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Abstract: Objective The present study was aimed to investigate the pharmacological modulatory effects of ropivacaine, an
amide-type local anesthetic, on rat Nav1.2 (rNav1.2) and rNav1.5, the two Na* channel isoforms heterologously expressed in
Xenopus oocytes and in HEK293t cell line, respectively. Methods Two-electrode voltage-clamp (TEVC) and whole-cell patch-
clamp recordings were employed to record the whole-cell currents. Results Ropivacaine induced tonic inhibition of peak Na*
currents of both subtypes in a dose- and frequency-dependent manner. rNav1.5 appeared to be more sensitive to ropivacaine.
In addition, for both Na" channel subtypes, the steady-state inactivation curves, but not the activation curves, were signifi-
cantly shifted to the hyperpolarizing direction by ropivacaine. Use-dependent blockade of both rNav1.2 and rNav1.5 channels
was induced by ropivacaine through a high frequency of depolarization, suggesting that ropivacaine could preferentially bind
to the 2 inactivated Na" channel isoforms. Conclusion The results will be helpful in understanding the pharmacological
modulation by ropivacaine on Nav1.2 subtype in the central nervous system, and on Nav1.5 subtype abundantly expressed
in the heart.

Keywords: ropivacaine; local anesthetic drug; Na* channel subtype-sensitivity; electrophysiological recording

1 Introduction omer has affinity for neuronal Na* channels comparable with

) o ) o R(+) enantiomer, the S(-) enantiomer of ropivacaine was pre-
1-Propyl-2’°, 6’-pipecoloxylidide (ropivacaine) is an -
ide-type local anesthetic that sh imil pared” .

-t thetic that truct .
amide-type focal anesthetic that shates a stii'ar structure Voltage-gated sodium channels (VGSCs) have been dem-

with bupivacaine. It was initially marketed to have similar .
onstrated to be general targets for local anesthetics by sev-

therapeutic properties with those of bupivacaine, with a long- . . .
P prop P & eral lines of evidence*’!. The local anesthetics can revers-

. . . . —_—
lasting effect and less toxicity, due to its lower lipid solubility!!l. ibly block VGSCs in the cellular membrane of nerve cells,

Ropivacaine is usually indicated for local anesthesia includ- . e .
which prevents initiation and propagation of the nervous

ing infiltration, nerve block, epidural and intrathecal anaes- . . .
& P impulsest®. VGSCs are transmembrane proteins consisting

thesia in adults and children over 12 years. As S(-) enanti- of a pore-forming a. subunit and auxiliary p1-B4 subunits,

responsible for the initial rising phase of the action potential

*These authors contributed equally to this work.
Corresponding authors: Hong-Yan ZHU, Yong-Hua JI
Tel & Fax: +86-21-66135189

E-mail: zhyred@ shu.edu.cn; yhji@staff.shu.edu.cn
Article ID: 1673-7067(2010)04-0289-08

Received date: 2010-01-22; Accepted date: 2010-05-05

in electrically excitable cells!”*.. At least 10 sodium channel
subtypes have been demonstrated to be selectively expressed
in different tissues and cells®!”. Among them, Nav1.2 and

Nav 1.5 are the primary isoforms expressed in the brain and in
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the heart, respectively.

Although ropivacaine has been investigated to be ca-
pable of blocking tetrodotoxin-sensitive (TTX-S) and -resis-
tant (TTX-R) Na* channels in rat dorsal root ganglion (DRG)
neurons'¥ and Na* currents in the guinea pig ventricular
myocytes!'¥), the pharmacological effect of ropivacaine on
individual isoform of Na* channels still remains elusive. Other
local anesthetics, such as lidocaine, mexiletine and
benzocaine, have been confirmed to be capable of blocking
rat Nav1.2o subunit (rNav1.2a) [, Therefore, in the present
study, the sensitivities of rNav1.2a (brain type) and rNav1.5a
(cardiac type) to ropivacaine, and the modulatory effects of
ropivacaine on the 2 types of channels were examined, to
further understand the pharmacological mechanism of

ropivacaine.
2 Materials and methods

2.1 Expression of rNav1.2 and electrophysiological record-
ing Plasmid pNa200 containing cDNA of rat brain rNav1.2a
was a generous gift from Dr. Alan L. Goldin (University of
California, Irvine, CA, USA) and was sequenced before RNA
transcription. The cRNA of rNav1.2a was synthesized from
linearized plasmid DNA (cut at Not I site) using a T7 RNA
polymerase message machine transcription kit (Ambion, Inc.,
Austin, TX, USA). The produced cRNA was estimated by
agarose gel analysis, purified, and preserved in independent
ampoules at -20 °C.

Adult female X. laevis frogs were housed in a tank with
constantly filtered and recirculated water maintained at 20
°C. Stage V and VI oocytes were surgically removed and
treated with collagenase (2 mg/mL, type IA, Sigma), followed
by agitation for 4 h in calcium-free OR2 medium with 96
mmol/L NaCl, 2 mmol/L KCl, 1 mmol/L MgCl,, and 5 mmol/L
HEPES (pH=7.5) at 20 °C. After being washed, healthy oo-
cytes were selected for cRNA injection. Each oocyte was
injected with 10 ng cRNA of rNav1.2a (40 nL 0.25 ng/nL
cRNA solution) and then incubated in OR2 medium at 20 °C
for 40 h. Other healthy oocytes were injected with 40 nL
DEPC-treated water (sham injection) as a control.

The whole-cell currents were recorded by two-electrode
voltage-clamp (TEC) recordings with TURBO TEC-03X am-

plifier (npi Instruments, Germany). Stimulation and data ac-
quisition were conducted with Cellwork E 5.5 software (npi
Instruments, Germany). A single oocyte was impaled by 2
microelectrodes filled with 3 mol/L KC1(0.2-0.7 MQ, 1.0-2.0
MQ, respectively) linked to the detectors with Ag/AgCl
electrodes, and balanced in bath solution (ND96) for at least
30 min before recording. The electrophysiological experiments
were performed at room temperature (20-25 °C). Data were
collected after analog filtering at 13 kHz in voltage-clamp
recording.
2.2 Expression of rNav1.5 and electrophysiological record-
ing HEK293t cells were cultured in Dulbecco’s Modified
Eagle Medium (GIBCO BRL) supplemented with 10% fetal
bovine serum, in an incubator with 5% CO,. Cells were trans-
fected with plasmids coding rNavl1.5a, the o subunit of rat
cardiac sodium channel (a generous gift from Dr. Kaoru
Yamaoka, Hiroshima International University, Higashi-
Hiroshima, Hiroshima , Japan) by using Lipofectamine 2000
(Invitrogen, USA) reagent according to the manufacturer’s
instructions. Briefly, one day before transfection, HEK293t
cells were transferred to the 24-well plates. When reaching a
confluence of 90%, cells were incubated with Lipofectamine
2000 (ataratio of 2 uL reagent: 1 pg total plasmid per well) at
37 °C for 5-8 h. Then the medium was replaced by normal
culture medium, followed by incubation for 36-48 h preced-
ing the electrophysiological recordings. Cells with inward
currents were regarded as transfection-positive ones.
Whole-cell patch-clamp recordings were conducted at
room temperature using an Axopatch-200 B amplifier (Axon
Instruments Inc., Union City, CA, USA). Electrophysiologi-
cal recordings started 10 min after the establishment of a
whole-cell configuration. To eliminate the effect of steady-
state inactivation during experiments, the holding potential
was set to -140 mV. The series resistance was compensated
(70-80%) to minimize voltage errors. Leak subtraction was
performed using a P/4 protocol before the test protocol for all
voltage clamp recordings. Signals were low-pass filtered at 5
kHz and digitized at 20 kHz. Patch pipettes that had a resis-
tance of 2-3 MQ were used and filled with the pipette solu-
tion containing (mmol/L): CsF 140, CsC110,MgCl, 1, EGTA?2,
and HEPES 10 (pH =7.3). The bath solution contained (mmol/L):
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NaCl 140, MgCl, 1, CaCl, 2, and HEPES 10 (pH =7.3).

2.3 Ropivacaine application Ropivacaine (Naropin,
AstraZeneca AB, Sweden) was diluted at room temperature
in bath solution to 5 mmol/L as the stocking solution. Differ-
ent concentrations (10, 50, 100, 300, and 1000 umol/L) were
then applied to the cells by continuous superfusion during
the experiments via a fast gravity-driven perfusion system.
After 10-min perfusion with the drug, step pulses as illus-
trated in the figure legends were used to investigate the ef-
fect of ropivacaine on rNav1.2 and rNav1.5 subtypes.

2.4 Data analysis For rNav1.2, capacitance currents and
leak currents were corrected by subtraction of the currents
recorded in the presence of 500 nmol/L tetrodotoxin (TTX).
Data were acquired by Cellwork Reader 3.6 (npi instruments,
Germany), recorded by Cellwork E 5.5 (npi Instruments,
Germany), and analyzed with Origin 8.0 software (OriginLab
Corp., Northampton, MA, USA). For rNav1.5, data were ana-
lyzed using the Clampfit 8.2 (Axon Instruments, USA) and
Origin 8.0 (OriginLab Corp., Northampton, MA, USA).

Data were presented as mean+SEM and analyzed using
two sample independent #-test. P < 0.05 was considered as
statistically significant.

The fittings of the dose—response curves were carried
out using a Hill’s equation: % inhibition=A/[1+(1Cs,/
Ropivacaine)"]+C, where ICs, indicated the half maximal ef-
fective concentration and “h” was the Hill coefficient.

Conductance was calculated using the equation: G(V) =
Lea(V)/(V-V,o,), where I, indicated the peak amplitude of
the Na* current, while V and V.., represented the test poten-
tial and the reverse potential, respectively.

The voltage dependence of steady-state activation was
quantified by fitting the conductance measures to a Boltzmann
function: G(V) = G,./[1Texp(Vies - V12)/K].

Steady-state inactivation was fitted to a Boltzmann func-
tion with a non-zero pedestal (1)) calculated as I/1,,,,, = (1 - 1y)/
[1+exp(V,, -V /K], where V, indicated the test potential
at which the channels were half-maximally activated and K

was the slope factor.

3 Results

3.1 The peak Na* currents of both rNav1.2 and rNavl.5

were inhibited by ropivacaine Ropivacaine induced the dose-
dependent inhibition of both rNav1.2a and rNav1.5a peak
currents. Fig. 1 showed the representative current traces of
rNavl.2 (Fig. 1A) and rNav1.5 (Fig. 1B) before and after
ropivacaine superfusion at different concentrations (10, 100,
and 300 pmol/L). The resulting dose-response curves (Fig.
1C) showed that the values of Hill coefficients were 4.1 for
rNav1.2 and 0.64 for rNavl.5, respectively. For rNav1.2, the
IC50 value (the half maximal inhibitory concentration of
ropivacaine) was (155+8.3) umol/L, while forrNav1.5, the IC50
value was (69.8+10.3) umol/L.

Fig. 2 showed the representative whole-cell Na* current
traces from oocytes expressing rNav1.2 under control condi-
tion (Fig. 2A) and in the presence of 300 umol/L ropivacaine
(Fig. 2B). Iy, was elicited by depolarized to -20 mV with 2 Hz
from the holding potential of -100 mV. Fig. 2C showed the
representative I-V curves of rNav1.2 with or without
ropivacaine. The channels were activated at about -40 mV,
reaching a peak at-10 mV.

Fig. 3 showed the representative whole-cell Na*current
traces from HEK293t cells expressing rNav1.5 under control
condition (Fig. 3A) and in the presence of 300 pmol/L
ropivacaine (Fig. 3B). I, was evoked using 70 ms test pulses
ranged from -100 mV to +40 mV with 10 mV increment at the
holding potential of -140 mV. The representative I-V curves
of rNav1.5 before and after ropivacaine treatment were shown
in Fig. 3C. Before and after perfusion of ropivacaine, rNav1.5
currents were activated at approximately -60 mV and reached
apeak at about -20 mV.

3.2 Effects of ropivacaine on the gating properties of rNav1.2
and rNavl.5 The effects of ropivacaine on the steady-state
activation of rNav1.2 and rNavl.5 were investigated. The
activation curves were derived from I/V curves (see Methods).
The half-maximal activation voltage (V,,) and the slope fac-
tor (K,) were fitted according to a Boltzmann function. It was
observed that ropivacaine (200 and 300 umol/L) did not af-
fect the steady-state activation of rtNav1.2 or rNav1.5 chan-
nel (Fig. 4). There was no significant difference in the half
maximal voltage (V ;) and the slope factor (K,) between con-
trol and treatment groups in either sodium channel subtype.

For rNavl.2, a hyperpolarizing shift of the half maximal
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Fig. 1 Dose-dependent blockade of rNav1.2 and rNav1l.5 currents by ropivacaine. A: After treatment with ropivacaine at 10, 100, and 300 pmol/L, whole-

cell Na* currents of rNav1.2 were evoked every 5 s by 200 ms pulses to -10 mV from a holding potential of -100 mV until current was stabilized. B:

‘Whole-cell Na* currents of rNav1.5 were evoked every 5 s using 70 ms test pulses ranging from -100 mV to +40 mV with 10 mV increments under

a holding potential of -140 mV. C: Dose-response curves for rNav1.2 (a) and rNavl.5 (b) were obtained from fits of a Hill equation.

inactivation voltage (V,,) was observed in the presence of
200 pumol/L ropivacaine. The value of half maximal inactiva-
tion voltage was shifted by 10.8 mV, from (-52.83+0.75) mV to
(-63.63+0.99) mV (n=6) (P < 0.05) and the slope factor was
increased by 3.87, from (14.9+0.67) to (18.77+0.97) (Fig. 4A).
ForrNav1.5, 300 umol/L ropivacaine significantly shifted the
midpoint of the steady-state inactivation curve by 12.1 mV

(P <0.01) towards more hyperpolarized values, and the slope

factor of the curve was also significantly shifted by 1.95 (Fig.
4B).

3.3 Use-dependent inhibition of both rNav1.2 and rNav1.5
subtypes by ropivacaine The use-dependent inhibition of
rNav1.2 and rNav1.5 subtypes was tested by applying a train
of 50 short 8-ms depolarizing pulses (-10 mV for rNav1.2 un-
der the holding potential of -100 mV, and -20 mV for rNav1.5
under the holding potential of -140 mV). Dramatic differences
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Fig. 2 Whole-cell Na* current traces of oocytes expressing rNav1.2 before (A) and after (B) treatment with 300 pmol/L ropivacaine. C: the effects of
ropivacaine (300 pmol/L) on the current—voltage relationship (I'V curves).
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Fig. 3 Whole-cell Na* current traces of HEK293t cells expressing rNav1.5 before (A) and after (B) treatment with 300 umol/L ropivacaine. C: the effects
of ropivacaine (300 pmol/L) on the current—voltage relationship (I/'V curves).
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Fig. 4 Effect of ropivacaine on the steady-state activation and steady-state
inactivation curves of rNavl.2 (A) and rNavl.5 (B). Steady-state
activation curves were derived from the same family of currents
used for the I’V curves (Fig. 2C, Fig. 3C) using the standard proce-
dure (see Methods). For rNav1.2, steady-state inactivation was de-
termined using 500 ms conditioning pulses to voltages between -100
mV and +20 mV and a standard test pulse to -10 mV. For rNavl.5,
steady-state inactivation were determined using 115 ms condition-
ing pulses to voltages between -140 mV and +20 mV and a standard
test pulse to -20 mV. Test currents were normalized and plotted
against the conditioning voltage. The smooth curves were Boltzmann
fits (the equations were shown in Methods).

were observed in the sensitivities of both rNav1.2 and rNav1.5
to ropivacaine among the 3 different frequencies (0.5, 2 and 5
Hz). As shown in Fig. 5A, in the absence of ropivacaine,
there was a slight decrease in rNav1.2 channel availability
when stimulation was performed at frequencies between 0.5-
5 Hz, and the currents remained still above 85% of their initial
value. In the presence of 100 pmol/L ropivacaine, rNav1.2
channel availability was reduced to approximately 90%, 70%
and 60% of their maximal peak value when stimulated at 0.5, 2
and 5 Hz, respectively. On the other hand, rNav1.5 was more

sensitive to the stimulation frequency when superfused with
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Fig. 5 Frequency-dependent inhibition of rNav1.2 (A) and rNavl.5 (B)
currents in the presence or absence of ropivacaine (100 umol/L for
rNav1.2, 300 umol/L for rNav1.5). A: For rNav1.2, oocyte potentials
were held at -100 mV, and a train of fifty 8-ms pulses (-10 mV) was
applied at 3 different frequencies (0.5, 2 and 5 Hz), with the interpulse
potential set at -100 mV. B: For rNav1.5, HEK293t cell potentials
were held at -140 mV, and a train of fifty 8-ms pulses (-20 mV) was
applied at 3 different frequencies (0.5, 2 and 5 Hz), with the interpulse
potential also set at -140 mV. The peak currents elicited by each
pulse were normalized to the current of the first pulse (Pn-P1, where
n=1-50) and then plotted against pulse number. The top panel
showed a schematic representation of the electrical protocol used.

300 pumol/L ropivacaine (Fig. 5B). rNav1.5 channel availabil-
ity was reduced to approximately 80%, 50% and 30% of their
initial maximal peak when stimulated at 0.5, 2 and 5 Hz,
respectively. On the contrary, under control condition, al-
most no reduction in current was observed when the chan-

nel was pulsed at any of the frequencies.
4 Discussion

In the present study, the sensitivities of rNav1.2a (brain
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type) and rNavl.5a (cardiac type) to ropivacaine were
confirmed, and the pharmacological modulating modes of
ropivacaine on both subtypes were characterized. The re-
sults showed that ropivacaine could inhibit peak Na*cur-
rents of Nav1.2 and Nav1.5 channels in a dose-dependent
manner as other local anesthetics. However, Nav1.2 and Nav1.5
subtypes exhibited different sensitivities to ropivacaine, since
the IC,, for Nav1.2 block was 155 pmol/L while that for Nav
1.5 block was 69.8 pmol/L, similar to the finding in DRG neu-
rons where the TTX-R currents are more sensitive to
ropivacaine than the TTX-S currents!!*!. On the other hand,
the ICs, values of lidocaine, mexiletine and benzocaine for
Navl.2a have been demonstrated to be 1105 pmol/L, 337
umol/L and 814 umol/L, respectively!'’.. Therefore, it is obvi-
ous that ropivacaine has a higher potency than do the above
mentioned local anesthetics.

In addition, ropivacaine had similar effects on the gating
properties of Nav1.2 and Navl1.5 channels. Ropivacaine did
not shift the steady-state activation curve of Nav1.2 or Navl.5.
In contrast, it shifted the steady-state inactivation curves of
Nav1.2 and Nav1.5 toward more hyperpolarized values by
10.8 mV and 11.2 mV, respectively. The above observation
strongly indicates that the blocking mechanism of
ropivacaine on Na* channels is similar to that of other local
anesthetics such as lidocaine and benzocaine!"”!, mainly by
altering the steady-state inactivation, but not the steady-
state activation of Na* channels.

During depolarization, the conformation of Na* chan-
nels undergoes a series of changes: “the resting state”, “the
closed state”, “the open, ion-conducting state” and “the in-
activated state”. Nearly full-sized Na* currents could be elic-
ited during the first depolarizing impulse in the presence of a
local anesthetic, but subsequent impulses elicit gradually
smaller peak currents. When Na* channels are subject to a
train of depolarizing pulses, the number of channels avail-
able to open is reduced and they progressively accumulate
in the inactivated state. This accumulation of inhibition has
been termed “use-dependent block” 1], In this study, we
found that repetitive pulses caused a large current reduction
for Nav1.2 but had little effect on Nav1.5. Ropivacain in-

duced a great decrease in Na' currents for both channels

following high-frequency stimulation, suggesting that the
drug preferentially binds to inactivated channels.

In conclusion, the present study demonstrates that
ropivacaine has different effects on brain and heart subtypes
of sodium channels, and it preferentially blocks Nav1.5
channels. As ropivacaine could potentially induce central
nervous system and cardiovascular toxicity at high plasma
concentrations, the results would be helpful in further un-
derstanding clinical toxicology and pharmacology of

ropivacaine.
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