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Background: Chiral local anesthetics, such as ropivacaine and
levobupivacaine, have the potential advantage over racemic
mixtures in showing reduced toxic side effects. However, these
S-(levo, or “—”)isomers also have reportedly lower potency
than their optical antipode, possibly resulting in no advantage
in therapeutic index. Potency for local anesthetics inhibiting
Na® channels or action potentials depends on the pattern of
membrane potential and so also does the stereopotency ratio.
Here the authors have quantitated the stereopotencies of R-, S-,
and racemic bupivacaine, comparing several in vitro assays of
neuronal Na* channels with those from in vivo functional
nerve block, to establish relative potencies and to understand
better the role of different modes of channel inhibition in
overall functional anesthesia.

Methods: The binding of bupivacaine to Na* channels was
assessed indirectly by its antagonism of [*H]-batrachotoxin
binding to rat brain synaptosomes. Inhibition of Na* currents
by bupivacaine was directly assayed in voltage-clamped GH-3
neuroendocrine cells. Neurobehavioral functions were dis-
rupted by bupivacaine percutaneously injected (0.1 ml; 0.0625—
1.0%) at the rat sciatic nerve and semiquantitatively assayed.
Concentration-dependent actions of R-, S-, and racemic bupiv-
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acaine were compared for their magnitude and duration of
action. =
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Results: Competitive batrachotoxin displacement has a steg
reopotency ratio of R:S = 3:1. Inhibition of Na* currents witﬂw)
different prepulse potentials shows that § > R potency whet®
the membrane is hyperpolarized, and R > S potency when it i%
depolarized from normal resting values. Functional deficits as;:'
sayed in vivo usually demonstrate no consistent enantioselecs
tivity and only a modest stereopotency (R:S = 1.2-1.3) for peaﬁg
analgesia achieved at the lowest doses. Other functions dxspla§
no significant stereopotency in either the degree, the duratlon‘g
or their product (area under the curve) at any dose.

Conclusion: Although the in vitro actions of buplvacame;
showed stereoselectivity ratios of 1.3-3:1 (R:S), in vivo nerv¢
block at clinically used concentrations showed much smalleg
ratios for peak effect and no significant enantioselectivity fo
duration. A primary role for the blockade of resting rather thamy
open or inactivated Na* channels may explain the modest steg
reoselectivity in vivo, although stereoselective factors controk;
ling local disposition cannot be ruled out. Levo-(S —)bupivacaine 1@
effectively equipotent to R- or racemic bupivacaine in vivo for rag
sciatic nerve block. (Key words: Action potential; local anes,g
thetic; sodium channel; state-dependence; stereopotency.)
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THE development of chiral local anesthetics, such a§
ropivacaine and levobupivacaine, was a response to rq%:
ports of cardiovascular collapse after accidental intraveg
nous injections of racemic bupivacaine.! Both of thesg
chiral compounds, S-stereoisomers of closely related p@,
peridine local anesthetics, are reported to have reduced
cardiotoxicity compared with the racemic mixture og
the R-isomer.>> However, these S-enantiomers are alsé
reported to be less potent than their R- counterparts,
and, if equal clinical actions require higher doses, the
apparent advantage of reduced toxicity observed at a
lower dose might be offset with no gain in therapeutic
index.

The primary action of local anesthetics on the periph-
eral nervous system is a blockade of nerve impulses
resulting from direct binding of these drugs to neuronal
sodium channels. This action has some, albeit weak,
stereoselectivity. For the stereoisomers of bupivacaine,
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the dextro-(R—)enantiomer is slightly more potent than
the levo-(S—)enantiomer for tonic block and increasingly
more potent for the phasic block of nerve impulses
in vitro.* This observation implies that functional local
anesthetic activity of dextro- and levobupivacaine in
vivo might also be different.

Peripheral nerve fibers conduct trains of impulses at
different frequencies to accomplish the functional trans-
mission of information. Trains of efferent impulses in
motor fibers lead to smoothly developing, sustainable
muscle contractions and trains of afferent impulses in
both myelinated and nonmyelinated fibers conduct in-
formation about intensity, rate of change, and duration
of sensory input to the central nervous system. High-
frequency impulses are both more sensitive to local
anesthetic (LA) blockade and, important here, display
greater stereoselectivity. If such phasic block accounts
for functional losses during anesthesia in vivo, then a
relatively larger stereopotency will be present, but if
tonic block with little use-dependent contribution oc-
curs in vivo, then the functional stereopotency will be
small.

In this study we have extended earlier observations by
using additional in vitro tests and also have conducted
in vivo nerve block studies. The original assay of im-
pulse blockade was complemented by experiments test-
ing the competitive displacement of radiolabeled batra-
chotoxin (*H-BTX) from the Na™ channels in rat brain
synaptosomes. Direct actions on Na' channels were
measured by inhibition of voltage-clamped Na™ current
in clonal neuroendocrine (GH-3) cells.

In these electrophysiological experiments, several
mechanistic questions are addressed, including whether
there is stereoselectivity for the “tonic” inhibition of
infrequently stimulated channels, as in nerves at rest,
how such stereoselectivity depends on the resting
(“holding”) membrane potential, and if the use-depen-
dent inhibition that results during frequent depolariza-
tion of the membrane, as would occur during a train of
action potentials, demonstrates stereoselectivity. Varia-
tions of use-dependent test protocols also are applied to
reveal the kinetic basis for increased drug affinity of
inactivated channel states and, importantly, a mecha-
nism for the previously reported stereoselectivity of car-
diac actions. Altogether, the diverse assays provide a
comprehensive approach to assess the Na® channel-
related pharmacodynamics of bupivacaine enantiomers
and of the racemic mixture.

To compare their functional effectiveness, we exam-
ined the actions of bupivacaine stereoisomers and their
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racemic mixture on neurobehavioral assays in rats. This
involves semiquantitative assessment of changes in neu-
rologic responses that are reversible and dose-depen-
dent.’ By comparing the actions of drugs on isolated
tissues and cells in vitro with the neurobehavioral re-
sults in vivo, one is able to separate local disposition
from neuronal pharmacodynamic influences for the per-
cutaneous block of sciatic nerve used here.

Methods

:dny wouy papeojumoq

In Vitro Assays

Batrachotoxin Binding Experiments. The ability o
bupivacaine enantiomers to displace *H-BTX from Na¥
channels was assayed with a technique adapted froni
Creveling et al.® as described in McHugh et al.” Incubag-
tions were conducted in a total volume of 250 ul cons
taining synaptosomes at a final concentration of 0.8 Mé
total protein/ul, 50 nm *H-BTX-B (50 Ci/mmol), 1 ug
tetrodotoxin, 0.03 mg Leiurus quinquestriatus venom%
dissolved in synaptosome storage buffer, composed o§
130 mm choline - CI, 5.5 mm glucose, 5.4 mm KCI, 0.8 ml\g
MgSO,, 50 mm HEPES, pH adjusted to 7.4 with Tris basé(—s
(=~ 22 mm). Incubations for 30 min at 37°C were termis
nated by dilution of the reaction mixture with 3 ml og
wash buffer (163 mm choline Cl, 5 mm HEPES, 1.8 m»§
CaCl,, and 0.8 mm MgSO,, pH adjusted to 7.4 with Tri€
base) and filtered through Whatman GF/C filters (What:z
man International Ltd., Maidstone, England). Filtrationz
was accomplished by vacuum perfusion through a 108
sample filtration device (Unipore Model 25; BioRad Labs
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oratories, Richmond, CA). Each filter was washed threg
times with wash buffer at 0°C (1 ml/wash, approxi
mately several seconds per wash). Filters and ﬁltraté;
were counted in 15 ml of Aquasol-2 (DuPont-NEN, Bos-z
ton, MA) on a Beckman scintillation counter (mode%l
LS6800; Beckman, Inc., Palo Alto, CA). The counting
efficiency was approximately 35%. Nonspecific binding
was determined by parallel experiments in the presenc€
of 300 um veratridine. Specific binding was approxis
mately 75% of total binding at 50 nm *H-BTX-B (K, ~ 82
nMin 1 um Leiurus quinquestriatus toxin; K, of Leiurus
quinquestriatus for enhancement of *H-BTX-B bind-
ing = 35 nu®).

Scorpion venom was prepared as described by Wang
and Strichartz.” Briefly, 5 mg/ml dry weight of lyophi-
lized venom was incubated overnight in synaptosome
storage buffer (see above) at 4°C and spun at 20,000g for
15 min to pellet the undissolved mucopolysaccharide.
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The pellet was discarded and the supernatant was then
used as a 5-mg nominal protein/ml solution of scorpion
venom.

Preparation of Synaptosomes. Synaptosomes were
prepared using a2 method adapted from Dodd et al.'® A
sheep (white-faced Dorset-Ewes, 40-060 kg) was killed
using a barbiturate overdose according to a protocol
approved by the Harvard University Standing Committee
on Animals for Dr. Hal Feldman. The cerebral cortex was
harvested (5 g wet weight) and placed in 200 ml of 0.32
M sucrose at 0°C. Three- to four-gram sections were
placed in 30 ml of 0.32 m sucrose at 0°C and were
homogenized in a Teflon/glass homogenizer (Fisher Sci-
entific, Woburn, MA; clearance ~ 0.15-0.23 mm, 12
up-and-down strokes at 800 rpm) while the mortar of the
homogenizer was kept in an ice-water bath. The crude
homogenates were pooled and distributed as 20-ml ali-
quots into polycarbonate centrifuge bottles. These were
centrifuged at 5,100 rpm (1,500g) on a 70.1 Ti rotor for
12 min at 4°C in a Beckman L-80 preparative ultracen-
trifuge (Palo Alto, CA). The pellet (P1) was discarded.
The supernatant (nominally in 0.32 M sucrose) was re-
moved, layered onto 8 ml of 1.2 m sucrose at 0°C, and
spun at 50,000 rpm (170,0002) for 17 min on a 70.1 Ti
rotor at 4°C. Four milliliters of supernatant was removed
from the gradient interface and mixed with 10 ml of 0.32
M sucrose at 0°C. The pellet (P2) and other material was
discarded. The diluted interface was layered onto 8 ml of
0.8 M sucrose and spun at 50,000 rpm for 17 min on a
70.1 Ti rotor. The supernatant was discarded and the
pellets (P3) were resuspended in synaptosomal storage
buffer. The synaptosomes were snap frozen in 250-ul
aliquots on ethanol- dry ice and stored at —80°C. Storage
of synaptosomes in a similar fashion has been shown to
have little effect on toxin binding or Na* flux."" Total
protein concentration was measured to be 3.41 mg/ml
after solubilizing membranes in 1.2% (wt/vol) sodium
dodecyl sulfate by Peterson’s modification of Lowry’s
method."?

Whole Cell Voltage Clamp of Na* Currents. The
GH-3 cell line was purchased from American Type Cul-
ture Collection (Rockville, MD) and maintained as de-
scribed by Dubinsky and Oxford.'* Cells were kept in a
humidified incubator at 37°C under 5% CO, and 95% air.
Cells were replated to a lower density every 7 days in
35-mm culture dishes. The culture medium (89% Dulbec-
co’s Eagle Medium, Gibco BRL #11965, Life Technolo-
gies, Gaithersburg, MD; 10% fetal calf serum, HyClone,
#SH-30070, Logan, UT; 1% penicillin-streptomycin,
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Gibco BRL, #15140) was replaced every 3-4 days. Cells
were used for experiments at days 1-5 after replating.
Na® currents in GH; cells were recorded at room
temperature (23 = 2°C) using the whole cell configura-
tion of the patch clamp method.'* Patch pipettes were
pulled from borosilicate glass tubes (TW150F-3, World
Precision Instruments, Sarasota, FL) and heat polished at
the tip before use to give a resistance of 1 = 0.5 M().
Currents were recorded using an Axopatch 2001’5
patch clamp amplifier (Axon Instruments, Foster Cltyg
CA), filtered with a 4-pole low-pass Bessel filter at 2- ?i
Hz, and digitized at 20 kHz (TL-1, DMA Interface, AXOIS
Instruments). All experiments were conducted undeg
capacitance and series resistance compensation, leakaggj
current was subtracted by the P/4 method” with exceps
tion of the experiments for phasic inhibition. pCLAMI%<
6.0 software (Axon Instruments) was used for acquisg
tion and analysis of currents. Microcal Origin softwaré
(Microcal Software, Northampton, MA) was used fog
creating figures and applying fitting procedures.
Experiments were performed with external solut101%
containing 130 mum NaCl, 0.1 mm CaCl,, 5 mm KCI, 5 my
MgCl,, 10 mm glucose, 10 mm HEPES (adjusted to pH 7.4
with NaOH), and internal solution containing 110 m1\§
CsF, 10 mm NacCl, 5 mm MgCl,, 10 mm EGTA, 10 m@
HEPES (adjusted to pH 7.2 with CsOH). Control solut
tions as well as test solutions were applied to cells W1tk§
a multiple-barrel perfusion system. R(+)- and S(— )bL@
pivacaine were obtained as crystalline HCI salts fron§
Chiroscience, Ltd. (Cambridge, United Kingdom) and
dissolved in water to give 50-mm stock solutions.

Isayisat

00-000600002!

In Vivo Assay

Neurobehavioral Experiments. Neurobehavioraf
experiments were performed on male Sprague—Dawle%
rats, weighing 250-300 g (age, 10-12 weeks). All prd-f
cedures were approved by the Harvard Committee oﬁ’-
animals and are in accordance with published gu1del1ne&
for animal experimentation of the International Associag
tion for the Study of Pain. Rats were delivered at an ag€
of 40 days and were handled daily over the next 10-14
days. The goal of handling is to familiarize the animal
with the experimenter, the environments in which the
studies are conducted, the manipulations involved in the
neurologic evaluation, and the injection procedure.’
This familiarization minimizes the contamination from
stress response during the experiment and improves
experimental performance. Criteria for sufficient han-
dling were an absence of signs of behavioral stress (ab-
sence of locomotor freezing and decreased number of
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fecal boli in the open field) and somatic stress (a regular
gain in weight) and a lack of response to the tactile
(non-noxious) stimulation of the area to be tested, fol-
lowed by a robust, distinctive response to noxious stim-
ulation. Animals that did not meet all criteria were not
used in this study.

General behavioral reactions, indicating the mental
status of the animals, were monitored throughout the
observation period under free behavior conditions, ob-
served in a 1 X 1-m uncovered box. Mental status was
considered normal when the animal was responsive to
its environment and exhibited exploratory activity.
These behavioral aspects are known to be altered by
systemic (toxic) local anesthetics.>'> All solutions were
prepared on the day of the experiment, not more than
30 min before injection.

Regional Block. An experiment consisted of monitor-
ing the specific neural functions, mediated by the sciatic
nerve of either hind limb: proprioception, motor func-
tion, and nociception before and after injection of drug
close to the sciatic nerve of one limb.> The noninjected
limb served as a control for evaluation of neurologic
changes. Time intervals for testing were 1, 5, 15 min, and
every 15 min until 2 h after the injection, and thereafter
every 30 min until functions were fully recovered.

A total of 142 experiments were performed on 71 rats.
The following drugs were injected, all in 0.1-ml volumes:

0.0625% racemic bupivacaine (n = 8); R-bupivacaine
(n = 8); S-bupivacaine (n = 8);

0.125% racemic bupivacaine (n = 7); R-bupivacaine
(n = 6); Sbupivacaine (n = 5);

0.25% racemic bupivacaine (n = 12); R-bupivacaine
(n = 12); S-bupivacaine (n = 12;)

0.5% racemic bupivacaine (n = 10); R-bupivacaine
(n = 8); $-bupivacaine (n = 7);

1% racemic bupivacaine (n = 12); R-bupivacaine

(n = 12); S-bupivacaine (n = 12).

Each hind limb was injected once only; each rat re-
ceived two injections, spaced no closer than 3 days.
Separate control experiments showed that the first in-
jection did not change the response to the second one
on the contralateral leg.

Administration of Drugs. Injections were per-
formed without any sedation of the rats. The rat was
placed in lateral recumbency; the greater trochanter and
ischial tuberosity were localized by palpation; the injec-
tion needle was advanced until encountering the is-
chium. Then 0.1 ml of the drug was injected within 5 s.
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Assessment of Sciatic Nerve Functions. The order
of testing was always as follows: proprioception, motor
function, nocifension.’ The evaluation of proprioception
was based on quantification of the “hopping” and “tac-
tile placing” reactions. Hopping tests the ability to do
passive lateral movement; lactile placing is testing of the
ability to reposition the knuckled toes. The functional
status was graded as follows: 3 (normal), 2 (slightly
impaired), 1 (severely impaired), or 0 (absent). §

Motor function was evaluated by the extensor posturai?
thrust (measured in grams with a platform balance) ag
the force that resists contact of the platform by the heel§
Normal motor function was established by measuring
the applied force necessary to bring the heel to th@j
platform before injection. The reduction in extensog
thrust was considered block of motor function.

Nociception was evaluated by the nocifensive reactiofg
to thermal and mechanical stimulation, Ze., to heat and
pinch. The latency of the withdrawal response to appl%
cation of a hot (51.0 = 0.5°C) metal probe (3-mm diamg
eter) to the dorsal surface of the lateral and media§
margin of the metatarsus was monitored. Prolongation o§
latency to 10 s (cutoff time) was taken as completd
nociceptive block. The nocifensive response to mechan%
ical noxious stimulation (pinch of little toe) was score&d
as follows: 3 (normal), 2 (slightly impaired), 1 (severel{*é
impaired), or 0 (absent).

Changes of each function were evaluated as percent of
maximal possible effect (%MPE) in each experiment at é
specified time after injection. %MPE was used for
general comparison of functions measured with diffe
ent numeric scales.

The definition of %MPE is given by
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identical to the control response, %MPE
%MPE was calculated for every functional changey
considering 100% of MPE as a complete block of
function, and by comparing the magnitude of evoked re-
sponse with the magnitude of the predrug control mea-
surement on the same leg. The duration of the complete
block of each function was also measured.

|
[,

Treatment of Behavioral Data. Comparisons of the
drugs were made by (1) comparing the dose-response
for the magnitude (%MPE) of different functional defi-
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Fig. 1. Concentration-dependent inhibition of saturable batra-
chotoxin (*H-BTX-B) binding by R- and S-bupivacaine. The
dashed lines are fits to the data of the modified Hill equation:

Y/Ypax = ([bupivacaine]™™/([bupivacaine]™ + IC;,""). Data
points show the mean of three experiments * SD.

cits induced by racemic versus R- versus S-bupivacaine;
(2) comparing the fraction of animals that had complete
functional block at a specified time after injection of
racemic versus R- versus S- bupivacaine; (3) comparing the
duration of functional changes after injection of racemic
versus R- versus Sbupivacaine; and (4) comparing area
under the curve for motor and nociceptive blockade.

Statistical Comparisons

Effects of R- and S-bupivacaine on batrachotoxin bind-
ing and Na™ currents were compared by paired Student
t test. In vivo actions producing functional deficits were
compared for R-, §-, and racemic bupivacaine by analysis
of variance with Bonferonni correction for graded actions
and by the Fisher exact test for the proportion of the
population that was fully blocked. P values are listed in
most cases, and P < 0.05 was taken as the criterion for
significant differences.

Results

Batrachotoxin Binding

Both R- and S-bupivacaine displaced *H-BTX from Na™*
channels of rat brain synaptosomes (fig. 1). The concen-
tration dependence of this antagonism was well fit by a
Hill equation (see fig. 1 legend) with IC,, values of 8.9 =
0.5 X 10 °mand 2.9 = 0.1 X 10> M and Hill coeffi-
cients (ny) of 1.30 £ 0.10 and 1.20 = 0.06 for R- and
S-bupivacaine, respectively. These data show that bind-
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ing of only one bupivacaine molecule to the Na* chan-
nel can displace a molecule of batrachotoxin,'®!” and
that the stereopotency ratio (R:S) equals 3:1.

Inbibition of Na* Currents

Sodium currents under voltage clamp were inhibited
by bupivacaine enantiomers in tonic (fig. 2) and use-
dependent (phasic, fig. 3) modes. Both prolonged, single
depolarizations and brief, repetitive depolarizations ir1§J
creased the inhibition of bupivacaine, showing that thi§
drug binds more to open (activated) and inactivated stateg
than to resting, closed states of the Na* channel.'®~2'  §

The degree of block was altered by the membrané
potential in ways that differ between the two enantig
omers. In assays of tonic inhibition, when the membrang
was held for 5 s at —80 mV, the R-enantiomer wa§
slightly but significantly more potent than the S—enantiog
mer, with IC;, values of 101.7 = 7.5 umand 132.1 = 8.8
UM, respectively, giving a stereopotency ratio (R:S) of 1.3:
(P = 0.02). Depolarization of the membrane’s holding
potential increased the affinity for both enantiomers; ag
—70 mV, ICs, values equaled 34.8 * 2.4 um and 37.6 5§
2.6 pm, and at —60 mV, ICs, values equaled 18.6 = 0.8
uM and 21.6 = 1.2 um for R- and S-bupivacaine, respec‘%
tively. Although R-bupivacaine was the slightly moré
potent enantiomer at these potentials, the stereopotenq%
ratios were small (1.08 and 1.16, respectively) and nog
statistically different from 1.0.

Hyperpolarization of the membrane’s holding potens
tial, however, decreased the affinity for both enantiﬁ
omers; at —100 mV, the IC;,, for R-bupivacaine increase
to 317.4 = 10.5 um and that for S-bupivacaine to 264.0 ﬂz
19.4 um. At this potential, the R-enantiomer becomeg
significantly less potent than the S-enantiomer (R:S
0.83; P = 0.036), as previously reported.*?

The kinetic basis for bupivacaine’s stereoselective
block of Na* channels can be gleaned from an analysis og
use-dependent block (fig. 3). Repetitive depolarizations,
prompted further channel blockade, as reflected by de§
creasing Na* current amplitude during a train of shorg
pulses applied at 5 Hz (fig. 3, current traces). At the same
bupivacaine concentration, and stimulation frequencies
of 1 and 5 Hz, R-bupivacaine produced a slightly slower
developing block that reached a greater steady state than
S-bupivacaine at 5 Hz (fig. 3B). For example, at 5 Hz and
100 uM, R-bupivacaine yields a reduction in peak ampli-
tude of tonic block of 58.5 * 0.6% with a decay constant
T of 4.6 = 0.8 pulses, whereas S-bupivacaine yields a
reduction in peak amplitude of tonic block of 48.5 *
1.1% with a 7 of 3.8 = 0.2 pulses.
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Fig. 2. Tonic inhibition of Na* currents by bupivacaine enantiomers. (4) Na* currents in control and in the presence of 100 puxg
R- or S-bupivacaine were evoked by the test pulses shown to the right, delivered at 20-s intervals. (B) Concentration dependence o?
Na* current block by R-bupivacaine (solid symbols) and S-bupivacaine (open symbols). Five-second prepulses to —60 mV througi®
100 mV were applied in the protocol shown in (4). Solid lines (R-bupivacaine) and dashed lines (S-bupivacaine) represent nonlmea‘g
least squares fitting of the function f, = 1/(1 + (IC,./[bupivacaine])) to the data points. (C) IC,, values, from the fitting tqg
concentration-inhibition data (B), graphed as a function of prepulse potentials. Data are presented as fitted values = SE of the fi¢
An unpaired Student ¢ test (SigmasStat, Jandel Scientific Software, San Rafael, CA) was used to evaluate the significance of differencei

in fitted values between R- and S-enantiomers. P values < 0.05 (*) were considered to be statistically significant.

Rates of dissociation of bupivacaine isomers from Na™*
channels were assessed by increasing the recovery inter-
val during which the membrane was unstimulated after
a 10-s depolarizing conditioning pulse to +10 mV and
measuring the recovery current as a function of recovery
time. These recovery kinetics show two phases in the
control situation without drug—a fast and a slow one—
that are attributable to the recovery from fast (Hodgkin-
Huxley type) and slow inactivation, respectively (table
1). Both bupivacaine enantiomers slightly but insignifi-
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cantly increased the time constant for fast inactivationg
but their major effect was to increase the fraction of
channels and the time constant of slow recovery, now
reflecting, in part, the dissociation of bupivacaine from
inactivated channels. The slowly recovering fraction is
increased approximately fourfold over control by R-bu-
pivacaine and threefold by S-bupivacaine, and the slow
recovery rate is slowed by approximately the same fac-
tors by the respective drugs. In other words, R-bupiva-
caine dissociates less rapidly from Na® channels than
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Fig. 3. Use-dependent inhibition of Na* currents by bupivacaine
enantiomers. (4) Na* currents in the presence of 100 um R- or
S-bupivacaine obtained with repetitive 5-ms pulses to +10 mV at
a frequency of 5 Hz. Holding potential was —100 mV. (B) Time
course for the development of phasic inhibition by 100 um
R-bupivacaine (filled boxes) and S-bupivacaine (open boxes).
Repetitive 5-ms pulses to +10 mV were applied at a frequency of
1 or 5 Hz after tonic block had reached steady state. Holding
potential was —100 mV. The peak amplitudes were normalized
to the amplitude obtained at tonic block and plotted against the
pulse number. Data are from four experiments each.

S-bupivacaine. Thus, the basis of stereoselectivity for
channel inhibition is found primarily in tighter binding
to the receptor.

In Vivo Sciatic Nerve Block

All neural deficits occurred at the appropriate ana-
tomic locus, the ipsilateral leg of the injected sciatic
nerve. No effects on the contralateral side were ob-
served, nor were there any generalized indications of
systemic toxicity (abnormal gaits, twitching, or seda-
tion). All neurologic deficits disappeared fully within
3-3.5 h at the longest. There were no residual changes in
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Table 1. Kinetic Parameters for the Recovery of Na* Current
after Prolonged Depolarization*

74 (Ms) 75 () Aot
Control 6.3 £ 0.7 14+04 0.18
R-bupivacainet 7.7 0.7 52+ 0.1 0.71
S-bupivacainet 7.8 +0.9 41 +0.3 0.58

* Cells were conditioned with a 10-s depolarizing pulse to +10 mV from a
holding potential of —100 mV and the recovery at —10 mV after the long
depolarization was determined by giving a test pulse to +10 mV at vanou§
times after the conditioning pulse. The data were normalized to the amplltude
of the test pulse obtained after a 50-s recovery time and fitted by the sum cg_

two exponentials. 3
T Fraction of current recovering with the slower time constant. 3
1 Both enantiomers at 0.3 mm; n = 4 for all values. g

o

Q
function or in gross anatomic appearance of the leg, nog
any signs of local inflammation. g

Changes in resting posture and in gait were observe&
before any other functional impairment, and they laste&
longer. The magnitude and the duration of these changeg
appeared to increase with increasing dose, and theig
pattern is similar to that previously reported with lido%
caine in the rat>: for postural changes, the toes ﬁrs<g
became fully extended and then ventroflexed and
curled, and the stifle was extended and the hocfé
dropped; for changes of gait, the injected limb touchecﬁ
the supporting surface with more weight bearing on thé
lateral margin or with weight bearing on the knucklec?
paw, then the leg dragged on the supporting surface. %

The graded deficits in the four neurobehavioral funcg
tions mediated by the sciatic nerve are exemplified ir?
figure 4 for blockade by the three drugs at a dose o§
0.125%. Inhibition of nocifensive responses, to bott§
noxious heat and pinch, is smaller in degree and shorteg
in duration than inhibition of proprioception and moto§
function, a differential functional block that occurs at al%
doses. Data such as those in figure 4 were used te
compare the effects of the three drugs in terms of ma)&g-
imum graded effects (¥MPE), the period after injectionz
during which the maximum effect occurred, and th§
duration of significant partial deficits (i.e., > 20% MPEJ,
for both motor activity and the nocifensive response tcg
pinch. The first two of these parameters are shown in
table 2, the last in table 3.

No stereoselective actions of drugs on maximum
%MPE was observed, with the exception of inhibition of
the response to pinch at 0.125%, where R = § > race-
mic. Durations of the maximum effect (table 2) as well of
partial deficits (table 3) generally increased with increas-
ing dose for all three drugs and, for the partial deficit of
both motor and nociception, the duration of effect from

0
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Comparative effect of 0.125% of R vs.S vs.racemic Bupivacaine
on the sciatic nerve functions.
120 : 9
1. Proprioception -—o— R-enantiomer (n=6)
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— racemic mixture (n=7)
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Fig. 4. The time course of graded deficits in the four neurobe-
havioral functions after injection of R-, §-, or racemic bupiva-
caine at 0.125%. The number of animals for each data set is
shown in parentheses. Values are mean * SD.

S-bupivacaine is less than, or occasionally equal to, that
from R-bupivacaine at all doses. In contrast, the duration
of effects from racemic bupivacaine has no consistent
relationship to those from the single enantiomers, being
sometimes greater than both, sometimes less than either,
and sometimes between the two.

These complex actions cannot be explained by a single
mechanism, such as binding to Na™ channels, but probably
arise from a combination of pharmacodynamic and phar-
macokinetic differences. Both factors contribute to the
integrated actions of the drugs, which can be compared by
calculating the area under the curve for the %MPE func-
tions versus time, such as those in figure 4. Such a com-
parison is made in figure 5, where integrated inhibition of
motor functions (fig. 5A) and heat nociception (fig. 5B) are
presented graphically for three bupivacaine doses: 0.125,
0.25, and 1%. No significant differences exist between the
two stereoisomers or the racemic mixture when this inte-
grated activity is compared.
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Table 2. Maximum Effect* and Its Time of Occurrencet for
Inhibition of Motor and Nocifensive Pinch Responses after

Sciatic Nerve Block

Dose (%) R-Bupivacaine S-Bupivacaine rac-Bupivacaine

Motor
0.0625 96 = 5/5-15 82 + 16/ 91 + 4/5-15
0.125 98 * 3/5-45 99 + 2/15-30 94 + 4/5-15
0.25 100 = 0/5-60 100 = 0/5-60 100 = 0/5-90
0.50 100 = 0/5-90 100 *= /16-60 100 = 0/590 9
1.0 100 = 0/5-60 100 = 0/5-90 98 *+ 2/5-1053

Nocifensive 8
pinch 3
0.0625 12 = 13/5-15 15 = 26/2-15 18 = 31/15 g
0.125 78 = 12/15 68 + 15/30 32 + 8/15-30¢&
0.25 100 = 0/30-45 99 *+ 2/30-45 100 + 0/15-60
0.50 100 = 0/30-90 96 + 5/45 100 = 0/5-75
1.0 100 = 0/15-45 98 + 3/15-60 100 =+ 0/5-75

IB(OJIBA|IS ZESE,

* Value to the left of the diagonal line is the maximum % MPE (mean *+ SD|

T Values to the right of the diagonal line are the inclusive times (min) at whick
maximum % MPE were observed. n = 6 or 7 for all points.

dl

I Significantly different from effects of R- and S-bupivacaine at the same dos:

SAeIsayue/w

Another measure of local anesthetic effect having
strong analogy to clinical anesthesia is the fraction o‘§
injected animals that become completely blocked. Scog
ing by presence or absence of response quantizes thé’g
population, and is shown in figure 6 for all four behavg"gD
ioral functions inhibited by bupivacaine doses of 0.12§
and 0.5%. As for the graded response (%MPE), the fully‘ai
blocked fraction increased with dose in both degree an@a
duration. Interestingly, at the lower dose (0.0625) thg
fraction of thermal nocifensive responses that was fullﬁmé
blocked was greater than that of either proprioceptive 0§
motor functions, the opposite relation from when
graded response (%¥MPE) was evaluated (fig. 4).

Table 3. Duration* of Deficits of Motor Activity and Pinch
Nociception Induced by Sciatic Nerve Block In Vivo

20z yole g1 uohsenbKq jpd-4Z000-00880!

Dose (%) R-Bupivacaine S-Bupivacaine rac-Bupivacaine
Motor
0.0625 60 = 12 45 + 10 60 = 16
0.125 75 £ 18 60 =5 90 = 23
0.25 115 £ 25 115 + 19 130 = 31
0.50 160 = 22 145 =17 160 = 40
1.0 175 = 22 145 = 20 130 = 15
Nocifensive
pinch
0.0625 0 0 0
0.125 45 =10 30 =12 25+ 18
0.25 85+ 14 70 =18 100 =9
0.50 130 = 27 75+ 25 100 = 16
1.0 145 = 26 100 = 28 130 = 19

* Longest measured time during which graded inhibition (% MPE) of function
exceeded 20%; n = 6 or 7.
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Fig. 5. Area under the curve for percent of maximal possible
effect (%MPE) versus time for (4) motor block and (B) inhibi-
tion of the nocifensive response to thermal stimulation at three
concentrations of the bupivacaine enantiomers and racemate.
Areas were determined by measuring the profile from the av-
eraged data, as graphed in figure 4, and the errors were esti-
mated from the envelopes formed between the larger and
smaller extremes of the SDs.

The fraction of animals fully blocked at the lower dose
(0.125%, fig. 6A) also demonstrated a greater effect of R-
over racemic bupivacaine, particularly for the later
phases of motor block and heat nociception, and greater
effects of the S-enantiomer over the racemate for heat
nociception. However, at the higher dose (0.5%, fig. 6B),
there was no difference among the three drugs in the
extent (all near or at 100%) or the duration of full
functional blockade.

Discussion

The experimental results show that both bupivacaine
stereoisomers and the racemic mixture are safe and
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effective for in vivo nerve block in the rat. Neither local
nor systemic toxicity or irritation is apparent, judging by
the calm, unsedated behavior or the animals and their
continuous ease in handling. The observed inhibitions
were fully reversible in the dose range used here.
These doses can be compared with those used in
humans. For example, for axillary (brachial plexus)
blockade in adults, 20-30 ml (5 mg/ml) bupivacaine,
0.5%, might be delivered. This results in a dosing og
1.5-2 mg/kg total body mass for this block. For the rag
sciatic nerve, injection of 0.1 ml bupivacaine, 0.5%, alséii
produces a secure block, also corresponding to a dosing
of 1.5-2 mg/kg. This is to some degree a fortuitoug
agreement, because local vascularity, surface:volume reg
lationships and species-dependent pharmacokinetic facs
tors may differ markedly between the two circurn:i:
stances. Still, the agreement supports the extension og
qualitative results from rats to humans. R-bupivacaine i§
generally more potent than S-bupivacaine when assayeé;
in vitro for Na* channel inhibitory activity, although thg
exact stereopotency depends on the the assay and thg
conditions. Antagonism of batrachotoxin binding show§
a greater stereoselectivity (approximately 3:1) than th&
tonic blockade of resting or inactivated channels mea%
sured by voltage clamp (approximately 0.8-1.3:1). Th&
same 3:1 stereopotency was found previously by Lee Smg
et al.* for competitive antagonism by bupivacaine enan2
tiomers of the depolarizing action of veratridine on frog
sciatic nerves.*? g
Inhibition of Na* shows the resting channel confory
mation (favored at —100 mV) to have a slightly higheg
(1.2fold) affinity for §- over R-bupivacaine, while thé
inactivated channel (favored at —60 mV) binds the R§
enantiomer 17 times tighter and the S-enantiomer lﬁ
times tighter than their resting-state affinities, resultin%
in only approximately a 1.2-fold stereopotency rati@
(R:S) in the moderately depolarized membrane. Theség
findings confirm and extend the earlier reports of Weal§
but significant stereoselectivity (R > §) for the inhibitiog
of neuronal action potentials*** and Na* currents,**?Z
both of which were enhanced by steady or repeated®
transient depolarization. In a nerve membrane at the
“normal” resting potential of —70 to —80 mV, therefore,
the R- bupivacaine enantiomer is approximately 1.3
times more potent for tonic blockade of Na™ channels.*
However, use-dependent actions, which result from in-
creased local anesthetic binding to Na® channels
opened or inactivated by repeated stimulation, will lead
to a stereoselective phasic block more favorable to R-
bupivacaine. The underlying kinetic mechanism re-

500!
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racemic mixture, at concentrations of (4) 0.125% and (B) 0.5%. *R- significantly greater than racemate. *S- significantly greater thai®
o

racemate by the Fisher exact test.

ported here describes a slower dissociation of R-bupiv-
acaine from inactivated channels compared with
S-bupivacaine. A similar, state-dependent affinity differ-
ence occurs with cardiac Na™ channels®®> and would be
particularly emphasized during the large and prolonged
systolic depolarization of cardiac tissues. This may ex-
plain the pronounced stereoselectivity of cardiotoxicity
(see below).

In contrast to the #n vitro neuronal stereopotency,
only small differences in enantiomer potency could be
detected for the neurobehavioral deficits that character-
ize sciatic nerve block iz vivo. Neither the maximum
degree of blockade (%MPE) nor its duration was clearly
favored by one enantiomer at all doses, for any of the
four functions tested, although the fraction of animals
completely blocked by 0.125% R-bupivacaine was

Anesthesiology, V 93, No 3, Sep 2000

¥200

d

greater than when 0.125% of the racemate was useds
Stereoselective (R > §) actions of bupivacaine isomeré
have been reported for infiltration anesthesia in animals%
and humans,?® but other clinical trials have not detecte%
a significant difference in degree (intensity), spread, OF
duration of block between bupivacaine enantiomers of
between levobupivacaine and the racemic mixture.?” §

There are several possible explanations for the differ-
ence between in vitro and in vivo stereoselectivity find-
ings. First, the predominant mode of neural blockade
that underlies functional deficits may be a result of tonic
inhibition of resting nerve fibers. Stereoselectivity for
this block #n vitro is modest at best, as reported here
(fig. 2C) and in other reports®?* and might be undetec-
ted during typical clinical tests, where quantitation is not
a primary objective and intraindividual variability is high.



754

VLADIMIROV ET AL.

The methods used here for assaying functional neural
blockade can readily discriminate dose differences of
threefold, near the EDs, (e.g., see table 2, nociception);
therefore, if potency differences of 3:1, as shown for
batrachotoxin displacement or the competitive antago-
nism of veratridine’s actions,4 were reflected in func-
tional blockade they should be detectable.?”

Second, inhibition of K channels by bupivacaine,
known in some cases to have a strong (R > §) stereose-
lectivity,*®*° may either potentiate®® or antagonize>' im-
pulse blockade that is primarily caused by inhibition of
Na* channels. Because different types of axons, classi-
fied by anatomy (nonmyelinated, myelinated) or by func-
tion (sensory, motor), appear to have different kinds of
K" channels,?*=*> blockade of Na* channels may not be
the predominant factor determining the stereoselectivity
of impulse blockade.

Third, the local disposition of drug that is a major
determinant of degree and duration of neural blockade
may favor the neuronal uptake of the intrinsically less
potent enantiomer, thus nullifying any pharmacody-
namic advantage. Studies of rat sciatic nerve block with
radiolabeled lidocaine reveal that only a few percent of
the total injected dose (in 0.1 ml) actually is present in
the nerve during the peak of functional deficits.*® Vaso-
constriction by epinephrine (1:100,000) is known to
potentiate and prolong this blockade and also elevates
intraneural lidocaine approximately twofold (unpub-
lished observations). The S-enantiomers of piperidine-
ring local anesthetics, e.g., S-mepivacaine, ropivacaine,
and S-bupivacaine, are reported to be more vasoconstric-
tive than the R-enantiomers,®>” and thus, through this
vascular action, S-bupivacaine could enhance its own
neuronal uptake and potentiate its own block, more so
than the comparative actions of R-bupivacaine.

Finally, all of these factors could be contributing to the
overall observed functional block in vivo, because the
participation of any one factor does not preclude the
others.

That neural blockade iz vivo shows little to no signif-
icant stereoselectivity for sensory or motor deficits con-
trasts with the effects on cardiac activities,>>®>° where
R-bupivacaine is both more potent and more toxic than
S-bupivacaine. The discrepancy between neuronal “ther-
apeutic” and cardiac “toxic” actions may arise from the
different states of the Na* channel involved in the ef-
fects on these different tissues. Neural blockade requires
relatively high concentrations of bupivacaine, likely
binding to resting state Na* channels in a nerve mem-
brane most often at a potential of —70 to —80 mV

Anesthesiology, V 93, No 3, Sep 2000

(where little stereoselectivity of block is present) and
only briefly depolarized by neuronal impulses. In con-
trast, cardiac effects that can be produced by much
lower drug concentrations arise from binding to inacti-
vated Na™ channels (with higher R > S stereoselectivity)
that are populated during the hundreds of millisecond-
long depolarizations of cardiac action potentials.>> One
would predict from these state-dependent affinities that
R-bupivacaine would be more cardiotoxic than §- bupivg
acaine, a prediction born out by in vitro>>%3° an(i?
in vivo studies.*>*! These differences in card1otox1c1tﬁ
between R- and S-enantiomers of bupivacaine (or beS
tween ropivacaine and its R-enantiomer), coupled witlg
equipotency for nerve block in vivo, might provide a@
advantage in therapeutic index that justifies their clinicad
use.
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