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Abstract
Rationale Neuropathic pain is associated with significant
co-morbidities, including depression, which impact consid-
erably on the overall patient experience. Pain co-morbidity
symptoms are rarely assessed in animal models of neuro-
pathic pain. Neuropathic pain is characterized by hyperex-
citability within nociceptive pathways and remains difficult
to treat with standard analgesics.
Objectives The present study determined the effect of bis
selenide and conventional antidepressants (fluoxetine,
amitriptyline, and bupropion) on neuropathic pain using
mechanical allodynic and on depressive-like behavior.
Methods Male mice were subjected to chronic constriction
injury (CCI) or sham surgery and were assessed on day 14
after operation. Mice received oral treatment with bis
selenide (1–5 mg/kg), fluoxetine, amitriptyline, or bupro-
pion (10–30 mg/kg). The response frequency to mechanical
allodynia in mice was measured with von Frey hairs. Mice
were evaluated in the forced swimming test (FST) test for
depression-like behavior.
Results The CCI procedure produced mechanical allodynia
and increased depressive-like behavior in the FST. All of
the drugs produced antiallodynic effects in CCI mice and
produced antidepressant effects in control mice without
altering locomotor activity. In CCI animals, however, only

the amitriptyline and bis selenide treatments significantly
reduced immobility in the FST.
Conclusion These data demonstrate an important dissocia-
tion between the antiallodynic and antidepressant effects in
mice when tested in a model of neuropathic pain.
Depressive behavior in CCI mice was reversed by bis
selenide and amitriptyline but not by the conventional
antidepressants fluoxetine and buproprion. Bis selenide was
more potent than the other drugs tested for antidepressant-
like and antiallodynic effects in mice.
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Introduction

Animal models of chronic pain have demonstrated the
importance of serotonergic, dopaminergic, and noradrenergic
systems in regulating pain (Fishbain 2000; Millan 2002).
Descending pathways serve to inhibit input from the gut and
muscle skeletal system to a greater or lesser extent depending
on the level of stress and the input from painful stimuli
(Millan 2002; Benarroch 2008). A dysfunction of these
descending pathways can engender a heightened sensitivity
to pain and even a painful reaction to normally non-noxious
stimuli. Serotonin (5-HT), dopamine (DA), and noradrena-
line (NA) are implicated in enhancing endogenous analgesic
mechanisms via the descending inhibitory pain pathways in
the brain and spinal cord (Fishbain 2000).

Compounds enhancing 5-HT, DA, and NA neurotransmis-
sion would be expected to be effective in the control of
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chronic pain. Clinical guidelines rank antidepressants, togeth-
er with anticonvulsants, as first-line drugs for neuropathic pain
treatment (Moulin et al. 2007). Neuropathic pain is generally
a chronic condition, severe, and resistant to most analgesics
(Attal et al. 2006). These antidepressant drugs increase
extracellular concentrations of 5-HT, DA, and NA by
blocking reuptake transporters (Berton and Nestler 2006). It
has been clinically and preclinically demonstrated that
specific serotonin reuptake inhibitors (SSRIs) (fluoxetine,
paroxetine, and reboxetine), tricylic antidepressants (TCAs)
(imipramine, desipramine, and amitriptyline), and atypical
antidepressants (AA) (bupropion, trazodone, and venlafax-
ine) alleviate neuropathic pain (Mico et al. 2006; Benbouzid
et al. 2008).

Rodent models are valuable in identifying pathophysio-
logical mechanisms and therapeutic targets for emotional
(Cryan and Holmes 2005) and pain disorders (Seltzer et al.
1990). However, recently, a few studies have investigated
the potential effects of neuropathic pain on measure of
depression-related behavior in rodents (Wang and Wang
2003). The current study examined whether the chronic
constriction injury (CCI) model of neuropathic pain causes
depression-like behavior in animals and whether this
behavior could be reversed by antidepressant drugs. The
CCI model (Bennett and Xie 1988) was selected because,
compared with other peripheral nerve injury models, a
robust mechanical hypersensitivity has been reported
(Dowdall et al. 2005; Roeska et al. 2008). Moreover, in
different models of traumatic peripheral nerve injury, the
measure in the forced swimming test (FST) reflects a
depression-like behavior. Since the FST evaluates motivat-
ed behavior, it provides possible correlates of the affective-
motivational component of ongoing pain in animals.

Low selenium status (low selenium diet contains 32–
36 μg/day) has been associated with a significant increased
incidence of depression, anxiety, confusion, and hostility
(Rayman 2000). Besides, some studies have reported the
role of selenium in the management of nociception
(Nogueira et al. 2004; Savegnago et al. 2007a, b, 2008).
In this context, bis selenide, an organoselenium compound
with antinociceptive, anti-inflammatory, and antidepressant-
like properties (Savegnago et al. 2006; Jesse et al. 2008,
2009, 2010), could be an attractive target for the treatment
of depression and chronic pain.

The first objective of the present study was to examine if
rodents display depressive-like behavior induced by nerve
injury to better understand the relationship between chronic
pain and depression. The second objective of this study was
to compare the effect of bis selenide with conventional
antidepressants (fluoxetine, amitriptyline, and bupropion) in
a mechanical allodynia, with von Frey hair filaments, and
depressive-like behavior, in the FST, in mice with neuro-
pathic pain.

Materials and methods

Animals

The behavioral experiments were conducted using male
adult Swiss mice (25–35 g) maintained at 22–25°C with
free access to water and food, under a 12:12 h light/dark
cycle, with lights on at 6:00 a.m. All manipulations were
carried out between 8:00 a.m. and 4:00 p.m. Animals were
used according to the guidelines of the Committee on Care
and Use of Experimental Animal Resources, the Federal
University of Santa Maria, Brazil. Experiments were
conducted in accordance with the current guidelines for
the care of laboratory animals and ethical guidelines for the
investigation of experimental pain in conscious animals
suggested by Zimmerman (1983). The number of animals
and intensities of noxious stimuli used were minimum
necessary to demonstrate the consistent effects of the drug
treatments. At the end of the experimental procedure, the
mice were killed by decapitation.

Animal surgery

CCI was performed based on the original description by
Bennett and Xie (1988) under pentobarbital sodium
(60 mg/kg, intraperitoneal) anesthesia. Briefly, the left
sciatic nerve was exposed after the incision of skin and
blunt separation of the muscle. The sciatic nerve was
freed of the adhering tissue gently for about 7 mm, and
four ligatures (4/0 Ethicon GmbH, Norderstedt, Ger-
many) were made loosely with 1.0–1.5 mm interval
between each. Great care was taken to tie the ligatures so
that the diameter of the nerve was just barely constricted.
Sham operation was performed by exposing sciatic nerve
except for nerve ligation. Operated mice were routinely
tested for the presence of pain-like behavior for up to
14 days after surgery, according to previously described
methods (Blackburn-Munro et al. 2004; Bomholt et al.
2005). Mice with CCI model of neuropathic pain did not
present paw drooping or autotomy.

Experimental procedure

CCI-injured and sham-operated animals were repeatedly
tested for mechanical allodynia with von Frey hairs (VFH).
The response frequency to VFH stimulation (percent) was
determined before nerve injury (baseline) to obtain data
purely derived from CCI-induced allodynia. In order to
determine the basal response frequency, all groups were
submitted to pre-surgical evaluation. The response frequen-
cy was recorded immediately before (0) and after (1, 2, 4, 8,
and 12 h) treatment. Same groups of mice were repeatedly
scored in different times for mechanical allodynia.
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Other groups of mice were utilized to examine the
locomotor activity and the depression-like behavior in the
mouse OFT and FST, respectively. For these experiments,
CCI-injured and sham-operated animals were examined in
behavioral tests at one of six time points, 0, 1, 2, 4, 8, and
12 h after treatment with bis selenide or antidepressants (n=
7 per group, i.e., separate groups of animals were used at
each time point). The locomotor activity was evaluated in
the open field test (OFT), and immediately after that, the
same animals were assessed in the FST.

Chemicals and drug treatment

Bis selenide [(Z)-2,3-bis(4-chlorophenylselanyl)prop-2-en-
1-ol] was prepared and characterized in our laboratory by
the method previously described (Moro et al. 2005).
Analysis of the 1H NMR and 13C NMR spectra showed
analytical and spectroscopic data in full agreement with its
assigned structure. The chemical purity of bis selenide
(99.9%) was determined by GC/HPLC. The following
drugs were used: fluoxetine, amitriptyline, and bupropion
(Sigma Chemical Co, USA). All other chemicals were of
analytical grade and obtained from standard commercial
suppliers. Bis selenide was dissolved in canola oil.
Antidepressants were dissolved in saline solution (0.9%
NaCl). Mice received all drugs in a constant volume of
10 ml/kg body weight.

Treatments with doses of bis selenide (1 and 5mg/kg, p.o.),
fluoxetine, amitriptyline, bupropion (10 or 30 mg/kg, p.o.), or
vehicle were carried out 2 weeks after the surgical procedure
in mice (groups: operated and sham operated). Mice were
evaluated 1, 2, 4, 8, and 12 h subsequent to oral administra-
tion. Doses and the schedule of administration were chosen on
the basis of experiments previously performed (Pedersen et al.
2005; Jesse et al. 2008, 2009, 2010; Sawynok et al. 2008).

Mechanical allodynia induced by CCI injury

The response frequency was measured after ten applications
(duration of 1–2 s each) of VFH (Stoelting, Chicago, IL).
To this end, mice were further habituated in individual clear
Plexiglas boxes (9×7×11 cm) on an elevated wire mesh
platform to allow access to the ventral surface of the hind
paws. A previous study indicated that 0.6 g VFH produced
a mean withdrawal frequency of approximately 15%, which
is considered to be an adequate value for the measurement
of mechanical allodynia (Savegnago et al. 2007a). There-
fore, 0.6 g VFH alone was used in these experiments. The
filament was applied for a period of 1–2 s. Both the
ipsilateral (right hind paw) and the contralateral hind paw
were tested in order to evaluate the presence of “mirror
pain”, described elsewhere as present in neuropathic pain
pathologies (Tal and Bennett 1994). In order to obtain data

purely derived from the CCI model-induced allodynia,
maximal inhibition (MI) values were represented as the
difference between the basal values of vehicle- or drug-
treated animals and respective controls.

Open-field test

The OFT was carried out to exclude the possibility that the
lesion of the CCI model affects the ambulation of the
animals. The open field was made of plywood and
surrounded by walls 30 cm in height. The floor of the
open field, 45 cm in length and 45 cm in width, was
divided by masking tape markers into 9 squares (3 rows of
3). Each animal was placed individually at the center of the
apparatus and observed for 6 min to record the locomotor
(number of segments crossed with the four paws) (Walsh
and Cummins 1976).

Motor coordination for swimming—motivational test

This test was performed to further exclude the possibility
that the lesion of the CCI model affects locomotion of the
animals, since the motor coordination for swimming is
different of those necessary for the open field test. The
motor coordination for swimming was carried out in an iron
pool (86×17×37 cm) filled with clear water to a depth of
20 cm. Water temperature was maintained at 20±0.5°C. At
the end of the pool, there was a red platform on which the
mice could climb. The location of the platform was made
visible by a blue-colored picture mounted above the
platform. During the test, the mouse was put into the water
at the start point and swam to the end of the pool to climb
onto the platform. The swimming time was recorded (Li et
al. 2001).

Depressive-like behavior—forced swimming test)

The test was performed as in the original method described
elsewhere (Porsolt et al. 1977, 1978). Briefly, mice were
individually forced to swim in open cylinders (25 cm
height×10 cm diameter) containing 19 cm of water at 25±
1°C. The duration of immobility was scored during the
6-min test period as described previously. The immobility
time was determined when no additional activity was
observed other than the movements necessary to keep the
mice head above the water.

Statistical analysis

All experimental results are given as the mean ± S.E.M.
The withdrawal response frequency, number of crossings
and depression-like behavior in sham and CCI animals was
done by analyzing Newman–Keuls test for post hoc
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comparison when appropriate. Comparisons between ex-
perimental and control groups were analyzed with two-way
ANOVA, including the factors surgery (sham and CCI),
treatment (bis selenide, fluoxetine, amitriptyline, and
bupropion), and interaction. A value of P<0.05 was
considered to be significant. MI values were represented
as the difference between the basal values of vehicle- or
drug-treated animals and respective controls.

Results

Mechanical allodynia

Mechanical sensitivity of the animal hind paws was
evaluated by VHF. CCI model produced a marked and
long-lasting development of mechanical allodynia in the

ipsilateral (injured) side in mice (Fig. 1a–d), but not in the
contralateral side (results not shown). Before surgery, no
significant difference was observed between operated and
sham-operated groups for the baseline of response frequen-
cy. Sham surgery did not influence the mechanical
threshold in mice (Fig. 1a–d).

Animals that received bis selenide (1 and 5 mg/kg, p.o.)
showed a significant reduction in the response frequency
induced by CCI model (Fig. 1a). This reduction started 1 h
after bis selenide (1 and 5 mg/kg) administration (MI was
82±5%). CCI-injured mice that received 1 and 5 mg/kg of
bis selenide demonstrated a significant reduction in the
response frequency, which was maintained for up to 4 and
8 h, respectively (Fig. 1a).

Acute treatment with fluoxetine (10 and 30 mg/kg, p.o.)
significantly decreased the response frequency in the
ipsilateral side 1 h after antidepressant administration (MI
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Fig. 1 Effect of oral treatment with bis selenide (1 and 5 mg/kg) (a),
fluoxetine (10 and 30 mg/kg) (b), amitriptyline (10 and 30 mg/kg) (c),
and bupropion (10 and 30 mg/kg) (d) on the response frequency to
VFH stimulation (%) in ipsilateral paw in CCI (closed points) and

sham-operated mice (open points). Each point represents the mean of
seven animals and the error bars indicate the S.E.M. *P<0.05, **P<
0.01, and ***P<0.001 when compared to the CCI control, and #P<
0.001 versus baseline (B) values
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values were 35±2% and 51±2%). This antiallodynic effect
was kept for 2 h after fluoxetine treatment (Fig. 1b).

Treatment with amitriptyline at doses of 10 and
30 mg/kg (p.o.) was markedly effective in reducing the
response frequency induced by CCI model in mice. The
reduction in the response frequency started 1 h after
amitriptyline administration (30 mg/kg), and the MI was
62±5%. The significant decrease in the response fre-
quency was maintained for up to 2 and 8 h when CCI-
injured mice received 10 and 30 mg/kg of amitriptyline,
respectively (Fig. 1c).

CCI-injured mice treated orally with bupropion (30 mg/
kg, p.o.) showed a significant reduction in the response
frequency. Antiallodynic effect was observed 1, 2, and 4 h
after bupropion administration (30 mg/kg) in CCl-injured
mice (MI was 78±5% at 1 h; Fig. 1d).

Acute treatment with bis selenide and conventional
antidepressants had no influence in the response frequency
in sham-operated mice (Fig. 1a–d).

Depression-like behavior

CCI-injured mice showed a marked prolongation of the
immobility time compared to sham-operated mice in the
FST (Fig. 2a–d), which indicates that CCI animals
displayed depression-like behavior.

Bis selenide administration (1 and 5 mg/kg, p.o.) showed
a reduction in depression-like behavior in CCI-injured
mice. This effect started 1 h after bis selenide administra-
tion (MI was 35±3% at 5 mg/kg). The significant reduction
in the immobility time was maintained for up to 2 and 8 h
when CCI-injured mice received 1 and 5 mg/kg of bis
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Fig. 2 Effect of oral treatment with bis selenide (1 and 5 mg/kg) (a),
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compared to the CCI or sham-operated group, and #P<0.001 versus
sham-operated control group
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selenide, respectively (Fig. 2a). Bis selenide administration
(1 and 5 mg/kg, p.o.) caused a reduction in the immobility
time in sham-operated mice. The antidepressant-like effect
of bis selenide (5 mg/kg) reached its peak at 1 h (MI was
43±3%) and remained significant up to 4 h after adminis-
tration in sham-operated mice (Fig. 2a).

Fluoxetine, at doses of 10 and 30 mg/kg, did not
attenuate the depression-like behavior in CCI-injured mice
at all time points. It can be seen that fluoxetine, given by
oral route at the doses of 10 and 30 mg/kg, decreased the
immobility time in the FST in sham-operated mice
(Fig. 2b). The anti-immobility effect started 1 h after
fluoxetine (30 mg/kg) administration in sham-operated
mice (MI was 40±2%). The significant reduction in the
immobility time was maintained for up to 2 and 4 h when
mice received 10 and 30 mg/kg of fluoxetine, respectively
(Fig. 2b).

Treatment with amitriptyline, at the dose of 30 mg/kg
(p.o.), significantly reduced the depression-like behavior
in CCI-injured mice (Fig. 2c). The anti-immobility effect
started 1 h after amitriptyline (30 mg/kg) administration,

and the MI observed was 34±4%. The significant decrease
in the immobility time induced by amitriptyline (30 mg/
kg) was maintained for up to 2 h in CCI-injured mice.
Amitriptyline administration (10 and 30 mg/kg, p.o.)
produced a reduction in the immobility time in sham-
operated mice. The antidepressant-like effect of amitrip-
tyline, at the dose of 30 mg/kg, reached its peak at 1 h (MI
was 33±3%) and remained significant up to 4 h after p.o.
administration (Fig. 2c).

The effects of bupropion administered orally in mice are
illustrated in Fig. 2d. Acute treatment with bupropion (10
and 30 mg/kg) did not modify the depression-like behavior
in CCI-injured mice at any time point. The anti-immobility
effect was observed 1, 2, and 4 h after bupropion
administration (30 mg/kg) in sham-operated mice, with a
peak effect in 1 h (MI was 29±5%) (Fig. 2d).

Locomotor activity

There was no significant difference between sham-operated
and CCI animals in the number of crossings in the OFT. Bis

Table 1 Effect of oral treatment of mice with bis selenide, fluoxetine, amitriptyline, or bupropion on the number of crossings in the OFT

Groups Dose (mg/kg) Time after treatment with bis selenide or antidepressants

0 1 2 4 8 12

Sham operated – 75.2±2.32 64.5±2.31 72.3±1.59 63.4±2.24 64.5±2.31 75.6±3.55

+Bis selenide 1 69.2±2.81 67.8±3.13 70.2±1.68 64.5±3.12 68.9±3.02 72.5±3.65

+Bis selenide 5 71.2±3.01 68.4±1.85 71.2±2.55 67.8±2.45 65.6±3.89 71.2±3.54

CCl – 70.2±2.52 64.9±2.14 68.9±2.58 66.8±3.08 68.9±3.20 69.8±2.55

+Bis selenide 1 65.2±2.01 68.8±2.45 66.8±3.10 69.8±3.26 70.4±2.89 67.8±3.68

+Bis selenide 5 66.7±2.67 63.8±1.22 67.1±1.98 70.1±2.65 66.4±3.61 70.3±2.55

Sham operated – 77.1±3.11 63.1±1.87 68.9±2.12 64.5±1.29 64.5±4.01 74.6±2.54

+Fluoxetine 10 71.2±2.95 64.5±2.03 65.6±3.25 65.5±2.31 68.9±3.25 72.3±3.54

+Fluoxetine 30 72.2±2.45 69.8±2.44 64.5±3.31 67.4±2.42 67.5±3.54 71.2±3.02

CCl – 75.6±2.22 69.4±2.56 69.4±3.41 68.9±3.02 66.5±2.75 68.7±2.35

+Fluoxetine 10 71.2±1.98 68.8±2.49 70.2±2.98 68.9±2.45 68.7±3.56 67.9±3.05

+Fluoxetine 30 68.9±1.85 70.2±2.19 71.3±2.87 62.9±3.48 67.8±3.24 69.8±2.31

Sham operated – 68.8±1.74 69.5±2.48 67.8±2.74 71.2±2.48 71.2±2.59 70.3±3.55

+Amitriptyline 10 69.5±2.15 66.5±2.10 69.8±2.84 70.2±3.05 74.5±3.55 65.8±4.02

+Amitriptyline 30 72.3±1.77 65.5±2.31 70.3±3.08 72.5±4.01 73.2±3.41 66.8±3.87

CCl – 67.5±1.69 68.7±3.10 72.5±3.45 73.0±3.54 70.5±2.54 72.6±3.55

+Amitriptyline 10 71.2±2.31 64.5±2.91 73.2±3.51 70.9±2.59 67.3±3.01 73.5±2.95

+Amitriptyline 30 70.2±1.55 64.9±1.85 68.9±2.48 68.8±3.56 68.9±2.55 67.9±2.55

Sham operated – 74.5±2.13 68.7±1.22 65.8±3.25 68.7±2.59 71.2±3.12 68.9±3.05

+Bupropion 10 71.2±1.96 71.2±2.58 64.5±1.29 64.5±2.55 70.1±2.65 70.1±4.02

+Bupropion 30 68.9±2.88 70.1±2.71 69.4±2.85 67.5±3.02 67.8±3.85 66.5±2.65

CCl – 65.5±1.23 70.1±1.85 71.2±2.91 72.3±3.15 66.5±3.02 73.5±3.22

+Bupropion 10 70.5±2.31 67.8±2.31 63.9±1.89 73.2±2.85 72.5±3.26 72.3±2.85

+Bupropion 30 71.2±3.11 66.5±3.15 65.2±2.31 74.5±2.99 73.1±2.58 70.2±2.65

Results are expressed as mean + S.E.M. of seven animals
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selenide and antidepressants had no significant effect on the
number of crossings in the OFT, at any time point
monitored (0, 1, 2, 4, 8, and 12 h), when compared to
respective controls (Table 1).

There was no significant difference in the latency for
swimming in the motor coordination test between sham-
operated and CCI groups. Treatment with bis selenide, at
the dose of 5 mg/kg (p.o.), did not influence the motor
function (Fig. 3).

Discussion

The present study demonstrated that mice with CCI of the
sciatic nerve developed depression-like behavior as
reflected in an increase in the time of immobility in the
FST and mechanical allodynia demonstrated by the increase
of baseline values in the response frequency to VFH. The
main original pharmacological finding of the present study
was that bis selenide diminished both the mechanical
hypersensitivity and depressive-like behavior in CCI
animals, without having an effect on locomotor activity.

The CCI model (Bennett and Xie 1988) was selected for
this study due to a significant mechanical hypersensitivity in
comparison with other animal neuropathic pain models
(Dowdall et al. 2005; Roeska et al. 2008). We used a
pharmacologically validated test for depression-like behav-
ior, the FST (Porsolt et al. 1977, 1978). This test is
frequently used to assess depression-like behavior and is
validated by its sensitivity to clinically effective antidepres-
sants that cause in mice to actively and persistently engage in
escape-directed behavior compared with non-treated con-
trols. Moreover, the fact that animals with neuropathic pain
exhibit depression-like behavior is in agreement with the
clinical evidence reporting a relationship between chronic
pain and depression (Attal et al. 2006; Mico et al. 2006).

The current study also demonstrated that fluoxetine, at the
dose of 30 mg/kg, generated an antiallodynic effect. Addi-
tionally, fluoxetine reduced the immobility time in sham
animals but did not modify the depressive-like behavior in
CCI animals in the FST. It has been reported that fluoxetine,
commonly used to treat major depression in humans
(Holtzheimer and Nemeroff 2006), is modestly active in a test
of tactile allodynia and nociceptive tests (Sindrup et al. 1992;
Pedersen et al. 2005). The SSRI employed in this study,
fluoxetine, displays distinct selectivity for 5-HT neuronal
uptake sites (Hyttel 1994). Thus, fluoxetine produces its
pharmacological action via the blockade of 5-HT reuptake,
enhancing the efficacy of the 5-HT transmission (Weiss et al.
1986). Taken together, these findings indicated that fluoxetine
treatment may cause the attenuation of pain but did not
modify the depression-like behavior induced by CCI.

In this study, treatment with amitriptyline produced a
significant antiallodynia effect, which is in accordance with
other reports (Bomholt et al. 2005; Vissers et al. 2006).
However, to the best of our knowledge, this is the first time
that the anti-immobility effect of amitriptyline in a CCI
neuropathic pain-like state was demonstrated. Treatment
with amitriptyline also showed antidepressant-like effect in
sham-operated mice. These results were corroborated by Hu
et al. (2009) who demonstrated that desipramine (20 mg/kg)
reduced the depression-like behavior in rats with mononeur-
opathy. In a number of neuropathic pain conditions, their
analgesic action has been demonstrated to be independent of
mood alteration (Max et al. 1987; Wolfe and Trivedi 2004;
Sindrup et al. 2005). Acute treatment with amitriptyline has
been shown to decrease thermal and chemical hyperalgesia
(Casas et al. 1995). Amitriptyline is well known as a dual
NA and 5-HT reuptake inhibitor, and its ability to inhibit the
uptake of both amines can be implicated in its action
demonstrated in this study. In a previous study, it was
reported that chronic treatment with the TCAs, nortriptyline,
and amitriptyline, but not with the SSRI, fluoxetine,
alleviated cuff-induced mechanical allodynia (Benbouzid et
al. 2008). This suggests that chronic inhibition of the 5-HT
reuptake site alone does not relieve allodynia and that the
inhibition of NA uptake plays a critical role in the
management of allodynia. A variety of mechanisms have
been suggested to explain amitriptyline antinociceptive
actions, including block of uptake of NA and 5-HT,
engagement of opioid mechanisms, inhibition of ion channel
activity, block of N-methyl-D-aspartic acid receptors, in-
creased γ-aminobutyric acid receptor activity, and modula-
tion of immune function (Mico et al. 2006; Dick et al. 2007).
Adenosine mechanisms are also implicated in antinocicep-
tion produced by systemic (Ulugol et al. 2002) and
peripherally administered amitriptyline (Sawynok et al.
1999; Ulugol et al. 2002) in models of chronic pain.
Adenosine A1 receptors (A1Rs) mediate suppression of
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Fig. 3 Effect of sham-operated, CCI-injured, and CCI-injured+bis
selenide animals on motor coordination for mouse swimming. Bis
selenide was administered at the dose of 5 mg/kg (p.o.) 30 min before
the test. Each point represents the mean ± S.E. of seven mice
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nociception, and methylxanthines block adenosine analog
effects on pain mediated via A1Rs (Sawynok and Liu 2003).
Amitriptyline has been demonstrated to inhibit uptake of
adenosine (Phillis and Wu 1982).

Bupropion administration produced an antidepressant-
like effect in sham-operated mice, while causing an
antiallodynic action in the CCI model in mice. The
antiallodynic action of bupropion has been reported
(Pedersen et al. 2005). Acute administration of bupropion,
an AA, decreases the reuptake of DA and NA into rat and
mouse synaptosomes, reduces the firing rate of central NA-
and DA-containing neurons, and increases extracellular DA
levels (Cooper et al. 1994). Thus, the ability of bupropion
to reduce mechanical allodynia suggests that inhibition of
NA and DA reuptake accounted for this action. Different
from sham-operated mice, bupropion did not alleviate the
depressive-like behavior in the FST in CCI animals.

Although, bupropion is a dopamine reuptake inhibitor and
increases dopamine levels in the brain, it had no significant
effect on the locomotor activity. In this context, Pedersen et al.
(2005) demonstrated that bupropion (3–30 mg/kg, i.p.)
administered in rats had no significant effect on motor
performance at any of the doses tested at 30 or up to 120 min
after administration when compared with corresponding
vehicle treatment. Although some studies showed that there
was no change in locomotor activity, other studies reported
alterations (Redolat et al. 2005; Mitchell et al. 2006).
However, most of the changes in locomotor activity have
been observed when the route of administration is intraper-
itoneal (Sekihashi et al. 2001). Thus, it is possible that the
results we found with bupropion could be explained by the
administration route used, the oral route.

In the current study, we showed that the depression-like
behavior was diminished by bis selenide in both sham and
CCI animals. These data further support the interpretation
that the increased time of immobility of CCI mice measured
in the FST reflects a depression-like behavior. Bis selenide
was more potent than amitriptyline, the only antidepressant
that demonstrated anti-immobility effect in CCI mice. In
addition, bis selenide was also more potent than fluoxetine,
amitriptyline, and bupropion when the immobility time in
sham-operated mice was compared. The present study
demonstrated the efficacy of bis selenide in the model of
CCI neuropathic pain and a rank order of potency was bis
selenide>bupropion>amitriptyline>fluoxetine.

Taking together the results, all of the drugs studied
reduced immobility in the sham condition, yet only bis
selenide and amitriptyline reduced immobility after nerve
injury. Bis selenide seems to have a comparable action
under both conditions, but amitriptyline has less effect after
nerve injury as only the highest dose is active. It seems that
the FST reflects presumptive antidepressant activity in the
sham state, but the presence of nerve injury (and chronic

pain) decreases their ability to produce an antidepressant
effect. The suppression of the immobility after nerve injury
by amitriptyline could be explained by the dual inhibition
of NA and 5-HT reuptake (Benarroch 2008). Conversely,
the absence of fluoxetine and bupropion effects on the
immobility response after nerve injury in mice could be
attributed to the fact that fluoxetine has a distinct selectivity
for 5-HT neuronal uptake sites (Hyttel 1994), and bupro-
pion modulates central NA- and DA-containing neurons
and increases extracellular DA levels (Cooper et al. 1994).

It has previously been shown that bis selenide elicits
antinociceptive, anti-inflammatory, and antidepressant-like
effects in mice. The mechanisms through which this
organoselenium compound exerts its action involve an
interaction with ATP-sensitive and voltage-gated K+ chan-
nels, kainate, trans-ACDP, serotonergic (5-HT2A and 5-
HT3), and histamine H2 receptors (Jesse et al. 2008, 2009,
2010). Thus, we postulate that the efficacy of amitriptyline
and bis selenide in a neuropathic pain model and in the
depressive-like behavior can be attributed to the modulation
of channels and receptors previously mentioned. Based on
the results, one could speculate that 5-HT and DA systems
are less contributory to the profile observed.

It is important to point out that the therapeutic latency is
much shorter in treating neuropathic pain compared to
depression (Benbouzid et al. 2008). There has been report
that the neuropathic allodynia was suppressed by antide-
pressants at doses two to four times lower than the ones
classically used on mice in models predictive of depression.
Moreover, this analgesic effect was only seen after 10–
14 days of chronic treatment. Given that, it is possible that
the analgesic effect seen acutely with the antidepressants in
the CCI model neither reflects an effect on the emotional
aspect of pain nor contributes to the alleviation of the co-
morbid pain depression.

The results demonstrated in this study confirmed
previous data (Gonçalves et al. 2008; Hu et al. 2009) in
which rodents display depressive-like behavior induced by
nerve injury. The data demonstrate an important dissocia-
tion between the antiallodynic and antidepressant effects in
mice when tested in a model of neuropathic pain.
Depressive behavior in CCI mice was reversed only by
bis selenide and amitriptyline but not by the conventional
antidepressants fluoxetine and buproprion. Bis selenide was
more potent than the other drugs tested for antidepressant-
like and antiallodynic effects in mice.
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