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SUMMARY

JoHNsON, CARL L., GOLDSTEIN, MARGARET A., AND SCHWARTZ, ARNOLD: On the mo-
lecular action of local anesthetics. I. The mitochondrion as a model membrane system
for studying local anesthetic action. Mol. Pharmacol. 9, 360-371 (1973).

Local anesthetics inhibit valinomycin-induced potassium uptake and basic protein-induced
swelling of liver mitochondria. The present results suggest that a common feature of these
effects of the local anesthetics on mitochondria is a stabilization of membrane structure. In
view of the proposed role of protein conformational changes in nerve impulse conduction, the
results suggest that the molecular mechanism of local anesthesia may involve an inhibition
of membrane conformational changes rather than a direct inhibition of transport of mono-
valent or divalent cations, as generally believed. A correlation exists between the activity of
these drugs on mitochondria and their activity on nerve conduction blockade. The mito-
chondrion may therefore serve as a useful model system to study local anesthetic action at
the molecular level. Structure-activity studics indicate that the major determinant of po-
tency of these anesthetics on mitochondria is the lipid solubility of the drug.

tissues in a reversible manner. Electro-
physiological measurements (1-5) on nerve
and muscle suggested that these drugs exert
their pharmacological effects by interfering
with the transport of sodium and potassium
across the cell membrane. Other studies

INTRODUCTION

Local anesthetics possess the specific
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(3, 6-8) supported the concept that anes-
thetics block conduction by modifying the
state of intracellular or membrane-bound
calcium.

Although it is widely accepted that the
local anesthetics exert their pharmacological
action by interacting with the cell mem-
brane of excitable cells, study of the mo-
lecular nature of this interaction is difficult
in the intact nerve or muscle. As a result,
many attempts have been made to utilize
other membrane systems capable of trans-
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porting ions in order to examine funda-
mental characteristics of local anesthetic—
membrane interaction.

We have previously pointed out (9) that
the mitochondrion may be a useful model
system upon which to study the effects of
local anesthetics at the membrane level.
Isolated mitochondria are capable of carry-
ing out a number of metabolism-linked
transport processes, in particular the trans-
port of potassium. A major advantage of the
mitochondrial system is that the magnitude
and time course of the ion translocations
are such that they can be continuously and
directly monitored by means of ion-specific
electrodes. In addition, the mitochondrion
is capable of undergoing reversible altera-
tions of structure which can be conveniently
followed by means of spectrophotometric
(light scattering) techniques.

Under the usual assay conditions mito-
chondria do not spontaneously catalyze net
transport of potassium. However, recent
studies have shown that net movements of
potassium do occur in the presence of certain
specific inducing agents: the ‘“ionophore”
antibiotics (10) and certain basic proteins
(11).

Valinomycin and basic proteins were used
in the present studies as ‘“‘tools” to induce
potassium transport and structural altera-
tions in mitochondria. The purpose of these
studies was twofold: (a) to characterize the
effects of local anesthetics on mitochondria,
and (b) to compare the activity of local
anesthetics on mitochondria and their
pharmacological potency on nerve conduc-
tion and thereby explore the use of the
mitochondrion as a model system for study-
ing the mechanism of local anesthetic
action.

Few reports have appeared in the litera-
ture dealing with the effects of local anes-
thetics on mitochondria. Judah et al. (12)
observed that the local anesthetic dibucaine
diminished the loss of potassium and the
uptake of hydrogen ion induced by the
mitochondrial uncoupling agent 2,4-dini-
trophenol. This observation was then ex-
tended by Azzi and Scarpa (13) to a number
of other mitochondrial transport processes.
They found that dibucaine inhibited both

spontaneous and valinomycin-induced po-
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tassium extrusion (metabolism-independent
transport) and valinomycin-induced po-
tassium uptake (metabolism-dependent
transport). In the latter case the inhibition
by the local anesthetic appeared to be
competitive with the level of potassium in
the external medium. In the concentration
range needed to inhibit potassium transport,
no effects were observed on phosphoryla-
tion of ADP, uncoupler-stimulated respira-
tion, or calcium transport. Higher con-
centrations of the local anesthetics, however,
were found to inhibit ecalcium uptake.
These authors (13) concluded that in low
concentrations (on the order of 50-100 um)
dibucaine was a specific inhibitor of mito-
chondrial potassium transport processes.

Chance et al. (14) and Mela (15, 16) re-
examined the effects of local anesthetics on
calcium transport and reported a stimula-
tion of calcium uptake. The reason for the
discrepancy in these reports on the effects
of local anesthetics on calcium transport is
not clear but may be due to a difference in
assay conditions, in particular, the presence
or absence of phosphate in the medium. In
any event, these results cast some doubt
on the specificity of local anesthetic action
on mitochondria.

We previously reported (9) that a va-
riety of local anesthetics inhibit mito-
chondrial potassium extrusion and swelling
(measured by light scattering) induced by
basic proteins. Since these two effects, po-
tassium transport and structural changes,
could not be dissociated, it was not clear
whether the mechanism of local anesthetic
action involved a direct inhibition of cation
transport or a ‘“stabilization” of membrane
structure. Preliminary studies with several
local anesthetics suggested that the activity
of these compounds on mitochondria paral-
leled their potency on nerve conduction
blockade (9).

METHODS AND MATERIALS

Methods. Mitochondria were isolated
from adult rat liver by the method of
Schneider (17) in a medium containing
0.25 M sucrose and 1 mmM EDTA buffered
to pH 7.2 with Tris. The final mitochondrial
pellet was suspended in the same medium
to yield a protein concentration of 100
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mg/ml. Protein was estimated by a biuret
method (18), using bovine serum albumin
as a standard.

The assay of mitochondrial respiration,
ion transport, and swelling was carried out
simultaneously by means of a multiparame-
ter device designed at the Johnson Re-
search Foundation (Philadelphia). A de-
scription of this device has been published
(19).

For electron microscopy, duplicate sam-
ples of mitochondria (0.6 mg of protein)
were removed from the cuvette of the
multiparameter device and fixed in a
suspension (300 milliosmoles) of 1.5%
purified glutaraldehyde in 0.05 M phosphate
buffer, pH 7.3. A pellet was obtained by
centrifugation and rinsed in phosphate
buffer, placed in 2% osmium tetroxide for
2 hr, dehydrated with ethanol, and em-
bedded in Epon. Thin sections were stained
with uranyl acetate and with lead citrate
and were examined in an RCA EMU4
electron microscope.

The assay medium used throughout these
studies contained 0.25 M sucrose, 20 mMm
Tris, 3 mm glutamate, 3 mmM malate, and
2.5 mm phosphate, adjusted to pH 7.2 with
HCI. The final volume was 10 ml; the tem-
perature was 25-26°. The mitochondrial
concentration was 4.0 mg/ml. For the ex-
periments involving valinomycin-induced
potassium uptake, the potassium concen-
tration was 1.0 mM and the amount of
valinomycin was 0.05 ug/mg of mito-
chondrial protein. For the basic protein-
induced potassium extrusion experiments,
the concentration of potassium was 500 uM
and the basic protein used was 10 ug of
B-histone per milligram of mitochondrial
protein.

Materials. The histone fraction (8-histone)
used in these studies was generously do-
nated by Dr. Harris Busch (Baylor College
of Medicine, Houston). Valinomycin was
purchased from Sigma Chemical Company.
Nigericin was obtained from Eli Lilly and
Company. The following local anesthetics
were obtained from commercial sources:
procaine, cocaine, tropacocaine, dibucaine,
lidocaine, tetracaine, quinidine, and pro-
pranolol.

Several analogues of procaine having the
general structure
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CgH;

/
@—E—O—CH:—CH:—-N\ - HCI
C,H;

X

were used in the present studies. They have
been given the following trivial names
for identification purposes: hydrocaine
(X = H), chlorocaine (X = 4-Cl), fluoro-
caine (X = 4-F), p-methylcaine (X = 4-
CH;), m-methyleaine (X = 3-CHj;), nitro-
caine (X = 4-NO,), methoxycaine (X = 4-
OCH;), ecthoxycaine (X = 4-OC.H;),
butoxycaine (X = 4-OC,H,), and butylcaine
(X = 4-tert-C;Hy). These compounds were
synthesized from benzoic acid derivatives or
the corresponding acyl chlorides as pre-
viously described (20, 21).

RESULTS

Action of local anesthetics on valinomycin-
induced effects. The effects of the antibiotic
valinomyecin on mitochondria are shown in
Fig. 1. Addition of 2 ug of valinomycin
caused an immediate uptake of potassium
and a decrease in light scatter (representing
mitochondrial swelling). Upon reaching an
anaerobic state, the majority of the potas-
sium accumulated was lost and light scat-
tering increased. These results are es-
sentially identical with those reported pre-
viously by other investigators (22-24).
The inhibitory action of the local anesthetic
butoxycaine (butoxy analogue of procaine)
is shown in Fig. 2.

Action of local anesthetics on basic protein-
induced effects. The effects of a basic protein,
a histone fraction isolated from calf thymus
nuclei, are shown in Iig. 3. Addition of 10
ug histone per milligram of mitochondrial
protein caused an immediate extrusion of
intramitochondrial potassium, a decrease in
light scattering, and a stimulation of oxygen
consumption. Upon reaching the anacrobic
state, the light scattering trace leveled off.

The histone-induced effects were in-
hibited by the local anesthetic butoxycaine
(Fig. 4).

That the light scattering changes ob-
served in these experiments represent struc-
tural alterations in the mitochondrial inner
membrane was shown by electron micros-
copy studies. Aliquots of the assay medium
were removed from the cuvette of the multi-
parameter device and treated as described
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Fic. 1. Effects of valinomycin on mitochondria

The assay medium consisted of 0.25 M sucrose,
20 mM Tris, 3 mm glutamic acid, 3 mm malic acid,
2.5 mm phosphate, and 1.0 mm KCl, pH 7.2, at
25-26°; the final volume after addition of mito-
chondria was 10 ml. The additions at the arrows
were 40 mg of washed mitochondrial protein (My)
and 2 ug of valinomycin. In all experiments shown
in this and subsequent figures, calibration of the
K* electrode was carried out before and after
assay; light scatter (L.S.) was calibrated quali-
tatively using a mitochondrial suspension.? A
descending slope indicates a decrease in light
scatter which may reflect swelling, although other
interpretations are by no means excluded (19).}

under METHODS AND MATERIALS. Prior to
addition of the basic protein (Fig. 5A and
E), the mitochondria exhibited a typical
condensed, ‘nonenergized” configuration
characteristic of so-called state 4 mito-
chondria (25). When the basic protein was

$B. C. Pressman, personal communication.
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F16. 2. Action of butoxycaine on valinomycin-
induced effects

The medium was the same as in Fig. 1 plus 200
pM butoxycaine. The additions at the arrows were
40 mg of washed mitochondrial protein (My) and
2 ug of valinomyein.

added and light scattering had decreased to
a minimum, electron micrographs (Fig.
5B and F) showed that the inner membrane
had unfolded and the matrix appeared less
dense (25). Mitochondria in the presence
of butoxycaine were indistinguishable from
the control mitochondria (Fig. 5C and G).
Addition of basic protein to the local anes-
thetic-treated mitochondria failed to pro-
duce ultrastructural changes (Fig. 5D and
H).

In our earlier studies (11, 26) of the effects
of the basic proteins on mitochondria we
were unable to dissociate the extrusion of
potassium from the light scattering changes.
We have now obtained a dissociation of
these two processes by means of the anti-
biotic nigericin.

As shown in Fig. 6, low concentrations of
nigericin (on the order of 1 ng/mg of pro-
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Fia. 3. Effects of basic proteins on milochondria

The medium was the same as in Fig. 1 except
that the initial KCl concentration was 0.5 mm.
The additions at the arrows were 40 mg of mito-
chondrial protein (My) and 400 ug of S-histone.

tein) caused a complete loss of intramito-
chondrial potassium and a slight increase in
light scattering. No measurable effect on
respiration was observed. A large number of
studies concerned with the action of ni-
gericin on mitochondria have appeared (e.g.,
24, 27-31). It is generally accepted that
" nigericin causes a release of potassium and
an apparent contraction of mitochondria.
In most cases inhibition of NAD-linked
substrate oxidation has also been noted.
However, this respiratory inhibition could
be avoided under suitable assay conditions,
namely, high substrate concentration and
mild hypotonicity (30). We have also con-
sistently observed that a complete release of
potassium can be obtained in an isotonic
medium of moderate substrate concentration
if the concentration of nigericin is lowered
to approximately 1 ng/mg of mitochondrial
protein.

Despite the depletion of mitochondrial
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Fi1G. 4. Action of bulorycaine on basic protein-
induced effects

The medium was the same as in Fig. 3 plus 200
uM butoxycaine. The additions at the arrows
were 40 mg of mitochondrial protein (My) and
400 ug of B-histone.

potassium, the basic protein still retained
the ability to stimulate respiration and to
cause ‘“‘swelling” of the mitochondria (Fig.
6). It is clear, therefore, that the action of
the basic proteins does not necessarily in-
volve the transport of potassium. Rather,
the efflux of potassium that occurs in the
presence of the basic proteins is probably
due to a rearrangement of the mitochondrial
membrane structure, allowing for passive
leakage of potassium down its concentra-
tion gradient. It should be emphasized,
however, that the structural changes in the
membrane cannot be characterized as a
generalized destruction of membrane in-
tegrity. These changes are completely me-
tabolism-dependent, requiring either elec-
tron transport or ATP utilization (26).
Furthermore, mitochondria treated with
basic proteins still retain the ability to
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phosphorylate ADP and to accumulate po-
tassium upon addition of valinomycin.*
These results suggest the importance of
initial histone-membrane interaction leading
to significant structural alterations.

As shown in Figs. 3, 4, and 6, the light
scattering changes observed with the basic
proteins exhibit two phases. There is a very
rapid decrease in scattering, terminating
within about 10-15 sec, which has been
shown to be completely metabolism-inde-
pendent and is not inhibited by very large
concentrations of the local anesthetics. The
nature of this process is unknown, but it
may reflect some aggregation of the mito-
chondria caused by the strongly charged
basic protein. The second phase of the light
scattering change is completely metabolism-
dependent (being prevented by electron
transport inhibitors) and is inhibited by the
local anesthetics. This second phase is
reasonably linear with time. As a measure
of the effect of the basic protein on mito-
chondrial swelling, we have calculated the
relative change in light scattering during
the period from 20 to 80 sec after addition
of the basic protein.

A dose-response curve for the inhibition
of histone-induced swelling is shown in
Fig. 7. The control experiment (solid circles)
represents a titration of the effects of the
local anesthetic butoxycaine under the
conditions employed in Fig. 4. The other
titration (open circles) was carried out on
mitochondria that had been depleted of
potassium by prior treatment with nigericin
as in Fig. 6. No difference was obtained in
the dose-response relationship, indicating
that the local anesthetics are not acting on a
potassium transport mechanism. Thus the
original hypothesis of Azzi and Scarpa
(13), that low concentrations of local anes-
thetics are specific inhibitors of mito-
chondrial potassium transport processes,
does not appear to be correct. A more likely
mechanism of action of the anesthetics
appears to be an inhibition of the membrane
conformational changes which are associ-
ated with action of both basic proteins and
valinomycin, and which are reflected by
light scattering changes.

4 Unpublished observations.
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It is significant that the local anesthetics
do not inhibit the nigericin-induced extrusion
of potassium, a process which is not de-
pendent on energy and which is not ac-
companied by swelling. Thus a clear distinc-
tion can be made between the extrusion of
potassium caused by the basic protein and
that caused by nigericin.

Structure-activity studies on mitochondria.
In an effort to gain some information as to
the mechanism of the local anesthetic in-
hibition of the valinomycin- and basic
protein-induced effects, structure-activity
studies were carried out using a large num-
ber of local anesthetics or local anesthetic-
like molecules.

To conserve space, dose-response curves
for all the compounds considered are not
shown, but some representative results are
shown in Fig. 8 for valinomycin-induced
potassium uptake and in Fig. 9 for histone-
induced swelling.

As shown in Table 1, there is a close
correlation between the relative potency of
a series of local anesthetics on valinomycin-
induced uptake of potassium and on histone-
induced swelling. Under the conditions of
these experiments the concentrations of
local anesthetics required to inbibit the
histone-induced effects were generally on
the order of 25% of those required to in-
hibit the valinomycin-induced effects. How-
ever, this may be ascribed to the fact that
the concentrations of local anesthetic re-
quired for half-maximal inhibition of these
responses depend on the concentrations of
the inducing agents. Care was taken in all
these studies to maintain constant experi-
mental conditions, in particular the con-
centration of valinomyecin and histone and
the amount of mitochondrial protein used.

It is noteworthy that the relative potency
of several common local anesthetics on
nerve conduction blockade (32, 33) is
closely correlated with the potency of these
compounds on valinomycin-induced po-
tassium accumulation and histone-induced
swelling (Table 1).

As shown in Fig. 10, a good correlation
was obtained between the activity of a
series of procaine analogues on mitochondria
and the lipid solubility of the drug [as esti-
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F1G. 5. Action of butoxycaine on ultrastructural effects of basic proteins
The medium was the same as in Fig. 3. A and E. Control mitochondria before addition of basic pro-
tein. B and F. Mitochondria treated with 400 ug of 8-histone. C and G. Mitochondria that had been
preincubated with 200 uM butoxycaine. D and H. Mitochondria from Fig. 5C after addition of 400 ug
of B-histone. A-D X 6500; E-H X 17,500.



MOLECULAR ACTION OF LOCAL ANESTHETICS. I 367

Fic. 5E Fic. 5F




368

0.8r

LM* lNigericin l B - Histone

0.6

0 1

KM 0

% Light Scatter

1 1 1
0 1 2 3 4

Minutes
F1G. 6. Effects of basic proteins after depletion
of mitochondrial potassium by nigericin
The medium was the same as in Fig. 3. The
additions at the arrows were 40 mg of mitochon-
drial protein (Mw), 50 ng of nigericin, and 400
ug of B-histone.
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mated by Hansch = values (34)]. Only the
parent compound, procaine, did not fit the
regression well. This may have been due to
an incorrect = value for the amino group.
On the other hand, this group is the only
strong hydrogen-bonding group within the
geries studied. It is possible that a second
parameter is required in order to correlate
derivatives capable of strong hydrogen
bonding.

DISCUSSION

Local anesthetics have been shown to
affect several parameters of mitochondrial
function, including valinomycin-induced po-
tassium uptake and basic protein-induced
swelling. It is clear from the present studies
that the extrusion of potassium is incidental
to the action of the basic proteins. It is
noteworthy that valinomycin-induced po-
tassium uptake is accompanied by light

JOHNSON ET AL.

Percent Inhibition of Swelling

g l—1 11 1)
20 5 100 200 400

P M Butoxycaine

F1G. 7. Log dose-response curve for inhibition of
basic protein-induced swelling by bulozycaine

The medium was the same as in Fig. 3. The
rate of swelling was calculated as described in
the text. The ordinate represents the percentage
inhibition of this rate, expressed in probit units
to improve the linearity of the curve. @, without
prior depletion of potassium by nigericin; O,
after depletion of intramitochondrial potassium
by treatment with 50 ng of nigericin. The concen-
tration of 8-histone was 10 ug/mg of mitochondrial
protein.

scattering changes that have been shown
by electron microscopy (35) to be accom-
panied by ultrastructural changes in the
inner membrane of the mitochondrion. In
the present study a similar correlation has
been found for the light scattering and ultra-
structural effects of basic proteins. In
view of the close correlation between the
inhibitory potency of local anesthetics on
valinomycin-induced potassium uptake and
basic protein-induced swelling, it seems
probable that the action of local anesthetics
on mitochondria is due to an inhibition of
membrane configurational or conformational
changes rather than to a direct inhibition of
cation transport. It is also of significance
that the extrusion of mitochondrial po-
tassium induced by low concentrations of
nigericin is not accompanied by swelling
and is nmot inhibited by local anesthetics.

The correlation of local anesthetic ac-
tivity on mitochondria and on nerve con-
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duction blockade suggests that the mito-
chondrion might be a useful model system
for testing more potent anesthetics. It is
well known that lipid solubility is a major
determinant of local anesthetic activity on
nerves (36—42). It is of interest, therefore,
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Fi1c. 8. Representative log dose-response curves
for action of several local anesthetics on valinomycin-
induced potassium uptake

The assay conditions are described in Fig. 1.
The ordinate represents the percentage inhibition
of the potassium uptake rate, expressed in probit
units to improve the linearity of the curves. The
millimolar concentrations of drug producing half-
maximal inhibition of potassium uptake (and the
standard errors) were as follows: propranolol,
2.252 =+ 0.022; quinidine, 0.905 + 0.034; methoxy-
caine (methoxy analogue of procaine), 3.62 =+
0.08; procaine, 18.8 + 0.9. The concentration of
valinomycin was 0.05 wug/mg of mitochondrial
protein.
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Fi1c. 9. Representative log dose-response curves
for action of several local anesthetics on basic pro-
tetn-induced swelling

The assay conditions are described in Fig. 3.
The rate of swelling was calculated as described in
the text. The ordinate represents the percentage
inhibition of this rate, expressed in probit units
to improve the linearity of the curves. The milli-
molar concentrations of drug producing half-
maximal inhibition were as follows: dibucaine,
0.074; tetracaine, 0.18; cocaine, 2.1; procaine, 5.0.
The concentration of g-histone was 10 ug/mg of
mitochondrial protein.

that the action of local anesthetics on mito-
chondrial processes is also closely corre-
lated with lipid solubility.

We propose that the primary action of
local anesthetics on mitochondria is related
to an inhibition of membrane configura-
tional or conformational changes (the
former refers to a rearrangement of mem-
brane protein or lipoprotein units, the

TABLE 1
Correlation of relative polency of local anesthetics on nerve conduclion blockade and on mitochondria

Anesthetic Relative potency on nerve Relative potency on mitochondriac
Skou (32)¢  Truant and Swelling? K+ uptake*
Takman (33)*
Procaine 1.0 1.0 1.0 (5.0) 1.0 (19.3)
Lidocaine 3.8 1.5 3.2) 1.8 (10.7)
Cocaine 1.8 9.6 2.4 (2.1) 2.5 (71.7)
Fluorocaine 2.9 1.7) 2.6 (7.4)
Tropacocaine 2.1 5.5 (3.5)
Ethoxycaine 7.8 (0.64) 7.9 (2.4)
Tetracaine 460 36.5 27.8 (0.18) 29.7 (0.65)
Dibucaine 920 53.8 68.5 (0.074) 68.8 (0.28)

e Desheathed frog sciatic nerve (epineurium removed).

b Frog sciatic nerve.

¢ Values in parentheses are millimolar concentrations for 50%, inhibition of swelling or K+ uptake.

4 Basic protein-induced swelling as in Fig. 9.
¢ Valinomycin-induced K* uptake as in Fig. 8.
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Fiq. 10. Correlation of relative potency of pro-
caine analogues on mitochondria with partition
coefficients

The assay conditions were the same as in Fig. 1.
The ordinate represents the reciprocal of the milli-
molar concentration of drug required for half-
maximal inhibition of valinomycin-induced up-
take of potassium. The abscissa represents the
Hansch hydrophobic bonding constant, =, for
the corresponding benzoic acid derivatives (34).
The local anesthetics had the general structure

C.H,

/
i—O—CHz—CH,—N\
C.H,

where X represents the substituent groups shown
in the figure.

latter to changes in the tertiary or quater-
nary structure of an individual unit). Our
results further suggest that there is a cor-
relation between the potency of the local
anesthetics on mitochondria and on nerve
conduction. Thus it is attractive to propose
that the mechanism of action of local anes-
thetics on nerves may be directly related
to a stabilization of membrane structure
rather than an inhibition of sodium, po-
tassium, or calcium movements, as is gen-
erally believed.

It is of particular interest, therefore, that

JOHNSON ET AL.

the process of conduction of the nerve im-
pulse has been considered by several in-
vestigators to involve reversible cooperative
changes in conformation of the macromole-
cules in the nerve membrane (43—45).
Recent studies of the optical properties of
nerves (46—48) support the view that some
kind of conformational change does take
place in the membrane during conduction.
It might be predicted that local anesthetics
would prevent these conformational changes,
although this has apparently not been tested.
Such studies would not, however, demon-
strate that the primary action of the anes-
thetics is to block structural changes, since
cation movements must accompany the con-
formational alterations in order to have
impulse conduction. The present results
appear to be the first indication that local
anesthetics can prevent membrane struc-
tural changes which are not directly as-
sociated with a movement of cations.
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