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Influence of Voltage-sensitive Ca11 Channel Drugs on
Bupivacaine Infiltration Anesthesia in Mice
Forrest L. Smith, Ph.D.,* Richard W. Davis, B.S.N.,† Richard Carter, B.S.‡

Background: Local anesthesia has been traditionally associ-
ated with blockade of voltage-sensitive sodium (Na1) channels.
Yet in vitro evidence indicates that local anesthetic mechanisms
are more complex than previously understood. For example,
local anesthetics bind and allosterically modify 1,4-dihydropyr-
idine-sensitive Ca11 channels and can reduce Ca11 influx in
tissues. The current study examines the influence of voltage-
sensitive Ca11 channels in bupivacaine infiltration anesthesia.

Methods: Baseline tail-flick latencies to radiant heat nocicep-
tion were obtained before subcutaneous infiltration of bupiva-
caine and Ca11-modulating drugs in the tails of mice. No mus-
culature is contained in the tail that could result in motor block.
The magnitude of infiltration anesthesia over time, as well as
the potency of bupivacaine alone or in the presence of Ca11-
modulating drug, was assessed by obtaining test latencies.

Results: The 1,4-dihydropyridine L-type Ca11 channel ago-
nist S(2)-BayK-8644 reduced the duration of action and potency
of bupivacaine anesthesia. In opposite fashion, nifedipine and
nicardipine increased the effects of bupivacaine. Neither nifed-
ipine nor nicardipine alone elicited anesthesia. Alternatively,
the phenylalkylamine L-type blocker verapamil elicited concen-
tration-dependent anesthesia. Other Ca11 channel subtype
blockers were investigated as well. The N-, T-, P-, and Q-type
channel blockers, v-conotoxin GVIA, flunarizine, v-agatoxin
IVA, and v-conotoxin MVIIC, respectively, were unable to mod-
ify bupivacaine anesthesia.

Conclusions: These results indicate that heat nociception
stimulates Ca11 influx through L-type channels on nociceptors
in skin. Although other voltage-sensitive Ca11 channels may be
located on skin nociceptors, only the L-type channel drugs
affected bupivacaine in the radiant heat test.

VOLTAGE-sensitive Ca11 channels are known to open
in response to membrane depolarization resulting from
the generation of nerve impulses.1 The influx of Ca11 is
essential for maintaining normal sensory processing, the
transmission of nerve impulses, and synaptic transmis-
sion. For example, Ca11-sensitive K1 channels regulate
sensory neuronal excitability.2 Excitability is diminished
when Ca11 influx from action potentials opens more
Ca11-sensitive K1 channels, leading to membrane hy-
perpolarization.3 Furthermore, activation of Ca11-sensi-

tive kinases and phosphatases can affect the phosphor-
ylation state and function of voltage-gated ion channels.
For example, protein kinase A and protein kinase C phos-
phorylate voltage-gated Na1 channels, whereas calcineurin
is thought to dephosphorylate these channels.4,5

It is widely accepted that local anesthetics reversibly
prevent the conduction of electrical impulses in nerves
by blocking voltage-gated Na1 channels.6 Yet the prop-
erties of local anesthetics appear to be more complex
than previously understood. Ligand binding assays on
1,4-dihydroypridine–sensitive Ca11 channels have re-
vealed the existence of an allosteric binding site for local
anesthetics.7,8 Functionally, local anesthetics can di-
rectly depress Ca11 entry into tissue.9,10 Thus, anesthe-
sia may also reflect the actions of local anesthetics in
altering Ca11 influx and release from intracellular pools.
This study was conducted to test the hypothesis that
voltage-sensitive Ca11 channels play an important role
in regulating the anesthetic properties of bupivacaine in
mice.

In the current study, mice were tested for infiltration
anesthesia in the radiant-heat tail-flick test after Ca11

modulating drugs were coadministered with bupiva-
caine in the tail. Our results revealed that only the
1,4-dihydropyridine–sensitive L-type Ca11 channel
drugs were able to modulate the anesthetic effects of
bupivacaine.

Materials and Methods

Methods of Handling Mice
Male Institute for Cancer Research (ICR) mice (Harlan

Laboratories, Indianapolis, IN) weighing 27.0 6 0.4 g
were housed six to a cage in animal-care quarters main-
tained at 22 6 2°C on a 12-h light–dark cycle. Food and
water were available ad libitum. The mice were brought
to a test room (22 6 2°C, 12-h light–dark cycle), marked
for identification, and allowed 16 h to recover from
transport and handling. The Institutional Animal Care
and Use Committee at the Medical College of Virginia
Campus of Virginia Commonwealth University (Rich-
mond, VA) approved all procedures in the study.

The Tail-flick Test
The tail-flick test used to assess for infiltration anesthe-

sia was developed by D’Amour and Smith11 and modified
by Dewey et al.12 The tail-flick device is designed to
focus a light beam onto the site infiltrated with local
anesthetic, without exposing noninjected tissue to the
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noxious radiant-heat stimulus. The intensity was ad-
justed to yield baseline latencies of between 2 and 4 s. A
single baseline latency was obtained approximately
15 min before the mice were injected with drug. A 10-s
cutoff was used to prevent any potential tissue damage.
In experiments testing for potential underlying infiltra-
tion anesthesia that was not observed with the higher
heat stimulus, the intensity was reduced to yield baseline
latencies of approximately 6 s. A 12-s cutoff was used in
these experiments.

Subcutaneous Infiltration of Bupivacaine
Before infiltration of vehicle or drug, baseline tail-flick

latencies were obtained by exposing the tail to noxious
radiant heat at the site to be infiltrated with drug. The
baseline average over the entire study was 3.1 6 0.1 s. The
mice were then restrained to allow unencumbered access
to the tail. A 26-gauge 5⁄8-inch needle was inserted approx-
imately 1.0–1.3 cm longitudinally under the skin in the
subcutaneous space in the dorsal aspect of the tail. The
needle was attached to a 1-ml syringe (Becton Dickinson,
Franklin Lakes, NJ) prefilled with drug solution. A 100-ml
volume of drug solution was infiltrated, and the needle was
left in place for 5 s to prevent leakage of injectate from the
site after removing the needle. During injection, the solu-
tion dispersed around the circumference of the tail in a
rostral-caudal direction of approximately 2 to 3 cm. A slight
blanching of the skin that reversed within 1–2 min indi-
cated the extent of the spread of solution. A nontoxic
marking pen was used to mark the most rostral spread of
solution. Tail-flick testing was conducted below the area
marked on the tail. These methods are detailed in a previ-
ous report from this laboratory.13

Experimental Design
All test drugs were solubilized and then mixed with

commercial bupivacaine for coinfiltration of the tail. The
time course for Ca11-modulating drugs to affect bupiv-
acaine anesthesia was examined. These studies com-
prised the following treatment groups: vehicle 1 saline,
test drug 1 saline, vehicle 1 bupivacaine, and test drug 1
bupivacaine. Baseline tail-flick latencies were obtained,
after which test latencies were collected at predeter-
mined times after drug administration. The ordinate was
expressed as tail-flick latency (seconds), while the ab-
scissa was expressed as time (minutes). The influence of
increasing concentrations of Ca11-modulating drug on
the ED50 dose of bupivacaine was also examined. Both
baseline and test tail-flick latencies from each animal
were converted into the percentage of maximum possi-
ble effect (%MPE) according to the method of Harris and
Pierson,14 which was calculated as follows:

%MPE 5 @~test 2 baseline!/~10 2 baseline!# 3 100.

The ordinate was %MPE, while the abscissa was ex-
pressed as the concentration of Ca11-modulating drug.

For active Ca11-modulating drugs, complete bupiva-
caine dose–response curves were generated in the ab-
sence and presence of Ca11-modulating drug for calcu-
lation of ED50 and potency ratio values. The ordinate was
%MPE, while the abscissa was expressed as the percent-
age of bupivacaine dose.

Statistical Analyses
The tail-flick latency (seconds) values were analyzed

with one-factor analysis of variance for experiments in
which different concentrations of Ca11 channel drug
were tested with an ED50 dose of bupivacaine. A statis-
tically significant F value led to post hoc comparisons
using the Tukey test. Tail-flick latency (seconds) values
were analyzed with two-factor repeated measures anal-
ysis of variance for experiments that examined the time
course of Ca11-modulating drugs to affect bupivacaine
anesthesia. A significant F value for the drug treatment 3
time interaction led to post hoc analysis using the Tukey
test. The %MPE values for dose–response curves were
analyzed in the following manner. ED50 values were
calculated using least squares linear regression analy-
sis of %MPE values followed by calculation of 95%
confidence limits according to the method of Bliss.15

Dose–response curves were considered significantly
different if the 95% confidence limits did not overlap.
Tests for parallelism were conducted before calcula-
tion of potency ratio values and 95% confidence limits
by the method of Colquhoun.16 A potency ratio value
greater than 1, with a lower 95% confidence limit

Fig. 1. S(2)-BayK-8644 reduced the magnitude and duration of
bupivacaine local anesthesia. Baseline tail-flick latencies to ra-
diant-heat nociception were obtained before injecting 0.1 ml of
vehicle or S(2)-BayK-8644 (35 mM) mixed with saline or 0.43%
bupivacaine. At the indicated times, the animals were tested for
local anesthesia. The groups consisted of vehicle 1 saline (open
circle, solid line), S(2)-BayK-8644 1 saline (open square,
dashed line), vehicle 1 bupivacaine (filled circle, solid line),
and S(2)-BayK-8644 1 bupivacaine (filled square, dash-dotted
line). *P < 0.05 compared with baseline latency; ‡P < 0.05
compared with corresponding vehicle 1 bupivacaine time
point.
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greater than 1, was considered a significant difference
in potency.

Drugs
Bupivacaine HCl in a stock concentration of 0.75%

was purchased from the Medical College of Virginia
Hospitals Pharmacy (AstraZeneca, Westborough, MA).
When necessary, dilutions of bupivacaine were made
with sterile isotonic saline to achieve the desired final
percent solution (Baxter Healthcare Corp., Deerfield,
IL). S(2)-BayK-8644 (Research Biochemicals Interna-
tional, Natick, MA), nifedipine, nicardipine (Sigma
Chemical Co., St. Louis, MO), and flunarizine (Calbio-
chem, San Diego, CA) were dissolved in a DMSO–

emulphor mixture and diluted to a final vehicle con-
centration of 5% DMSO, 10% emulphor, and 85%
bupivacaine solution. The vehicle control consisted of
5% DMSO, 10% emulphor, and 85% isotonic saline.
The water-soluble drugs v-conotoxin GVIA (Research
Biochemicals International), v-agatoxin IVA, and
v-conotoxin MVIIC (Calbiochem, San Diego, CA) were
dissolved in saline and then added to the bupivacaine
solution. The vehicle control consisted of isotonic
saline.

Results

Role of L-type Voltage-sensitive Ca11 Channels in
Bupivacaine Infiltration Anesthesia
Experiments were designed to determine the role of

1,4-dihydropyridine–sensitive Ca11 channels (L-type) in
the expression of bupivacaine infiltration anesthesia. Ve-
hicle or the 1,4-dihydropyridine Ca11 channel opener
S(2)-BayK-864417 was coadministered with bupivacaine.
As shown in figure 1, bupivacaine injected alone elicited
anesthesia that was still present 2 h later. S(2)-BayK-
8644 injected alone did not affect the tail-flick latency
over the 2-h test period compared with mice injected
with vehicle. However, coinfiltration of S(2)-BayK-8644
with bupivacaine significantly reduced the magnitude
and duration of anesthesia (F3,24 5 6.23; P , 0.001). In
addition, S(2)-BayK-8644 blocked the effect of an ED50

dose of bupivacaine in a concentration-dependent man-
ner (fig. 2A) and significantly reduced the potency of
bupivacaine (fig. 2B, table 1).

Alternatively, blockade of 1,4-dihydropyridine–sensi-
tive Ca11 channels with nifedipine (fig. 3A) or nicardi-
pine (fig. 3B) enhanced the effects of bupivacaine. As
shown in figure 3A, nifedipine alone did not significantly
affect tail-flick latencies compared with vehicle-injected
mice during the 120-min test period. However, nifedi-
pine significantly enhanced the duration of bupivacaine
infiltration anesthesia (F3,24 5 11.89; P , 0.001). Nifed-

Fig. 2. (A) Dose-dependent inhibition of bupivacaine with S(2)-
BayK-8644. Baseline tail-flick latencies were obtained before
injecting 0.1 ml of vehicle or S(2)-BayK-8644 (35 and 141 mM)
mixed with 0.12% bupivacaine. The mice were tested for local
anesthesia 30 min later. *P < 0.05 compared with the vehicle 1
bupivacaine control. (B) S(2)-BayK-8644 reduced the potency
of bupivacaine anesthesia. Baseline tail-flick latencies were ob-
tained before injecting mice with 0.1 ml bupivacaine mixed
with vehicle (open circle, solid line) or S(2)-BayK-8644 (35 mM

[filled square, dashed line] or 141 mM [filled triangle, dotted
line]). The mice were tested for local anesthesia 30 min later.
Each dose–response curve represents 18–24 mice. %MPE 5
percentage of maximum possible effect.

Table 1. Influence of the Dihydropyridine Ca11 Channel
Opener S(2)-BayK-8644 on Bupivacaine Local Anesthesia

Treatment

ED50
% Bupivacaine

(95% CL)
Potency Ratio

(95% CL)

Vehicle 0.10 (0.08–0.12) —
S(2)-BayK-8644 (mM)

35 0.33 (0.23–0.50)* vs. Veh 3.6 (2.2–6.2)*
141 1.08 (0.85–1.36)* vs. Veh 8.1 (6.9–16.6)*

Baseline latencies were obtained from mice by exposing their tails to noxious
radiant heat. A 100-ml volume of drug mix was then infiltrated subcutaneously
in the tail at the site of the radiant heat exposure. The drug mix consisted of
vehicle or S(2)-BayK-8644 mixed with different percent bupivacaine solutions
for construction of bupivacaine dose–response curves. Test latencies were
obtained 30 min later.

* Significantly different from vehicle group.

CL 5 confidence limit.
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ipine increased the anesthetic effects of an ED50 dose of
bupivacaine (fig. 4A) and significantly increased the po-
tency of bupivacaine (fig. 4B, table 2). Because nifedi-
pine is a vasodilator, the concern was raised that the
enhancement in anesthesia reflected the systemic effects
of bupivacaine absorbed into circulation. Mice injected
with 0.12% bupivacaine 1 vehicle and 0.12% bupiva-
caine 1 nifedipine (28.8 mM) in the tail were tested with

the hot-plate paw-withdrawal assay (56°C). Nifedipine
did not affect the paw-withdrawal latencies (i.e., 22% vs.
17% MPE, respectively). In addition, anesthesia was ab-
sent in the tail-flick test after conventional subcutaneous
administration of bupivacaine 1 vehicle and bupiva-
caine 1 nifedipine in the back of the neck (i.e., 8.9% vs.
3.2% MPE, respectively). The effects of nifedipine were
confirmed with experiments in which the 1,4-dihydro-
pyridine nicardipine was tested. Like nifedipine, nicardi-
pine alone elicited no anesthesia but enhanced the du-
ration of bupivacaine anesthesia (F3,24 5 4.10; P ,
0.001; fig. 3B). Nicardipine also increased the anesthetic
effects of an ED50 dose of bupivacaine (fig. 5A) and
significantly increased the potency of bupivacaine (fig.
5B, table 2).

Fig. 3. (A) Nifedipine increased the duration of bupivacaine
anesthesia. Baseline tail-flick latencies were obtained before
injecting 0.1 ml of vehicle or nifedipine (12 mM) mixed with
saline or 0.12% bupivacaine. At the indicated times, the animals
were tested for local anesthesia. The groups consisted of vehicle 1
saline (open circle, solid line), nifedipine 1 saline (open square,
dashed line), vehicle 1 bupivacaine (filled circle, solid line), and
nifedipine 1 bupivacaine (filled square, dash-dotted line). *P <
0.05 compared with baseline latency; ‡P < 0.05 compared with
corresponding vehicle 1 bupivacaine time point. (B) Nicardipine
increased the duration of bupivacaine anesthesia. Baseline tail-
flick latencies were obtained before injecting 0.1 ml of vehicle or
nicardipine (3875 mM) mixed with saline or 0.12% bupivacaine. At
the indicated times, the animals were tested for local anesthesia.
The groups consisted of vehicle 1 saline (open circle, solid line),
nicardipine 1 saline (open square, dashed line), vehicle 1 bupiv-
acaine (filled circle, solid line), and nicardipine 1 bupivacaine
(filled square, dash-dotted line). *P < 0.05 compared with baseline
latency; ‡P < 0.05 compared with corresponding vehicle 1 bupiv-
acaine time point. Fig. 4. (A) Dose-dependent enhancement of bupivacaine with

nifedipine. Baseline tail-flick latencies were obtained before
injecting 0.1 ml of vehicle or nifedipine (14.4–2,880 mM)
mixed with 0.12% bupivacaine. The mice were tested for local
anesthesia 30 min later. *P < 0.05 compared with the vehicle
1 bupivacaine control. (B) Nifedipine increased the potency
of bupivacaine. Baseline tail-flick latencies were obtained
before injecting mice with 0.1 ml bupivacine mixed with
vehicle (open circle, solid line) or nifedipine (28.8 mM [filled
square, long-dash line], 289 mM [open triangle, dotted line],
2,888 mM [filled triangle, short-dash line]). Each dose–re-
sponse curve represents 24–30 mice. %MPE 5 percentage of
maximum possible effect.
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The phenylalkylamine L-type blocker verapamil was also
tested with the intention of validating the results with the
1,4-dyhydropyridines. Like the preceding experiments, the
mice were tested with a noxious heat stimulus that yielded
baseline latencies of approximately 3 s. However, vera-
pamil infiltration elicited an anesthetic effect similar to that
reported in humans.18 Figure 6A reveals that the duration
of anesthesia increased with verapamil dose. In addition,
the calculated ED50 value of verapamil from the dose–
response curve was 3.2 mM (95% confidence limit, 2.8–3.7;
fig. 6B). This led us to speculate that nifedipine and nicar-
dipine might possess some anesthetic properties that were
obscured by the high-intensity stimulus experiments con-
ducted in figures 3–5. Thus, for these experiments, the
light intensity was reduced to yield baseline latencies of
approximately 6 s. Yet even during these very mild noxious
heat conditions, nifedipine and nicardipine were inactive
in the tail-flick test (figs. 7A and B). These results indicate
that verapamil is unique among Ca11 channel blockers in
eliciting anesthesia.

Role of N-, T-, P-, and Q-type Ca11 Channels in
Bupivacaine Infiltration Anesthesia
Other voltage-sensitive Ca11 channels were exam-

ined for their role in modulating bupivacaine infiltra-
tion anesthesia. Of the Ca11 channel blockers to be
mentioned, none elicited anesthesia when injected
alone, despite testing a 100-fold range of concentra-
tions. In addition, none of these Ca11 channel block-
ers altered the anesthetic effects of an ED50 dose of
bupivacaine. The N- and T-type blockers v-conotoxin
GVIA and flunarizine, respectively, failed to enhance
or block bupivacaine (figs. 8A and B). In addition, the
P- and Q-type blocker v-agatoxin IVA v-conotoxin
MVIIC, respectively, failed to enhance or block bupiv-
acaine (figs. 9A and B).

Discussion

Infiltration Anesthesia by Ca11 Channel Blockers
Both electrophysiologic and behavioral experiments

have shown that blockers of L-, N-, and P-type Ca11

channels on the nerve terminals of A-d–C fibers inner-
vating the dorsal spinal horn block nociceptive in-
put.19–22 Yet less is known about the identity of Ca11

channels present on nociceptors in the organs and skin
innervated by these sensory neurons. Nociceptors in the
cornea appear to possess L-type Ca11 channels. Appli-
cation of diltiazem on the cornea elicited concentration-
dependent depression of cold fiber discharge activity,
without affecting mechanoreceptor afferents.23 Studies
on nociceptors in rat skin flaps indicate that L- and
N-type channels, but not P- or Q-type, block KCl-stimu-
lated calcitonin gene-related peptide release from small-

Fig. 5. (A) Dose-dependent enhancement of bupivacaine with
nicardipine. Baseline tail-flick latencies were obtained before
injecting 0.1 ml vehicle or nicardipine (194–3,875 mM) mixed
with 0.12% bupivacaine. The mice were tested for local anes-
thesia 30 min later. *P < 0.05 compared with the vehicle 1
bupivacaine control. (B) Nicardipine increased the potency of
bupivacaine. Baseline tail-flick latencies were obtained before
injecting mice with 0.1 ml bupivacaine mixed with vehicle
(open circle, solid line) or nicardipine (194 mM [filled square,
dash line], 1,938 mM [filled triangle, dotted line], 3,875 mM [open
triangle, dash-dotted line]). The mice were tested for local an-
esthesia 30 min later. Each dose–response curve represents
24–30 mice. %MPE 5 percentage of maximum possible effect.

Table 2. Influence of Dihydropyridine-sensitive Ca11 Channel
Blockade on Bupivacaine Local Anesthesia

Treatment
ED50

% Bupivacaine (95% CL)
Potency Ratio

(95% CL)

Vehicle 0.12 (0.10–0.16) —
Nifedipine (mM)

29 0.04 (0.03–0.05)* vs. Veh 3.0 (2.0–4.5)*
289 0.03 (0.02–0.03)* vs. Veh 4.7 (2.9–7.4)*

2,888 0.04 (0.02–0.06)* vs. Veh 3.5 (1.8–6.1)*
Nicardipine (mM)

194 0.10 (0.08–0.14) vs. Veh 1.2 (0.8–1.8)
1,938 0.04 (0.03–0.06)* vs. Veh 2.7 (1.6–5.2)*
3,875 0.03 (0.02–0.05)* vs. Veh 3.5 (2.1–6.1)*

Baseline latencies were obtained from mice by exposing their tails to noxious
radiant heat. A 100-ml volume of drug mix was then infiltrated subcutaneously
in the tail at the site of the radiant heat exposure. The drug mix consisted of
vehicle, nifedipine, or nicardipine mixed with different percent bupivacaine
solutions for construction of bupivacaine dose–response curves. Test laten-
cies were obtained 30 min later.

* Significantly different from vehicle group.

CL 5 confidence limit.
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diameter unmylenated afferent neurons.24 Of course,
other high- and low-voltage–activated Ca11 channels
(e.g., T-, P-, Q types, and others) may be present on
nociceptors and participate in transmitting chemical,
mechanical, or other forms of nociception.

This study focused on the role of voltage-sensitive
Ca11 channels in sensory transduction, which is the
process by which nociceptors convert noxious radiant
heat into impulses that ultimately lead to behavioral
responses. In humans, intradermal injection of 0.5 ml of
388 mM nicardipine elicited a mild but statistically signif-
icant increase (i.e., 1.45 s) in the pain threshold to
noxious radiant heat.25 Interestingly, in mice some con-
centrations of nifedipine and nicardipine caused nonsig-

nificant increases in low-intensity tail-flick latencies of
1.4 and 2.4 s, respectively. In this assay, a 1.4–2.4-s
increase in tail-flick latencies is very mild considering
that bupivacaine can increase latencies 7 to 8 s above the
baseline during high-intensity conditions. Alternatively,
verapamil (2.0–4.6 mM) elicited anesthesia in mice,
which was consistent with local anesthesia in humans
administered 5-mM concentrations.18 The 1,4-dihydropy-
ridines are highly selective inhibitors of voltage-sensitive
Ca11 channels. However, verapamil can also block volt-
age-activated fast Na1 currents and inhibit the amplitude
of compound action potentials in sciatic nerves isolated
from rats.26 Thus, the anesthetic effects of verapamil

Fig. 6. (A) Verapamil elicited dose-dependent increases in the
duration of local anesthesia. Baseline tail-flick latencies to radi-
ant-heat nociception were obtained before injecting vehicle or
verapamil. At the indicated times, the animals were tested for
local anesthesia. The groups consisted of vehicle (open circle,
solid line) or verapamil (filled triangle, 4.1 mM; filled circle,
16.0 mM). *P < 0.05 compared with baseline latency; ‡P < 0.05
compared with corresponding vehicle time point. (B) Vera-
pamil elicited dose-dependent local anesthesia. Baseline tail-
flick latencies were obtained before injecting mice with vera-
pamil (filled circle, solid line). The mice were tested for local
anesthesia 15 min later. The dose–response curve represents 30
mice. %MPE 5 percentage of maximum possible effect.

Fig. 7 (A) Assessment of nifedipine local anesthesia using a
low-intensity tail-flick stimulus. The radiant-heat intensity was
reduced to yield baseline tail-flick latencies of approximately
6 s. This allowed us to assess for any mild local anesthesia that
was not observed with the high-intensity stimulus. Mice were
injected with vehicle or nifedipine (28.8–2,888 mM) and as-
sessed for local anesthesia 30 min later. (B) Assessment of
nicardipine local anesthesia using a low-intensity tail-flick stim-
ulus. The radiant heat intensity was reduced to yield baseline
tail-flick latencies of approximately 6 s. Mice were injected with
vehicle or nicardipine (19.4–3,875 mM) and assessed for local
anesthesia 30 min later.
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could reflect the blockade of both Na1 and Ca11

channels.

Role of L-type Voltage-sensitive Ca11 Channels in
Bupivacaine Infiltration Anesthesia
Our results indicate that Ca11 influx through the a-1C

voltage-dependent pore of L-type channels plays an im-
portant role in the anesthetic effects of bupivacaine.
Activation of Ca11 channels with S(2)-BayK-8644 re-
duced the potency and duration of bupivacaine anesthe-
sia, whereas blockade by nifedipine or nicardipine in-
creased the effects of bupivacaine. Iwasaki et al.27

reported that several L-type Ca11 channel blockers, in-
cluding nicardipine, enhanced lidocaine anesthesia in
mice. As in our study, the mice were tested in the
tail-flick assay after subcutaneous infiltration of the tail
with lidocaine alone or mixed with nicardipine.

The evidence clearly demonstrates that L-type Ca11-
modulating drugs interact pharmacologically with bupiv-
acaine. Each drug could be acting selectively at their
respective binding sites to affect Na1 and Ca11 influx.
However, the interaction could be more complex. In
addition to blocking Na1 channels, local anesthetics
have been shown to bind 1,4-dihydropyridine Ca11

channels and depress Ca11 entry.7–10 To our knowl-
edge, it is not been possible to directly measure sensory
transduction at the level of nociceptors in skin. How-
ever, methods measuring sensory input into the spinal
dorsal horn could be used to assess the interaction be-
tween local anesthetics and L-type channels in skin no-
ciceptors during radiant heat exposure.

The time-course experiments also revealed that both
nifedipine and nicardipine increased the duration of ac-
tion of bupivacaine. It could be argued that these drugs

Fig. 8. (A) v-Conotoxin GIVA did not affect bupivacaine anes-
thesia. Baseline tail-flick latencies were obtained before inject-
ing vehicle or v-conotoxin GIVA (0.06–6.6 mM) mixed with
0.12% bupivacaine. Local anesthesia was tested 30 min later. (B)
Flunarizine did not affect bupivacaine anesthesia. Baseline tail-
flick latencies were obtained before injecting vehicle or fluna-
razine (21–2,100 mM) mixed with 0.12% bupivacaine. The mice
were tested for local anesthesia 30 min later. %MPE 5 percent-
age of maximum possible effect.

Fig. 9. (A) v-Agatoxin IVA did not affect bupivacaine anesthesia.
Baseline tail-flick latencies were obtained before injecting vehi-
cle or v-agatoxin IVA (0.063–0.48 mM) mixed with 0.12% bupiv-
acaine. Local anesthesia was tested 30 min later. (B) v-Cono-
toxin MVIIC did not affect bupivacaine anesthesia. Baseline
tail-flick latencies were obtained before injecting vehicle or
v-conotoxin MVIIC (3.64–72.8 mM) mixed with 0.12% bupiva-
caine. The mice were tested for local anesthesia 30 min later.
%MPE 5 percentage of maximum possible effect.
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inhibited the local metabolism of bupivacaine. This
seems unlikely, because amide-linked local anesthetics
undergo hepatic metabolism, and, to our knowledge,
bupivacaine does not undergo localized metabolism. In
addition, because both nifedipine and nicardipine can
cause localized vasodilation,25,28 the duration of anesthe-
sia should have been reduced if drug redistribution was
the major factor affecting duration. For example, subcu-
taneous infiltration of verapamil or lidocaine in the volar
aspect of the arm of human volunteers elicited anesthe-
sia. Yet, when verapamil was infiltrated with lidocaine,
the duration of anesthesia was decreased by verapamil
increasing localized blood flow.18 Finally, our data indi-
cate that the enhanced anesthesia was not a result of
nifedipine or nicardipine causing vasodilation and in-
creasing the absorption and systemic effects of
bupivacaine.

Role of N-, T-, P-, and Q-type Voltage-sensitive Ca11

Channels in Bupivacaine Anesthesia
As previously mentioned, the participation of high- and

low-voltage–activated Ca11 channels in sensory trans-
duction of nociception from skin nociceptors has not
been completely addressed. N-type channels appear to
be present on small-diameter unmylenated afferent neu-
rons in skin.24 However, toxins such as v-conotoxin
GVIA that bind the a-1B subunit of N-type Ca11 chan-
nels29 have not been tested for skin infiltration studies in
animals or humans. Our results indicate that infiltration
in the tail of a 100-fold range of v-conotoxin GVIA
concentrations (0.06–6.6 mM) failed to affect bupiva-
caine anesthesia. In fact, the ED50 value of bupivacaine
was unaffected by even the 6.6-mM concentration (data
not shown). It could be argued that the concentrations
were insufficient to exert an effect. However, these
concentrations were based on reports in the literature.
For example, intophoresis of v-conotoxin GVIA (1 mM)
in lumbar segments 1–4 blocked nociceptive neurons
activated by intraarticular kaolin and carrageenan and
the response to noxious pressure.21 In addition, topical
application on the spinal dorsal horn from a microdialy-
sis probe (calculated to release 1 mM) prevented the
development of secondary hyperalgesia and allodynia to
intraplantar injection of capsaicin.22 Thus, although N-
type channels modulate nociceptive input in the spinal
cord, their presence on skin nociceptors and participa-
tion in sensory transduction were not demonstrated in
this assay.

Finally, the role of T-, P-, and Q-type channels in mod-
ulating sensory transduction at the level of nociceptors
in skin remains to be investigated further. In our hands,
the T-type Ca11 channel blocker flunarizine failed to
modulate bupivacaine anesthesia. In fact, flunarizine was
inactive alone, and all three concentrations failed to
affect the ED50 value for bupivacaine (data not shown).
Flunarizine has been reported to block Na1 and L-type

Ca11 channels. Yet flunarizine did not enhance bupiva-
caine like the 1,4-dihydropyridines or elicit anesthesia
like verapamil. Instead, the results indicate that T-type
channels, if present on nociceptors, do not modulate
bupivacaine anesthesia to noxious radiant heat. Infiltra-
tion of the P-type Ca11 channel blocker v-agatoxin IVA
(0.063–0.48 mM) in the tail also failed to affect bupiva-
caine anesthesia. Yet several studies reported that P-type
channels in the spinal cord block nociceptive input.
Intrathecal v-agatoxin IVA blocked formalin-induced no-
ciception with an ED50 value of 0.1 mM.30 In addition,
v-agatoxin IVA (0.01–0.1 mM) was found to prevent
secondary hyperalgesia and allodynia from intraplantar
injection of capsaicin.22 Our results indicate that P-type
channels, if present on nociceptors in skin, do not play
a role in modulating bupivacaine anesthesia to radiant
heat. Finally, infiltration of the Q-type blocker v-cono-
toxin MVIIC (3.6–72.8 mM) also failed to affect bupiva-
caine anesthesia. These findings are consistent with the
observation that spinal application of v-conotoxin
MVIIC (1 or 100 mM) had no effect on responses to
noxious pressure in rats injected with intraarticular
kaolin-carrageenan.31

In summary, Ca11 influx through L-type voltage-sensi-
tive channels modulated the anesthetic effects of bupiv-
acaine in a test of radiant heat nociception. The possible
role of other voltage-sensitive Ca11 channels was ruled
out by using selective channel blockers. Thus, L-type
Ca11 channels on nociceptors in skin appear to play a
role in modulating the duration and intensity of bupiva-
caine anesthesia. Further investigation should seek to
identify the participation of high- and low-voltage–acti-
vated channels on anesthesia to chemical, pressure, or
other forms of nociception.

References

1. Kandel ER, Schwartz JH, Jessell TM: Principles of Neural Science, 3rd
edition. New York, Elsevier Science, 1991, pp 110–8

2. Hay M, Kunze DL: Calcium-activated potassium channels in rat visceral
sensory afferents. Brain Res 1994; 639:333–6

3. Kajioka S, Oike M, Kitamura K: Nicorandil opens a calcium-dependent
potassium channel in smooth muscle cells of the rat portal vein. J Pharmacol Exp
Ther 1990; 254:905–13

4. Murphy BJ, Rossie S, De-Jongh KS, Catterall WA: Identification of the sites
of selective phosphorylation and dephosphorylation of the rat brain Na1 channel
alpha subunit by cAMP-dependent protein kinase and phosphoprotein phospha-
tases. J Biol Chem 1993; 268:27355–62

5. Chen TC, Law B, Kondratyuk T, Rossie S: Identification of soluble protein
phosphatases that dephosphorylate voltage-sensitive sodium channels in rat
brain. J Biol Chem 1995; 270:7750–6

6. Carpenter RL, Mackey DC: Local anesthetics, Clinical Anesthesia, 2nd edi-
tion. Edited by Barash PG, Cullen BF, Stoelting RK. Philadelphia, Lippincott–
Raven, 1992, pp 509–41

7. Bolger G, Marcus K, Daly J, Skolnick P: Local anesthetics differentiate
dihydropyridine calcium antagonist binding sites in rat brain and cardiac mem-
branes. J Pharmacol Exp Ther 1987; 240:922–30

8. Hirota K, Browne T, Appadu B, Lambert D: Do local anesthetics interact
with dihydropyridine binding sites on neuronal L-type Ca11 channels? Br J
Anesth 1997; 78:185–8

9. Guo X, Castle N, Chernoff D, Strichartz G: Comparative inhibition of voltage
gated cation channels by local anesthetics. Ann New York Acad Sci 1991;
625:181–99

10. Sugyama K, Muteki T: Local anesthetics depress the calcium current of rat
sensory neurons in culture. ANESTHESIOLOGY 1994; 80:1369–78

1196 SMITH ET AL.

Anesthesiology, V 95, No 5, Nov 2001

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/95/5/1189/333934/0000542-200111000-00024.pdf by guest on 19 April 2024



11. D’Amour FE, Smith DL: A method of determining loss of pain sensation.
J Pharmacol Exp Ther 1941; 72:74–9

12. Dewey WL, Harris LS, Howes JF, Nuite JA: The effect of various neurohu-
moral modulators on the activity of morphine and the narcotic antagonists in the
tail-flick and phenylquinone tests. J Pharmacol Exp Ther 1970; 175:435–42

13. Smith FL: Regional cutaneous differences in the duration of bupivacaine
local anesthesia in mice. Life Sci 1997; 60:1613–21

14. Harris L, Pierson A: Some narcotic antagonists in the benzomorphan series.
J Pharmacol Exp Ther 1964; 143:141–8

15. Bliss CI: Statistics in Biology. New York, McGraw-Hill, 1967, p 439
16. Colquhoun D: Lectures on Biostatistics: An Introduction to Statistics With

Applications in Biology and Medicine. Oxford, Clarendon, 1971, pp 327–32
17. Yu C, Jia M, Litzinger, M, Nelson, PG: Calcium agonist (BayK 8644)

augments voltage-sensitive calcium currents but not synaptic transmission in
cultured mouse spinal cord neurons. Exp Brain Res 1988; 71:467–74

18. Laurito CE, Cohn SJ, Becker GL: Effects of subcutaneous verapamil on the
duration of local anesthetic blockade. J Clin Anesth 1994; 6:414–8

19. Morisset V, Nagy F: Nociceptive integration in the rat spinal cord: Role of
non-linear membrane properties of deep dorsal horn neurons. Eur J Neurosci
1998; 10:3642–52

20. Nebe J, Vanegas H, Schaible HG: Spinal application of omega-conotoxin
GVIA, an N-type calcium channel antagonist, attenuates enhancement of dorsal
spinal neuronal responses caused by intra-articular injection of mustard oil in the
rat. Exp Brain Res 1998; 120:61–9

21. Neugebauer V, Vanegas H, Nebe J, Rumenapp P, Schaible HG: Effects of N-
and L-type calcium channel antagonists on the responses of nociceptive spinal
cord neurons to mechanical stimulation of the normal and the inflamed knee
joint. J Neurophysiol 1996; 76:3740–9

22. Sluka KA: Blockade of calcium channels can prevent the onset of second-

ary hyperalgesia and allodynia induced by intradermal injection of capsaicin in
rats. Pain 1997; 71:157–64

23. Mikulec AA, Lukatch HS, Monroe FA, MacIver MB: Diltiazem spares cor-
neal A delta mechano and C fiber cold receptors and preserves epithelial wound
healing. Cornea 1995; 14:490–6

24. Kress M, Izdorczyk I, Kuhn A: N- and L- but not P/Q-type calcium channels
contribute to neuropeptide release from rat skin in vitro. Neuroreport 2001;
12:867–70

25. Mashimo T, Pak M, Choe H, Inagaki Y, Yamamoto M, Yoshiya I: Effects of
vasodilators guanethidine, nicardipine, nitroglycerin, and prostaglandin E1 on
primary afferent nociceptors in humans. J Clin Pharmacol 1997; 37:330–5

26. Kraynack BJ, Lawson NW, Gintautas J: Local anesthetic effect of verapamil
in vitro. Reg Anesth 1982; 7:114–7

27. Iwasaki H, Ohmori H, Omote K, Kawamata M, Sumita S, Yamacuhi M,
Namiki A: Potentiation of local lingocaine-induced sensory block by calcium
channel blockers in rats. Br J Pharmacol 1996; 77:243–7

28. Weinzweig N, Lukash F, Weinzweig J: Topical and systemic calcium
channel blockers in the prevention and treatment of microvascular spasm in a rat
epigastric island skin flap model. Ann Plast Surg 1999; 42:320–6

29. Witcher DR, Waard MD, Campbell KP: Characterization of the purified
N-type calcium channel and the cation sensitivity of omega-conotoxin GVIA
binding. Neuropharmacology 1993; 32:1127–39

30. Malmberg AB, Yaksh TL: Voltage-sensitive calcium channels in spinal
nociceptive processing: Blockade of N- and P-type channels inhibits formalin-
induced nociception. J Neurosci 1994; 14:4882–90

31. Nebe J, Vanegas H, Neugebauer V, Schaible HG: Omega-agatoxin IVA, a
P-type calcium channel antagonist, reduces nociceptive processing in spinal cord
neurons with input from the inflamed but not from the normal knee joint: An
electrophysiological study in the rat in vivo. Eur J Neurosci 1997; 9:2193–201

1197CALCIUM CHANNELS MODULATE BUPIVACAINE ANESTHESIA

Anesthesiology, V 95, No 5, Nov 2001

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/95/5/1189/333934/0000542-200111000-00024.pdf by guest on 19 April 2024


