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Abstract:

Background: Although nisoxetine has been shown to elicit infiltrative cutaneous local anesthesia, the inhibition of voltage-gated

Na+ channels by nisoxetine has not been reported. The aim of this study was to evaluate the effect of nisoxetine on Na+ currents and

its efficacy on spinal anesthesia.

Methods: In in vitro studies, the voltage-clamp method was employed to examine whether nisoxetine blocked Na+ currents in

mouse neuroblastoma N2A cells.

Results: Mepivacaine showed concentration- and state-dependent effect on tonic blockade of voltage-gated Na+ currents (IC50 of

3.7 and 74.2 µM at holding potentials of –70 and –100 mV, respectively). Nisoxetine was more potent (IC50 of 1.6 and 28.6 µM at

holding potentials of –70 and –100 mV, respectively). In in vivo studies, after rats were intrathecally injected with nisoxetine and me-

pivacaine, the dose-response curves were constructed. Nisoxetine acted like local anesthetic mepivacaine and induced spinal anes-

thesia with a more sensory-selective action (p < 0.05) over motor blockade in a dose-related fashion. Intrathecal 5% dextrose

(vehicle) produced no spinal anesthesia. On the 50% effective dose (ED50) basis, nisoxetine elicited more potent spinal anesthesia

than did mepivacaine (p < 0.05).

Conclusions: Our results showed that nisoxetine displayed a more potent and prolonged spinal anesthesia with a more sen-

sory/nociceptive-selective action over motor blockade, compared with mepivacaine. The local anesthetic effect of nisoxetine could

be probably due to the suppression of Na+ currents.
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Introduction

Nisoxetine is an antidepressant, acting as a potent in-

hibitor of norepinephrine (NE) reuptake [23], and has

been used in the therapy of affective disorders [15,

21]. Recently, it has been shown that nisoxetine elic-

ited more potent and longer action than lidocaine in

providing cutaneous (peripheral) anesthesia [6]. Thus

nisoxetine can be a local anesthetic, which is known

to block voltage-gated sodium channels. However, no

reports are available about the effect of nisoxetine on

sodium channels.

Blockade of Na+ currents, which is one of the ma-

jor mechanisms of local anesthesia, produces spinal

anesthesia, sciatic nerve block, and infiltration anes-

thesia [8, 19]. Spinal anesthesia is a relatively simple

technique, which supports suitable surgical conditions

via injecting a small amount of local anesthetic with

easy landmarks [14, 22]. However, to the best of our

knowledge, no study of spinal anesthesia of nisoxet-

ine following lumbar puncture has been reported to

date. In this study, we employed the spinal anesthesia

animal model to evaluate spinal (central) anesthesia

with nisoxetine and to examine whether nisoxetine

could completely block Na+ currents using the patch-

clamp method. The chemical structures of nisoxetine

and mepivacaine are shown in Figure 1. Mepivacaine,

a common local anesthetic, was used as control.

Materials and Methods

Experimental designs

We designed three specific experiments. In experi-

ment 1, the inhibition of Na+ currents by nisoxetine

and mepivacaine in a dose-dependent manner was

evaluated. In experiment 2, the dose-response rela-

tionships of nisoxetine (four different doses) and ve-

hicle (5% dextrose) on spinal anesthesia were as-

sessed. In experiment 3, the time courses of spinal an-

esthesia with mepivacaine (four different doses) were

performed. Experimenters were blind for animal as-

signment to different experimental groups.

Part 1 – In vitro experiments

Cell culture

Mouse neuroblastoma N2A cells were maintained at

37°C in 5% CO2 in Dulbecco’s modified Eagle’s me-

dium (DMEM) supplemented with 10% fetal bovine

serum (Invitrogen, Carlsbad, CA, USA) and penicillin-

streptomycin (100 units/ml, 100 µg/ml) (Invitrogen).

Measurement of Na+ currents

These electrophysiological measurements were per-

formed as previously described [17]. N2A cells were

voltage-clamped in the whole-cell mode. Borosilicate

glass tubes (OD 1.5 mm, ID 1.10 mm, Sutter Instru-

ment, Novato, CA, USA) were prepared with a micro-

pipette puller (P-87, Sutter Instrument), and then fire

polished by a microforge (Narishige Instruments, Inc.,

Sarasota, FL, USA). Membrane currents were re-

corded with an EPC-10 amplifier with Pulse 8.60 ac-

quisition software and analyzed by Pulsefit 8.60 soft-

ware (HEKA Electronik, Lambrecht, Germany). Data

filtering and sampling frequencies were set at 2 and

10 kHz, respectively. Once a whole-cell configuration

was established, the membrane potential was held at

–70 mV or –100 mV. To measure tonic block, Na+

currents were stimulated by –10 mV depolarizing

pulses every 20 s and the cells were treated with dif-

ferent concentrations of nisoxetine or mepivacaine.

Experiments were carried out at room temperature

(~24°C). Concentration-inhibition curves are fitted by

the Hill equation:

Idrug/Icontrol = 1/{1 + ([drug]/Kd)n}
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Fig. 1. The chemical structure of nisoxetine (A) and mepivacaine (B)



where Idrug is the maximum current in the presence

of drug, Icontrol is the maximum current in the absence

of drug, [drug] is the extracellular drug concentration,

Kd is the apparent dissociation constant, and n is the

Hill coefficient.

Part 2 – In vivo experiments

Animals

In in vivo studies, we used seventy-two male adult

Sprague-Dawley rats (290–340 g), which were pur-

chased from the National Laboratory Animal Centre

(Taipei, Taiwan), and then were housed in groups of

three, with food and water freely available until the

time of testing. The temperature-controlled room was

maintained at 22°C with approximately 50% relative hu-

midity on a 12-h light/dark cycle (6:00 a.m. – 6:00 p.m.).

The experimental protocols were approved by the In-

stitutional Animal Care and Use Committee of China

Medical University, Taichung, Taiwan, and con-

formed to the recommendations and policies of the In-

ternational Association for the Study of Pain (IASP).

Drugs

Nisoxetine [(±)-g-(2-methoxyphenoxy)-N-methyl-ben-

zenepropanamine] HCl and mepivacaine HCl were

purchased from Sigma-Aldrich Chemical Co. (St.

Louis, MO, USA). Before intrathecal injections, all

drugs were freshly prepared in 5% dextrose as solution.

Spinal anesthesia

All rats were injected intrathecally one time in this

study. Spinal anesthesia was performed on conscious

rats as previously described [11, 12]. Before intrathe-

cal injections, local anesthesia was given. Following

an optimal flexion of the lumbar spine under prone

position, each 50-µl of 0.5% lidocaine was injected

into the right- and left-side of paraspinal space (0.5 cm

in depth) which was 0.5 cm away from the mid-point

of the longitudinal line of the lumbar 4–5 (L4-5) inter-

vertebral space. Two minutes later, a 27-gauge needle

attached to a 50-µl syringe (Hamilton, Reno, Nevada,

USA) was inserted into the mid-line of the L4-5 inter-

vertebral space and 25-µl of drugs was injected. The

animals were observed for the development of spinal

anesthesia, indicated by paralysis of both hind limbs.

Neurobehavioral evaluation

After intrathecal injections, three neurobehavioral

evaluations, which consisted of examinations of mo-

tor, nociception, and proprioception were conducted

[2, 3]. For consistency, an experienced investigator,

who was blinded to the identity of the injected drugs,

was responsible for handling of all animals and be-

havioral examinations. Rats were examined before

medication and at 1, 3, 5, 7, 10, 15, and 20 min after-

wards, then again at 10-min interval until 1 h, at

15 min interval until 2 h and at 30 min interval until

4 h. The magnitude of spinal blockade in motor func-

tion, proprioception, and nociception was described

as the percentage of possible effect (% PE). The maxi-

mum blockade in a time course of spinal anesthesia

with drugs was described as the percent of maximal

possible effect (% MPE).

Motor function was evaluated via measuring “the

extensor postural thrust” of the right hind limb of each

rat. The extensor thrust was measured as the gram

force, which resisted contacting the platform by the

rat heel applied to a digital platform balance (Mettler

Toledo, PB 1502-S, Switzerland). The reduction in

this force, representing reduced extensor muscle tone,

was considered as a deficit of motor function and ex-

pressed as a percentage of the control force. The pre-

injection control value was considered as 0% motor

block or 0% MPE. A force less than 20 g (also re-

ferred to as the weight of the “flaccid limb”) was in-

terpreted as the absence of extensor postural thrust or

a 100% motor block or 100% MPE [4, 17]. The % PE

is calculated via the equation:

%PE = (Gm – Gt)/(Gm – 20) ×100

where Gm is the peak muscle force (g) of each rat be-

fore drugs injection and Gt is the peak muscle force

(g) of each rat after intrathecal drug injection.

Proprioception was based on the postural reactions

and resting posture (“tactile placing” and “hopping”).

Hopping response was performed by lifting the front

half of the animal off the ground and lifting one hind

limb at a time off the ground so that the animal was

standing on just one limb. Then, the animal was

moved laterally, which normally evoked a prompt

hopping response with the weight-bearing limb in the

direction of movement to prevent the animal from fal-

ling. A predominantly motor impairment caused

a prompt but weaker than normal response. Con-

versely, with a predominantly proprioceptive block-
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ade, delayed hopping was followed by greater lateral

hops to prevent falling over or, in this case of com-

plete block, no hopping at all. The functional deficit

was graded as 3 (normal or 0% MPE), 2 (slightly im-

paired), 1 (severely impaired), and 0 (completely im-

paired or 100% MPE) [5, 14].

Nociception was evaluated via the withdrawal re-

flex or vocalization elicited by pinching a skin fold

over each rat’s back at 1 cm from the proximal part of

the tail, the lateral metatarsus of bilateral hind limbs,

and the dorsal part of the mid-tail. At each testing

time, only one pinch was given to each of the four

testing sites, and the time interval between stimula-

tions at different sites was around 2 s. The nociceptive

blockade was graded as 4 (normal or 0% MPE), 3

(25% MPE), 2 (50% MPE), 1 (75% MPE), and 0 (ab-

sent or 100% MPE) [1, 10].

The 50% effective dose (ED
50

), duration, and

area under curves (AUCs)

After injecting the rats with four different doses of each

drug (n = 8 for each dose of each drug) intrathecally,

the dose-response curve was constructed. The curve

was then fitted using a SAS Nonlinear (NLIN) Proce-

dures (SAS Institute Inc., Carey, NC, USA), and the

value of ED50, defined as the dose that caused 50% spi-

nal anesthesia, were obtained [13, 20]. The full recov-

ery time, defined as the interval from injection to full

recovery, caused by each drug was evaluated. Further-

more, we also compared the %MPE, complete block-

ade time, time to full recovery, AUCs of motor,

proprioception and nociception for nisoxetine at

2.20 µmol and mepivacaine at 2.75 µmol. The AUCs

of spinal blockades of drugs were obtained using Ki-

netica v 2.0.1 (MicroPharm International, USA).

Statistical analysis

Values are presented as the mean ± SEM or ED50 val-

ues with 95% confidence interval (95% CI). Differ-

ences between doses were analyzed by using two-way

analysis of variance, followed by the Newman-Keuls

test. The differences in %MPE, duration, and AUCs

of drugs were evaluated by the Student’s t-test. A sta-

tistical software, SPSS for Windows (version 17.0,

SPSS, Inc, Chicago, IL, USA), was used, and a p value

less than 0.05 was considered statistically significant.

Results

Inhibition of Na+ currents by nisoxetine

Mouse neuroblastoma N2A cells express large volt-

age-gated Na+ currents upon depolarization (Fig. 2A;

[16, 17]). The Na+ currents were blocked by 3 µM ni-

soxetine (Fig. 2A left) or 10 µM mepivacaine (Fig. 2A

right). With a holding potential of –70 mV, the

concentration-response curve of nisoxetine inhibition

(Fig. 2B) gives an IC50 of 1.6 µM and a Hill coeffi-

cient of 1.0. Mepivacaine block was relatively less

potent, with an IC50 of 3.7 µM and a Hill coefficient

of 0.85 (Fig. 2B). When the membrane potential was

held at –100 mV, nisoxetine block had an IC50 of 28.6 µM

and a Hill coefficient of 0.72, while mepivacaine

block had an IC50 of 74.2 µM and a Hill coefficient of

0.66 (Fig. 2C). Thus, both drugs had a much reduced

potency with a hyperpolarized holding potential. N2A

cell Na+ channels are completely available at a hold-

ing potential of –100 mV, but are partially inactivated

at –70 mV [16]. Therefore, both nisoxetine and mepi-

vacaine showed state-dependence of block.

Spinal anesthesia with nisoxetine

Nisoxetine, as well as mepivacaine displayed dose-

dependent effects on spinal anesthesia in rats (Figs. 3

and 4). Intrathecal injection of 5% dextrose (vehicle)

produced no spinal anesthesia (Fig. 3). The ED50s of

drugs are shown in Table 1. On the ED50 basis, the

ranks of potencies of spinal blockades in motor func-

tion, proprioception, and nociception were nisoxetine

> mepivacaine (p < 0.05; Tab. 1; Figs. 3 and 4). Fur-

thermore, the sensory/nociceptive blockade (ED50)
was more potent than the motor blockade in both ni-

soxetine and mepivacaine groups (p < 0.05; Tab. 1;

Figs. 3 and 4).

The %MPE, duration, and AUCs of nisoxetine

and mepivacaine in spinal anesthesia

At a given dose of 2.20 µmol, nisoxetine showed 100,

100, and 100% of blockades (% MPE) in motor func-

tion, proprioception, and nociception with duration of

action of about 61, 96, and 236 min, respectively

(Tab. 2; Fig. 3 A–C). Mepivacaine at 2.75 µmol dem-

onstrated 100, 100, and 100% of blockades in motor

function, proprioception, and nociception with dura-
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tion of action of about 33, 35, and 48 min, respec-

tively (Tab. 2; Fig. 4 A–C). The complete block time,

time to full recovery, and AUCs of spinal anesthesia

with nisoxetine are significantly greater than those of

mepivacaine except the complete block time of drug

action in motor function (Tab. 2; Figs. 3 and 4). In ad-

dition, nisoxetine and mepivacaine also elicited

354 Pharmacological Reports, 2013, 65, 350�357

Fig. 3. Time courses of spinal anesthesia (% PE) with nisoxetine and
vehicle (5% dextrose) in rats. Neurological evaluation of motor (A),
proprioception (B), and nociception (C) was constructed after in-
trathecal injection. Data are presented as the mean ± SEM; each
group, n = 8

Fig. 2. Block of voltage-gated sodium currents by nisoxetine and me-
pivacaine. (A) Depolarization (–10 mV)-triggered sodium currents in
the absence and presence of 3 µM nisoxetine (left). In another cell,
depolarization (–10 mV)-triggered sodium currents was blocked by
10 µM mepivacaine (right). (B) Concentration-response curves con-
structed for nisoxetine and mepivacaine block of sodium currents are
fitted with the Hill equation (see Methods). Membrane potential was
held at –70 mV. (C) Concentration-response curves constructed for
nisoxetine and mepivacaine block of sodium currents are fitted with
the Hill equation (see Methods). Membrane potential was held at
–100 mV. Each data point represents the mean ± SEM from 3–5 cells



longer duration of sensory blockade than that of mo-

tor blockade (p < 0.05; Tab. 2; Figs. 3 and 4). All rats

recovered completely after intrathecal injections.

Discussion

An important result of the present work is that ni-

soxetine displays more potent and prolonged anes-

thetic effect when compared with mepivacaine, a con-

ventional local anesthetic. Another important finding

is our in vitro work that nisoxetine has been shown to

be a more potent voltage-gated Na+ channel blocker,

compared with mepivacaine.

Voltage-gated Na+ channels have been known to be

inhibited by anesthetic and analgesic agents. Our study

showed that nisoxetine and mepivacaine displayed

state-dependence of blockade (Fig. 2); their blockade

was more potent at –70 mV (when Na+ channels are

partially inactivated) than at –100 mV (complete chan-

nel availability) [16]. For the experiments performed to

construct the concentration-inhibition curves, a very

low frequency (0.05 Hz) was used to stimulate the cells

before and during drug addition. Thus, as a tonic chan-

nel blocker, nisoxetine was more potent than mepiva-

caine at both holding potentials.

In one study, Hennings et al. stated that no pharma-

cological agents, except desipramine (DMI) produced

pronounced inhibition (52%) of Na+ currents at the

highest tested concentration of 10 µM [9], and we

suggested that high doses of nisoxetine might com-

pletely block Na+ currents. In the latter work [9],

a moderately low holding potential (–80 mV) was

used and may in part account for the weak blocking

effect of nisoxetine. This is in agreement with our ob-

servation that nisoxetine was indeed much less potent

at –100 mV holding potential.
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Tab. 1. The 50% effective dose (ED50) of nisoxetine and mepivacaine
on spinal anesthesia in rats

Drug ED50 (95% CI)

Motor Proprioception Nociception

Nisoxetine 0.82
(0.78–0.89)a

0.75
(0.69–0.82)a

0.70
(0.66–0.75)a,b

Mepivacaine 1.06
(0.99–1.14)

0.93
(0.85–1.05)

0.91
(0.83–1.01)b

The ED50 of drugs (µmol) was obtained from Figures 3 and 4 via SAS
Nonlinear (NLIN) Procedures. The symbol (a) indicates p < 0.05
when nisoxetine compared with mepivacaine. The symbol (b) indi-
cates p < 0.05 when nociception compared with motor function

Fig. 4. The time courses of mepivacaine on spinal anesthesia (% PE)
in rats. Neurological evaluation of motor (A), proprioception (B), and
nociception (C) was constructed after intrathecal injection (n = 8 at
each testing point). Data are presented as the mean ± SEM



Mepivacaine is a commonly used local anesthetic

that produces neural blockade via a direct blocking ef-

fect on the voltage-gated Na+ channels of the nervous

tissues [7, 19]. In our in vitro experiments, we showed

that nisoxetine at a concentration of 10 mM and mepi-

vacaine at a concentration of 30 mM displayed a com-

plete blockade of Na+ currents at holding potentials of

–70 mV. It may have addressed results that nisoxetine

can elicit infiltrative anesthesia of skin [6] and produce

spinal anesthesia. In our in vivo experiments, nisoxet-

ine exhibited more potent and longer duration of spinal

anesthesia than mepivacaine. Furthermore, nisoxetine

showed almost 1.3-fold higher potency than did mepi-

vacaine on spinal anesthesia. Hence, it is likely that

nisoxetine’s stronger potency than mepivacaine in

tonic Na+ channel block may in part contribute to its

more superior spinal anesthesia than mepivacaine.

The structure of nisoxetine and mepivacaine shares

important moieties, namely, a lipophilic structure at

one end and an amine at the other (Fig. 1). Thus, it is

not entirely unexpected that nisoxetine blocks sodium

channels. All rats recovered completely after intrathe-

cal injections. Further studies on sciatic nerve block-

ade and related neural and cardiovascular toxicities

will be warranted in the future before further consid-

eration of nisoxetine for clinical trials.

The preferential sensory versus motor block is

a feature claimed for regional and infiltrative anesthe-

sia with several local anesthetics [18, 19]. In this pres-

ent study, the potencies (ED50s) of nisoxetine and me-

pivacaine in nociceptive blockades were greater than

those in motor blockades (Tab. 1; Figs. 3 and 4). The

sensory/nociceptive blockade in nisoxetine and mepi-

vacaine had almost 1.17- and 1.16-folds higher poten-

cies than the motor blockade, respectively. Mepiva-

caine is rarely noted for the sensory/motor potency in

clinical practice because complete blockades are per-

formed.

In conclusion, our preclinical data showed that ni-

soxetine produced dose-dependent spinal (central) an-

esthesia with a more sensory-selective action over mo-

tor blockade and had a more potent and much longer

action when compared with mepivacaine. The local

(spinal) anesthetic property of nisoxetine is likely at-

tributable in part to its ability to block Na+ currents.
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