data in Fig. 3 indicate that the relative pertur-
bations of DPPE by charged and uncharged lidocaine
are qualitatively similar to the perturbation patterns
observed for DPPC. Thus, the uncharged form of lido-
caine is the only form which can significantly depress
the melting temperature of the DPPE transition (Fig.
3a). Similarly, the unprotonated form of the anes-
thetic is solely responsible for lidocaine’s modifica-
tion of the enthalpy of the transition. Furthermore,
as with DPPC, the apparent enthalpy of the transition
rises as the concentration of uncharged lidocaine is
increased. Thirdly, both lidocaine and W49091
reduce the cooperativity of the DPPE transition,
although in this case the uncharged form is somewhat
more potent. Thus, the cooperativity of the DPPE
transition is reduced from a control value of 105
phospholipids per cooperative unit to 50 and 95
phospholipids per cooperative unit in the presence of
20 mM lidocaine or W49091, respectively. Finally,
treatment of DPPE liposomes with lidocaine concen-
trations greater than 30 mM induces a phase separa-
tion in the lipid which is observed as a broad, new
transition on the low temperature side of the main
transition. While the T, of the gel to liquid-crystal-
line phase transition is still clear in this scan, the AH
and cooperativity measurements are somewhat
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ambiguous due to the partial overlap from the new
transition. For this reason no data points for AH or
W,,, are reported in Fig. 3b and ¢ at 30 mM lido-
caine.

The effect of lidocaine’s charge on the DMPS phase
transition

Unlike the situation with DPPC and DPPE, dimyri-
stoyl phosphatidylserine (DMPS) is similarly per-
turbed by both W49091 and lidocaine at high pH
(Fig. 4). In the presence of 15 mM lidocaine (pH 8.9)
or W49091 the temperature of the DMPS phase tran-
sition is reduced from 35.7°C to 26.35°C and 23.45°C,
respectively. These changes in T, are the largest we
have observed at this lidocaine concentration for any
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Fig. 4. Ty, Wy (width at half-height) and AH of the phase
transition of DMPS liposomes after addition of lidocaine (©)
or W49091 (w). The heating rate of the calorimeter was 1.08
K/min. The DMPS was suspended in a solution of 20 mM
Tricine, 120 mM NaCl and 2 mM EDTA. After addition of
the anesthetic the suspension pH was adjusted to pH 8.9.

phospholipid. Likewise, the effect of lidocaine and its
quaternary amine analogue on the enthalpy of the
DMPS transition are larger than those previously
encountered. For example, at 15 mM concentrations,
W49091 and lidocaine elevate the enthalpy above the
control value (8.5 kcal/mol) by 34% and 58%, respec-
tively. For comparison, these same concentrations of
lidocaine and W49091 were observed to raise the
enthalpy of the DPPC phase transition by only 0%
and 31%, respectively. Thirdly, the cooperativity of
the DMPS transition is altered to a similar extent by
both forms of lidocaine. The control value of n
(approx. 100 lipids per cooperative unit) decreased to
40 lipids per cooperative unit in the presence of 15
mM lidocaine (pH 8.9) and 50 lipids per cooperative
unit in 15 mM W49091. However, unlike the situa-
tion with the neutral phospholipids, the loss of
cooperativity for DMPS appeared to saturate at anes-
thetic concentrations greater than 10 mM. The reason
for this behavior is not clear since the effects of the
anesthetics on 7, and AH continue to increase at
concentrations greater than this value.

Finally, before DMPS became commercially avail-
able, a similar set of experiments to those shown in
Fig. 4 was conducted on hydrogenated bovine brain
phosphatidylserine. The results of these studies were
qualitatively very similar to those reported in Fig. 4.
Since saturated bovine brain phosphatidylserine is
composed predominantly of stearoyl and longer fatty
acid chains [29] and since the T, of this hydrogen-
ated phospholipid is 65.8°C, the differences in
behavior between DMPS and DPPC or DPPE cannot
be ascribed to differences in either the chain lengths
or melting temperatures of these phospholipids.

Discussion

Explanation of lidocaine’s effects on phase transition
properties

The effect of neutral lidocaine on the behavior of
the liposomal suspensions of DPPC, DPPE and DMPS
can be explained by the following argument. We have
shown that uncharged lidocaine depresses the tem-
perature of the DPPC, DPPE and DMPS phase transi-
tions. These observations indicate that the anesthetic
must interact preferentially with the melted state of
the respective phospholipid dispersions rather than
with the gel (solid) state. It follows, therefore, that



the partition coefficient of uncharged lidocaine will
increase significantly at temperatures where fluid
patches of phospholipid first appear in the bilayer,
leading to an influx of lidocaine into the membrane
at Ty, The entry of lidocaine into the membrane will
necessarily be accompanied by at least a partial
dehydration of the anesthetic and some sort of
accomodating rearrangement of the surrounding
membrane lipids. In this view, the measured values of
AH at each lidocaine concentration would ultimately
derive from two sources: (i) the melting of the phos-
pholipid, and (ii) the enthalpy changes accompanying
the entry and positioning of lidocaine in the mem-
brane. If the former contribution were similar to the
AH of melting of the control liposomes (i.e., approx.
8.7 kcal/mol phospholipid in the case of DPPC), then
the latter contribution (approx. 2.7 kcal/mol phos-
pholipid at 15 mM lidocaine, pH 8.9) would amount
to approx. 3.8 kcal/mol of uncharged lidocaine enter-
ing the membrane *. This latter value appears to be
too large to be entirely accounted for on the basis of
the heat of transfer of lidocaine from water to the
membrane [31,32], and therefore, some additional
endothermic event must occur during insertion of the
anesthetic into the membrane. It may be that the
separation of adjacent phospholipids with the con-
comitant loss of headgroup-headgroup or acyl chain-
acyl chain interactions could account for the uniden-
tified excess enthalpy.

Using the above hypothesis, the effect of W49091
on the temperatures and enthalpies of the DPPC,
DPPE and DMPS phase transitions can also be
explained. In the cases of neutral phospholipids, i.e.,
DPPC and DPPE, the negligible perturbation of T,
suggests that the cationic analogue of lidocaine either
interacts weakly with the lipid or does not discrimi-
nate between the solid and fluid states. In either
situation, there should be no major redistribution of
W49091 during the phase transition, and therefore,
the anesthetic’s effect on the enthalpy of the transi-
tions should be minor. In the case of DMPS, however,

* This estimate assumes that the partition coefficient of un-
charged lidocaine for DPPC vesicles above T, is 76 [25],
that the partial specific volume of the lipid above Ty, is
0.972 ml/g [30], and that the amount of uncharged lido-
caine dissolved in the lipid below T, is small compared to
the amount which enters during the phase transition.
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W49091 shows strong preference for the fluid state of
the lipid. Thus, the influx of W49091 during the
phase transition should readily contribute to the
observed AH of the transition.

Surprisingly, both charged forms of lidocaine exert
only a minor influence on the cooperativities of the
three phase transitions; i.e., the W, ,, of DPPC at 15
mM lidocaine (approx. 0.5 K) is not significantly
broader than most published control values for DPPC
[33]. Thus, at anesthetic concentrations sufficient to
reduce T, by approx. 6—7 K, the sizes of the cooper-
ative units of the three lipid dispersions are reduced
by less than 70%. For comparison, Mountcastle et al.
[5] report that halothane, an inhalation anesthetic,
reduces the size of the cooperative unit of DPPC 10-
fold at the concentration required to depress T, by
approx. 6—7 K. This difference in effect on coopera-
tivity may suggest that lidocaine interacts much less
with the gel (solid) state of DPPC than does halo-
thane.

Implications concerning the proposed mechanisms of
local anesthesia

While it is generally recognized that the uncharged
form of a tertiary amine local anesthetic is the per-
meant species in the membrane [15-17,19,22]
there remains some controversy concerning whether
this form also contributes significantly to nerve
blockade [17,18,20,21]. However, there is good
agreement that the cation must be responsible for
part of a tertiary amine’s anesthetic potency since
their quaternary amine analogues have been shown to
be highly effective nerve blocking agents when per-
fused inside the axon [16—19]. Thus, the inability of
the quaternary amine analogue of lidocaine to signifi-
cantly perturb the behavior of DPPC and DPPE lipo-
somes implies that these two lipids do not constitute
an important functional component of the anes-
thetics’ inhibitory site.

The observation that W49091 interacts strongly
with DMPS naturally selects phosphatidylserine (PS)
as a possible component of the inhibitory site. This
idea has been inferred from the model studies of
others [2,34]. Furthermore, there is evidence to sug-
gest that PS surrounds the sodium channel [35,36].
However, if a disruption of a PS domain is responsible
for the cation’s anesthetic potency, then clearly the
high pH form of the anesthetic should be similarly
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active, since our studies demonstrate that this form
perturbs PS as effectively as W49091. The diminished
potency of uncharged lidocaine in perfused axons
[15,22] thus seems to be inconsistent with our model
membrane studies. However, this apparent inconsis-
tency may be reconciled in two ways. Firstly, the
lower anesthetic potency of uncharged lidocaine
might simply reflect its lack of selectivity in nerve
membrane binding. Our studies suggest that un-
charged lidocaine should not discriminate among dif-
ferent lipids, but should dilute itself into all hydro-
phobic regions of the nerve membrane. Cationic lido-
caine, on the other hand, should concentrate into
patches of anionic phospholipid, i.e., possibly at the
inhibitory site.

Alternatively, the inability to correlate anesthetic
potency in nerves with anesthetic modification of
lipid behavior could indicate that a lipid perturbation
is not the primary event responsible for local anesthe-
sia. Thus, the anesthetic may distort an essential pro-
tein’s structure [37,38], obstruct a cation channel
[17,18], or disrupt the critical Ca®* balance in the
nerve cell [39—41]. This latter property seems to cor-
relate nicely with anesthetic potency, regardless of
the charge or structure of the local anesthetic [41].
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