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Abstract

There have been few reports on the mechanism(s) of action of oxethazaine (OXZ) despite its potent local anesthetic action. Generally,
local anesthetics (LAs) not only inhibit Na™ channels but also affect various membrane functions. In the present study, using PC12 cells as
a nerve cell model, the effects of OXZ on intracellular Ca>* concentration ([Ca®*];) were examined in relation to cytotoxicity and
dopamine release. [Ca>™]; was determined by the quin2 method. In resting cells, (6—10) x 107> M OXZ produced lactate dehydrogenase
leakage, which was Ca>"-dependent, inhibited by metal Ca>* channel blockers, and preceded by a marked increase in [Ca®T];. Some other
LAs showed no cytotoxicity at these concentrations. In K*-depolarized cells, however, lower concentrations of OXZ (10_6—10_7 M), that
had no effect on resting [Ca®"];, inhibited both the dopamine release and the increase of [Ca?*]; in parallel. The inhibitory potency against
the [Ca®"]; increase was in the order of nifedipine > OXZ ~ verapamil > diltiazem, and OXZ acted additively on the Ca®" channel
blockers. OXZ showed the least effect on K -depolarization as determined by bisoxonol uptake. OXZ also inhibited the increase in
[Ca®™]; induced by S(—)-BAY K 8644, a Ca>" channel agonist. These observations suggested that low concentrations of OXZ interact
with L-type Ca®™ channels. The biphasic effects of OXZ on Ca*" movement may be due to a unique chemical structure, and may

participate in and complicate the understanding of the potent pharmacological and toxicological actions of OXZ.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

OXZ is a potent topical anesthetic. Its potency as an LA
markedly exceeds those of cocaine, procaine, lidocaine,
and dibucaine [1]. Since OXZ is highly effective topically
even at the acid pH of the gastric environment and has a
large margin of safety in intragastric administration [1,2], it
has long been prescribed clinically for the control of pain
due to a variety of gastrointestinal disorders such as
esophagitis, chronic gastritis, and peptic ulcers [3]. OXZ
inhibits gastric acid secretion [4,5], which is also favorable
for clinical application. In acute toxicity studies [2], how-
ever, toxicity following intravenous and intrapulmonary
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administration was high, accompanying depression of
myocardial contractility and impaired conduction. Despite
its long clinical use and potent local anesthetic action, there
have been few reports on the mechanism(s) of action of
OXZ.

It is generally thought that all LAs, in addition to
inhibition of Na™ channels, non-specifically affect various
membrane functions at concentrations that produce
anesthesia [6]. We previously reported that high concen-
trations of OXZ cause the contraction of portal vein
branches in the perfused liver [7,8] and also markedly
enhance hemolysis of red blood cells in vitro [9], both of
which are Ca®"-dependent. These Ca**-dependent actions
of OXZ are not shared by other LAs [7,9], and do not
appear to coincide with the local anesthetic action of OXZ.

PC12 cells, originally established from a rat pheochro-
mocytoma [10], are widely used for various types of
neurological studies. These cells can differentiate to neu-
ron-like cells in the presence of nerve growth factor and
also retain various functional characteristics of excitable
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nerve cells [10-13]. For example, undifferentiated PC12
cells release DA when depolarized by high K*, and the
release requires the influx of Ca" through voltage-depen-
dent L-type Ca®" channels, which are inhibited by dihy-
dropyridine-type Ca*" channel blockers [13]. The cells
also have cholinergic and other receptors, the stimulation
of which sometimes causes Ca®* influx [13].

In the present study, we further examined the action of
OXZ on Ca*" movement, using undifferentiated PC12
cells as a nerve cell model.

2. Materials and methods
2.1. Materials

The following chemicals were obtained commercially:
OXZ, bupivacaine, nifedipine, and S(—)-BAY K 8644
(Sigma Chemical Co.); quin2, quin2 AM, EGTA, and
DTPA (Dojindo Lab.); bisoxonol (Molecular Probes);
and verapamil, diltiazem, dibucaine, lidocaine, procaine,
and tetracaine (Wako Pure Chemical Ind., Ltd.). OXZ was
dissolved in an equimolar HCI solution at a concentration
of 10 mM. PC12 cells (American Type Culture Collection;
batch, F-12704), RPMI 1640 medium, horse serum, and
fetal bovine serum were purchased from the Dainippon
Pharmaceutical Co.

2.2. Cell culture and preparation of cell suspension

PC12 cells were cultured in collagen-coated plastic
flasks (25 cm?) in RPMI 1640 medium fortified with
heat-inactivated horse serum (1/10 vol.) and fetal bovine
serum (1/20), at 37° in a humidified atmosphere of 5% CO,
in air [14]. The cells were subcultured once a week with a
split number of 1:6, and confluent cell sheets of 6- to 7-day
cultures up to 20 passages were used. At the time of
the experiments, the cells were detached by pipetting
and then gently passed several times through three micro-
pipette tips connected in a train, which enables dispersion
of the cells with a cell viability of 97-98% (trypan blue
exclusion test). The suspension was centrifuged at 800 g
for 1 min at room temperature, and the pelleted cells were
washed once with the buffer to be used for the following
experiments.

2.3. LDH leakage

PC12 cells (106/mL, in 2-mL microcentrifuge tubes)
were suspended in KRH (125 mM NaCl, 5 mM KCI,
1.2 mM MgSO47H20, 1.2 mM KH2P04, 1.2 mM CaClz,
5 mM NaHCO;, 6 mM b-glucose, buffered with 25 mM
HEPES and NaOH to pH 7.4) or in EGTA-KRH (without
added Ca®", but containing 2.4 mM MgSO, and 1 mM
EGTA). The cell suspension was preincubated at 37°
for 3 min, at which time drugs were added, and further

incubated for up to 30 min with shaking. The cells were
pelleted by centrifugation at 5000 g for 15 s at 4°, and the
supernatant was used for the LDH assay [15]. LDH leakage
was expressed as a percentage of the initial total cell
activity measured after solubilization of cells with 0.1%
Triton X-100.

2.4. Measurement of DA release

The method described by Isom and Borowitz [14] was
applied. The cells were suspended in KRH, incubated in
the presence of drugs, and centrifuged as in the case of
LDH leakage. To 0.4 mL of the supernatant was added
50 pL each of 0.1 M perchloric acid and 5% EDTA Na,,
and 10 pL. of 100 nM 3,4-dihydroxybenzylamine hydro-
chloride as an internal standard, and the mixture was kept
at —80°. The frozen samples were dissolved, centrifuged at
10,000 g for 15 min at 4°, and subjected to HPLC. An
HPLC system (EICOM) consisting of a degasser (DG-
300), pump system (EP-300), column (EICOMPAK CA-5
ODS, 2.1 mm x 150 mm), and ECD detector (ECD-300,
APP:450 mV) was used with a mobile phase containing
0.1 M sodium—phosphate buffer (pH 6.0) (80%; v/v),
methanol (20%), sodium 1-octane sulfonate (500 mg/L),
and EDTA Na, (50 mg/L) at a flow rate of 0.23 mL/min.

2.5. Determination of cytosolic Ca®* by quin2

Cytosolic Ca*" concentration was determined by the
methods described by Tsien and Pozzan [16] and Thomas
[17]. The cells obtained from a confluent culture flask were
suspended in 4.4 mL of loading medium (RPMI 1640
containing 1% fetal bovine serum, 5 mM NaHCOj3;, and
20 mM HEPES, adjusted to pH 7.4 with NaOH at 37°). The
suspension (approximately 30 x 10° cells) was divided
into 1:3 portions and prewarmed for 3 min at 37°. The
3.3-mL portion was loaded with 4 pL. of 10 mM quin2/AM
solution in dimethyl sulfoxide and incubated for 30 min in
the dark, while the other portion was used as the unloaded
control. Under these conditions, intracellular quin2 content
ranged between 600 and 700 pmol/10° cells, and the cell
viability was well preserved. The cell suspension was
divided to give a cell number of about 2 x 10%/2-mL
sample tube and kept in a 15° water bath in the dark.
The divided cells were washed twice and finally suspended
in 2 mL of KRH in a cuvette. Fluorescence was measured
at 37° using a single-beam Hitachi fluorescence spectro-
photometer (650-10M, Hitachi Ltd.) with a micro-stirrer
unit, at excitation and emission wavelengths of 339 and
492 nm, respectively. Initially, 50 pM MnCl, and then
200 uM DTPA were added to correct the fluorescence
signal due to extracellular quin2. Drugs were then added.
Finally, 100 uM digitonin and then 4 mM EGTA-30 mM
Tris, pH 8.3, were added to obtain F,,,, and F,;, values,
respectively. [Ca®"]; was calculated using the equation
[Ca?™], = K4(F2 — Fin)/(Fmax — F1), where F; is the
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fluorescence intensity at appropriate times, F, is the cor-
rected value of F; for extracellular quin2 content, and the
K; =115 nM.

2.6. Measurement of membrane potential

Bisoxonol, a fluorescent indicator, was used [18]. To the
PC12 cell suspension (106 cells/mL, in KHB) in a fluo-
rometer-cuvette kept at 37° was added 100 nM bisoxonol,
and after equilibration, the cells were depolarized by
adding KCI solution (final concentration 50 mM). The
changes in fluorescence intensity after each addition were
recorded at excitation and emission wavelengths of 540
and 580 nm, respectively.

2.7. Statistics

Data are presented as means + SEM unless otherwise
noted. Unpaired data were analyzed by the #-test after one-
way ANOVA by the F-test, and the paired data were
analyzed by the F-test after two-way ANOVA. P < 0.05
was considered statistically significant.

3. Results
3.1. Cytotoxic profiles of OXZ in resting PCI2 cells

First, the effects of OXZ on cell viability were examined
by measuring LDH leakage. In regular KRH medium
(1.2 mM Ca*" included), OXZ up to 3 x 1075 M caused
no or very slight LDH leakage during the 30-min incuba-
tion period, whereas at 6 x 1073 to 10~* M considerable
LDH leakage occurred (Fig. 1A). In the absence of Ca®"

100+

A. OXZ conc. M 1001 5 57 conc. 100+

Table 1
Effects of CO*", Ni*" and Mn?" on cell death induced by OXZ in the
presence and absence of Ca*"

LDH leakage (%)

KRH EGTA-KRH
(0XZ: 107 M)  (OXZ:3 x 107*M)

Control

0 min 44 + 04 94+ 14

30 min 55+08 10.0 + 0.5
OXZ only 91.4 + 3.4 61.8 + 0.8
OXZ + COCl, (107> M) 10.1 + 1.1° 79.5 + 0.8*
OXZ + NiCl, (107 M) 10.6 + 0.7 63.8 + 0.6
OXZ +MnCl, (5 x 10°M) 59 4 1.8* 64.5 £ 1.6

OXZ was added to the PC12 cell suspension (10° mL) preincubated
with metals for 3 min at 37°. Cell death was induced by 10™* and 3 x
10~* M OXZ in KRH and EGTA-KRH, respectively. After 30 min, LDH
leakage into the medium was determined and expressed (mean + SEM,
N = 14) as a percentage of the total LDH activity (1138 £ 90 nmol NADH
oxidized/min/1 mL of the cell suspension).

* Significantly different from the value with OXZ alone P < 0.01.

(in EGTA-KRH), the LDH leakage caused by 6 x 107> to
10*M OXZ was quite small (Fig. 1B), although still
higher concentrations (3 x 107* to 6 x 10~* M) caused
LDH leakage. The Ca**-dependent cytotoxicity was evi-
dent at much lower Ca®" concentrations than are present
physiologically (Fig. 1C). Furthermore, the Ca2+—depen—
dent LDH leakage caused by OXZ in KRH was markedly
prevented by the non-selective metal Ca>" channel block-
ers Co”", Ni*", and Mn*" [19], whereas no protection was
observed in EGTA-KRH (Table 1).

Other LAs such as procaine, lidocaine, tetracaine, and
bupivacaine did not cause LDH leakage irrespective of the
presence or absence of Ca*" up to 1 mM, although dibu-
caine induced some LDH leakage (Table 2).

C. Ca2+ conc.
10-4 (mM)
(KRH) 6x10-5 (EGTA-KRH) (OXZ; 6x10°5M) . o6
1.2
s M) 03
N 3x10-4
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A4 50- 50 50 '
Q
T
3
104 0
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Incubation time (min)

Fig. 1. Cytotoxic effects of OXZ on PC12 cells in the presence and absence of extracellular Ca®>". PC12 cells (10° cells/mL) were incubated at 37° with
various concentrations of OXZ in the presence of 1.2 mM Ca®" (KRH) (A) or in its absence (EGTA-KRH) (B), or with varied Ca** concentrations at
6 x 1075 M OXZ (C). In (C), | mM EGTA was included at 0 mM Ca>". At the time points indicated, LDH leakage into the medium was measured and
expressed as a percentage of the initial total activity. Each point represents the mean = SEM of 4 experiments. The total activity throughout the experiments
was 1069 + 64 (N = 12) nmol NADH oxidized/min/1 mL of cell suspension (10° cells).
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Table 2
Effects of local anesthetics on the viability of PC12 cells in the presence
and absence of Ca*"

Concentration (M) LDH leakage (%)

KRH EGTA-KRH
Control
0 min 50+03 94 + 14
30 min 6.2 + 0.1 10.0 + 0.5
Procaine 107 62+ 0.5 9.5+ 0.5
1073 59 +05 98 + 1.0
Lidocaine 104 59+ 0.6 98+ 12
1073 47404 8.3 + 0.7
Dibucaine 104 5.8 + 0.3 102 £ 0.7
1073 53.5 + 1.3 26.6 + 2.6"
Tetracaine 1074 52+0.8 10.5 £ 0.5
1073 57406 99+ 14
Bupivacaine 1074 55405 89+ 1.8
1073 52+03 92+ 14

PCI12 cells (10° mL) were incubated with local anesthetics in KRH or
EGTA-KRH for 30 min at 37°. LDH leakage into the media was determined
and expressed (mean = SEM N =4) as a percentage of the total LDH
activity (1110 & 97 nmol NADH oxidized/min/1 mL of the cell suspension).

“ Significantly higher than the control value P < 0.01.

3.2. [Ca®"]; increase by cytotoxic concentrations of OXZ

As shown in Fig. 2A, in KRH, the cumulative addition
of 107°-107*M OXZ to quin2-loaded cells increased
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fluorescence intensity in a concentration-dependent man-
ner with no effect at 10~° M, whereas only slight changes
were observed in EGTA-KRH or with quin2-unloaded
cells. These observations indicated that the increase in
fluorescence intensity was due largely to an increase in
[Ca2+]i. Fig. 2B shows the time course and concentration-
dependency of the [Ca”*"]; increase following the addition
of various concentrations of OXZ in KRH. OXZ at 10 °*M
did not change [Ca®"); at least up to 10 min. OXZ at
3% 107° to 3 x 1075 M increased [Ca®"]; from the basal
level of about 100 nM to 150-350 nM within a few min-
utes. Higher concentrations (6 x 1075 to 10~* M) pro-
duced a rapid, sustained, and much greater increase of
[Ca2+]i, far exceeding 1 uM. This marked elevation of
[Ca®"]; preceded the LDH leakage by OXZ.

The following experiments were performed at OXZ
concentrations of 107®M or less.

3.3. Effects of OXZ on DA release in K'-depolarized
PCI2 cells

In preliminary experiments, depolarization of PCI12
cells by the addition of 50 mM KCI (final 56 mM) induced
the release of DA into the medium, which was almost
linear for at least up to 10 min; the addition of 80 mM KCI
enhanced the release only slightly, 20 mM KCI was too low

(B) Max. [Ca2+]i
(nM)
M > 1000
10'
> 1000
Basal [Ca2+]i
(oM) [6x10°5
| 342 +£22
109 £2 ’
/3 x10°5
106 +2 *‘“1( 246 +25
-5
10
1031
" 147 +9

5 min

Fig. 2. Effects of OXZ on [Ca>"]; in PC12 cells. (A) Changes in fluorescence intensity were followed after cumulative addition of OXZ to the quin2-loaded cell
suspension (10° cells/mL) in the presence of 1.2 mM Ca>* (KRH) (a), in the absence of Ca’* (EGTA-KRH) (b), and to the quin2-unloaded cells in KRH (c).
Typical recordings from 3 experiments with similar results are shown. (B) To the quin2-loaded cell suspensions in KRH were added various concentrations of
OXZ, and the fluorescence intensity was recorded for 10 min. Representative recordings are shown with their basal and maximum [Ca®"];, means -+ SEM

(N = 4). No significant differences were seen in basal [Ca®'];

values. OXZ concentrations above 10> M produced significant increases in [Ca*"; (P < 0.01).
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Fig. 3. Effects of low concentrations of OXZ on DA release in PC12 cells
depolarized by high K. PC12 cells (10°cells/mL) in KRH were
preincubated for 5 min with various concentrations of OXZ, and then
50 mM KCl was added. After a further 10-min incubation, DA released
into the medium was determined as described in “Section 2”’. Open and
closed symbols indicate DA release without and with added KCI (50 mM),
respectively. Zero time values have been subtracted. Each point represents
the mean + SEM of 5 experiments, each performed in duplicate. OXZ
showed no significant effects on the basal DA release. Key: (#)
significantly lower than the control value at 0 pM OXZ (P < 0.01).

to stimulate the release, and no release occurred with
50 mM choline chloride or in the presence of 1.3 mM
EGTA, in agreement with previous reports [11,20]. As
shown in Fig. 3, the release of DA from PCI12 cells by
50 mM K was inhibited concentration-dependently by the
presence of 1078 t0o 107°°M OXZ, with near complete
inhibition at 107° M, whereas the resting DA release was
unaffected.

3.4. Effects of OXZ on the [Ca’™]; increase
induced by high K+

Since DA release by K-depolarization is well known to
be coupled with a rapid and sustained increase of [Ca®™h);
[21], the effects of OXZ on the [Ca®"); increase were
examined. Addition of 50 mM KCl to the quin2-loaded cell
suspension in KRH medium caused an abrupt increase in
fluorescence intensity (Fig. 4A, left panel), whereas pre-
incubation of the loaded cells with 10~® M OXZ for 5 min
markedly inhibited the increase in fluorescence caused by
the addition of KCI (Fig. 4A, right panel). Since KCI
treatment of the cells in EGTA-KRH and the unloaded
cells produced minimal effects, the changes in fluorescence
intensity both in the absence and presence of OXZ were not
artifacts but may have reflected changes in [Ca®'];. As
shown in Fig. 4B, preincubation of the quin2-loaded cells
with 10~® to 10~° M OXZ inhibited the [Ca®"]; increase by
K" -depolarization in a concentration-dependent manner,

which was nearly parallel with the inhibition of DA release
(Fig. 3).

3.5. Effects of OXZ on the membrane potential
change caused by high K™

This was tested indirectly using a potential-sensitive,
negatively-charged fluorescent probe, bisoxonol, which
enters depolarized cells to increase fluorescence intensity
[18]. As shown in Fig. 5 (top traces), in control cells, the
addition of bisoxonol produced an abrupt increase in
fluorescence intensity, which faded slightly to reach near
equilibrium by 10 min. At this time, depolarization by
50 mM KCl further increased the fluorescence. In the cells
preincubated with 107° M OXZ for 5 min, the fading of
bisoxonol fluorescence was enhanced slightly and the
response to KCI decreased by about 17% as compared
with that of the control cells (much less with 107’ M OXZ)
(Fig. 5, box). The value could be smaller when considering
the quenching of bisoxonol fluorescence by OXZ even in
the absence of the cells (Fig. 5, bottom traces). It is
unlikely that such changes are responsible for the near
complete inhibition of the [Ca®"]; increase and DA release
by OXZ.

3.6. Comparison with Ca®" channel blockers

OXZ also effectively decreased the elevated [Ca®t);
levels when applied to the depolarized PC12 cells. In this
way, the potency of OXZ was compared qualitatively with
those of some Ca>" channel blockers (Fig. 6A); the order of
potency was nifedipine > OXZ ~ verapamil > diltiazem.
OXZ acted additively to the action of each Ca®" channel
blocker when OXZ was applied after the blocker (Fig. 6B,
top traces), although the additive action was blurred when
the order of addition of OXZ and the blockers was reversed,
even at higher concentrations of the blockers, especially
verapamil and diltiazem (Fig. 6B, bottom traces). These
observations suggest, but do not prove, that OXZ acts on the
Ca*" channels.

3.7. Effects of OXZ on the [Ca’" ]; increase
induced by S(—)-BAY K 8644

S(—)-BAY K 8644, an L-type Ca>" channel agonist in
cardiac and smooth muscle [22], was found to produce
rapid and sustained increases in fluorescence intensity
when applied to quin2-loaded PC12 cells in KRH, with
amaximum effect at 107’ M (Fig. 7A, left panel). This was
inhibited almost completely by pretreatment of the cells
with 107 M OXZ for 5 min (Fig. 7A, right panel). Since
such changes were not observed in EGTA-KRH or with
unloaded cells, it was evident that S(—)-BAY K 8644
caused an increase in [Ca®"];, which was inhibited by
OXZ. The inhibition by OXZ was concentration-dependent
and significant at 107’ M (Fig. 7B). OXZ also effectively
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Fig. 4. Effects of low concentrations of OXZ on the [Ca®']; increase in PCI12 cells depolarized by high K*. The quin2-loaded cells (10° cells/mL),
equilibrated in a fluorometer cuvette at 37°, were preincubated for 5 min with various concentrations of OXZ, and then 50 mM KCl was added. Details of the

experimental procedure and the calculation for [Ca®y;

are described in ““Section 2”°. (A) Examples of the fluorescence recordings. Left: Control experiments.

The quin2-loaded cells in KRH or EGTA-KRH, or the unloaded-cells in KRH were preincubated for 5 min with 20 pL of distilled water (DW, arrowheads),
and then 50 mM KCl was added (closed circles). Right: Pretreatment with 107°M OXZ (arrowheads). (B) Concentration-dependent decrease of [Ca®t); by

OXZ. Open and closed symbols represent the basal [Ca®'];

and the maximum [Ca®"]; after addition of KCI, respectively. Each point represents the

mean + SEM (N = 5). OXZ showed no significant effect on basal [Ca*™].. Key: (#) significantly lower than the control value at 0 uM OXZ (P < 0.01).

decreased the elevation of [Ca®"]; levels by S(—)-BAY K
8644 (Fig. 7C).

4. Discussion

OXZ exhibited biphasic effects on [Ca”]i levels of
PC12 cells, leading to cell death or inhibition of DA release
by K*-depolarization in a concentration-dependent man-
ner.

First, cytotoxicity exhibited by high OXZ concentrations
of 6 x 107 M in KRH may be due to the rapid influx of a

large amount of extracellular Ca>", since LDH leakage was
(a) dependent upon the presence of extracellular Ca’",
even at concentrations much lower than the physiological
level of 1.2 mM, (b) inhibited by non-selective metal Ca*"
channel antagonists, and (c) preceded by a rapid and
sustained increase in [Ca®']; over 1 uM. OXZ produced
only a small increase in quin2 fluorescence in the absence
of extracellular Ca>" (in EGTA-KRH), suggesting that the
release of Ca®" from intracellular pools may not be critical.
Moreover, OXZ at concentrations of 3 x 107¢ to 3x
1073 M increased [Ca>"]; levels 2- to 4-fold but produced
no LDH leakage, indicating that a certain level of [Ca®");is
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Fig. 5. Effects of OXZ on the membrane potential change induced by high KCI in PC12 cells, examined using bisoxonol. Top recordings: PC12 cells
(106 cells/mL, in KRH) were preincubated with OXZ in a fluorometer cuvette at 37° for 5 min, bisoxonol (100 nM) was then added, and after an equilibration
period of 10 min, 50 mM KCI was added. Typical recordings with 107® M OXZ and the control (DW, distilled water) are shown. Increases in fluorescence
intensity following KCl addition (AK, as percent of the paired controls, the mean & SEM, N = 5) are shown in the box. Bottom recordings: the control

experiments without cells.

necessary for cell death. The results of our previous study
with red blood cells [9], in which a rapid uptake of **Ca®"
preceded hemolysis by OXZ, also supported the suggestion
of Ca®" influx into PC12 cells. Ca®" is well known as a
mediator for toxic cell death in various cellular systems
[23,24]. OXZ may act as a Ca*"-ionophore at high con-
centrations.

Other LAs had no or only weak (in the case of dibucaine)
cytotoxicity. The strong cytotoxicity of OXZ may be due to
the characteristic chemical nature of OXZ as discussed
below. However, it is unlikely that the cytotoxic action
observed at such high concentrations is the primary cause
of the toxicity of OXZ in vivo.

Second, at non-cytotoxic concentrations below 10°° M,
OXZ inhibited the [Ca®"]; increase as well as the DA
release in K*-depolarized cells, both in a parallel and in a
concentration-dependent manner. These observations sug-
gested a causal relationship between them, since DA
release by K'-depolarization in PC12 cells is known to
be triggered by the influx of Ca®" through voltage-depen-
dent L-type Ca®*" channels [21]. However, similar obser-
vations might be attained if OXZ suppressed the
depolarization. As found by the bisoxonol method, OXZ
appeared to affect K'-depolarization itself only minimally.
This method, however, measures influx of the dye indir-
ectly [18]. Confirmation of these findings by electrophy-
siological methods is required.

Further experiments with the quin2 method revealed the
following: (a) OXZ was both protective and post-effective
against the K*-induced [Ca”]i increase, indicating that
OXZ interferes with activated as well as resting states of
Ca”’" channels; (b) by comparison with L-type Ca®"
channel antagonists, the order of the inhibitory potency
was nifedipine > OXZ ~ verapamil > diltiazem. The
effects of OXZ were additive to those of Ca®" channel
blockers, although the additive effects were blurred when
Ca”*" channel blockers were given after OXZ. These
observations suggested, but did not prove, that OXZ acted
on the L-type Ca*" channels with higher affinity than the
blockers. This must be verified by binding experiments; (c)
OXZ (1077 to 107°*M) inhibited the [Ca®']; increase
induced by 107" M S(—)-BAY K 8644, an L-type Ca*"
channel agonist of the dihydropyridine type [22], in a
concentration-dependent manner—the inhibition being
nearly complete at 107 M OXZ. In this case also, OXZ
was effective with both pre- and post-treatments. These
observations strongly suggest that OXZ interacts with L-
type Ca®" channels.

Comparison with the effect of other LAs on [Ca™"]; levels
was difficult, since most LAs other than bupivacaine inter-
fered with the fluorescence of quin2. However, in prelimin-
ary studies, the DA release induced by K*-depolarization
was inhibited by 10~ to 10~* M dibucaine > tetracaine >
bupivacaine > lidocaine (decreasing potency) but not by

2+]_
i



684

Y. Masuda et al./Biochemical Pharmacology 64 (2002) 677-687

2 .
B roxzl 1@l [ Nifedipine | [ Verapamil | [ Diltiazem |
? 60 -500 _ _
: KRHP\M (\\w (\M F\w
'E W"’ﬁ. -100 andaneh| _ it — m. -
5 40 ] 1
5 EGTA-KRH
Q
g 0 B M S wf“‘f"g’““” ”‘“’!"‘"’F“g*"“*
S 20{ KCl 106 (M) 106 10 10
T - - -
\“" - M“‘M ﬁw
e 107 - J?(':N”A ~=10-7 ~1 107 -
e N [rpmsmsee [
] 10-8 - vl 108 B =~ 10-8 =108 -
5 min
B Ni107 v Ve 10-7 Di 106
| ! - !

T\“""'“'* r Tm.\,w
™ ox107 - ™ Ox 107 1 ox 107 -
KCl

Ox 10-7 Ox 10”7 Ox 10”7
| — ! - ! -
L Nil07 = ™ ve10®6 - ™ Dilo6
5 min

Fig. 6. Comparison of the effects of OXZ and some Ca>" channel blockers on the increased [Ca**];

levels in K*-depolarized PC12 cells. (A) Comparison of

the potency of each drug. The experimental procedure was the same as that shown in Fig. 4, except that the drugs (arrowheads) were added after the addition
of 50 mM KCl (closed circles). At the highest drug concentration (10~® M), changes in fluorescence intensity in EGTA-KRH were examined simultaneously.
Representative recordings from 3 to 5 experiments are shown. (B) Additive effects of OXZ and Ca®>" channel blockers. Data were selected from the
experiments with various combinations of drug concentrations. Ox, OXZ; Ni, nifedipine; Ve, verapamil; and Di, diltiazem.

procaine, with the [Ca*"]; increase being inhibited by
bupivacaine. These observations suggested that blocking
of L-type Ca*" channels may be a general characteristic of
most LAs that differ only in their potency.

Third, the inhibition of Ca®>" channels by OXZ may
occur at anesthetic doses. OXZ is clinically applied only
orally to relieve stomach pain [3], in a dose of, for example,
15-40 mg/day, divided into 3—4 administrations, but its
effective local concentration at the site of action is
unknown. In experimental animals, OXZ has highly potent
LA activity, e.g. OXZ concentrations that cause anesthesia
in the rabbit cornea are 0.0005% (11 uM) by topical
application and 0.0001% by infiltration, the potency being
4000 and 5000 times those of procaine, 500 and 2500 times

those of cocaine, and 8 and 10 times those of dibucaine,
respectively [1]. Therefore, OXZ concentrations below
1 uM, that inhibited the Ca®" channels in the present study,
may not be far from the anesthetic concentrations.

LAs affect various membrane functions at their anes-
thetic concentrations other than the blockade of Na™
channels, e.g. inhibition of K™ or Ca*" currents [25—
27], nitrendipine binding to brain and cardiac membranes
[28], binding of agonists to the receptors [29], signal
transducing systems [30], and membrane enzymes
[31,32]. LAs also interfere with the nicotinic acetylcholine
receptors [33-35]. Since both nicotinic and muscarinic
receptor agonists reportedly induce catecholamine release
accompanied by an increase in [Ca*']; in PCI2 cells
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Fig. 7. Effects of OXZ on S(—)-BAY K 8644-induced increase in [Ca>"]; in PC12 cells. The experimental procedure was the same as that shown in Fig. 4A,
except that quin2-loaded PC12 cells were stimulated with 1077 M S(—)-BAY K 8644 (BK) instead of KCI. (A) Representative recordings from control (left
panel) and OXZ-pretreatment (right panel) experiments. BK was added to the quin2-loaded cells suspended in KRH (top) or in EGTA-KRH (middle), or to
the unloaded cells in KRH (bottom). (B) Concentration-dependent effects of OXZ on the BK-induced increase in [Ca®™).. Open and closed symbols indicate
[Ca2+]i levels before and after the addition of 107’ M BK, respectively (means £ SEM, N = 4-5). Key: (#) significantly different from the control
(P < 0.01). (C) Effects of OXZ post-treatment on the elevated [Ca®*]; levels induced by 107 M BK. Typical results from 3 similar observations are shown.

[36,37], we attempted to test the effect of OXZ on this
receptor-operated system. However, nicotine, methacho-
line, carbamylcholine, anabasin, 1,1-dimethyl-4-phenylpi-
perazinium, and muscarine at concentrations up to 10~*—
107> M produced no or only a slight increase in [Ca®'];.
Thus, the effects of OXZ on this receptor system still
remain to be examined. For this purpose, other methodol-
ogy or more sensitive subclones of PC12 cells may be
necessary.

These non-specific actions of LAs are thought to con-
tribute to spinal and epidural anesthesia as well as the
toxic side-effects on the brain and heart [6]. The present
findings in PC12 cells suggest an additive mechanistic
basis for the potent local anesthetic and toxic actions of

OXZ. For example, the circulatory disruption induced by
toxic intravenous doses of OXZ in experimental animals
[2] may be potentiated by blockade of the L-type Ca*"
channels located in the heart and peripheral vascular
system. Since [Ca”]i controls various cellular activities,
the spectrum of actions of OXZ would be much broader. In
addition, the [Caz+]i—increasing action of OXZ, manifested
by concentrations just above those exhibiting Ca®" channel
blockade, may further complicate the actions of OXZ.
Clinically, however, oral administration of OXZ is con-
sidered relatively safe [3].

Finally, the Ca® "-dependency of OXZ action may be due
to its unique chemical structure. As shown in Fig. 8, the
OXZ molecule consists of adrenergic (mephentermine)
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and cholinergic (ethanolamine) components joined via an
amide linkage [1]. Sterically, however, OXZ is an amphi-
pathic molecule with a hydrophilic center, composed of
three dissociable oxygen atoms branched from one elec-
tron-rich nitrogen atom, and two highly hydrophobic side-
chains. Such a distinct steric structure cannot be assigned
to other LAs. Furthermore, replacement of the alcoholic
side-chain with propyl or methyl alcohols has been
reported to cause loss of the local anesthetic activity [1].
Accordingly, three symmetrically positioned oxygen
atoms appear to provide OXZ with the potential to coor-
dinate with Ca®", which may lead to hydrophilic pore
formation, at high concentrations, within the plasma mem-
brane, while at low concentrations OXZ may interact with
channel proteins via hydrophobic and electrostatic binding
to block the channel function.

OXZ binding characteristics to Ca®" channels are yet to
be elucidated as are the electrophysiological actions of
OXZ on Na' channels. Further studies are necessary to
clarify the mechanism(s) of action of OXZ.

In conclusion, OXZ exhibited biphasic effects on Ca*"
movement in PC12 cells. At high concentrations, OXZ
acted as a Ca*" ionophore to increase [Ca® !, finally
leading to cell death. On the other hand, at low concentra-
tions, OXZ inhibited both DA release and the increase in
[Ca®T]; in K'-depolarized cells. The inhibitory potency
against the [Ca®"]; increase was comparable to that of Ca®"
channel blockers, and the inhibitory actions of OXZ and
the blockers appeared to be additive. OXZ also had an
antagonistic effect on the action of S(—)-BAY K 8644.
These observations suggested that OXZ interacts with L-
type Ca®" channels. Such mechanisms may participate in
and further complicate the understanding of the potent
local anesthetic and toxic actions of OXZ. A unique steric
structure of the OXZ molecule may be responsible for the
disturbance of Ca*" movement.
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