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ARTICLE INFO ABSTRACT

Keywords: 3-(4-Chlorophenylselanyl)-1-methyl-1H-indole (CMI) is an organoselenium compound that presents antioxidant
Comorbidity activity, antinociceptive, anti-inflammatory and antidepressive-like effect in mice in previous studies conducted
Pain ) by our research group. In this study, we evaluate the anti-allodynic, anti-hyperalgesic and antidepressant-like
Depression effects of CMI on partial sciatic nerve ligation (PSNL) in male adult Swiss mice (25-35g) as well as the in-
Isr;‘li:iieum volvement of oxidative stress in these effects. Mice underwent PSNL surgery and after 4 weeks they were treated

with CMI (10 mg/kg, intragastric route [i.g.]) or vehicle. The treatment with CMI (10 mg/kg, i.g.) reversed the
increased the percentage of response to Von-Frey Hair (VFH) stimulation, decreased the latency time to noci-
ceptive response in the hot-plate test, increased immobility time in the forced swimming test (FST) and de-
creased groomings activity in the splash test, all induced by PSNL. Additionally, CMI also reversed increased the
levels of reactive oxygen species (ROS) and lipid peroxidation in cortex and hippocampus and plasmatic levels of
corticosterone in mice, induced by PSNL. Results demonstrate that CMI reversed behavioral and biochemical

alterations in the dyad pain-depression induced by PSNL and possibly modulation of oxidative system.

1. Introduction

3-(4-chlorophenylsilanyl)-1-methyl-1H-indole (CMI), an organose-
lenium compound containing the indole moiety, represents a hetero-
cyclic compound with promising biological properties already reported.
Recently, a study performed by our research group showed that CMI
significantly attenuated lipopolysaccharide (LPS)-induced depressive-
like behavior in mice. CMI attenuated LPS-induced neuroinflammation
by reducing the levels of interleukin(IL)-1$ IL-4 and IL-6 in the hip-
pocampus and prefrontal cortex, as well as markers of oxidative da-
mage [1]. In another study, our research group demonstrated that the
compound shows high reactivity against damage induced by perox-
ynitrous acid (ONOOH), suggesting that this compound may limit the
loss of cell adhesion and matrix damage induced by ONOOH both in
vitro and in vivo and may modulate oxidative and nitrosative damage
at sites of inflammation, contributing to a reduction in tissue dysfunc-
tion and atherogenesis [2]. Also, in another study performed by our
research group, demonstrated antinociceptive and anti-inflammatory

effects of CMI in animal models. In addition, the antinociceptive effect
of CMI was related to monoaminergic, opioidergic and adenosinergic
modulations [3].

From these promising results reported of CMI our research group
interested in continuing to investigate the biological properties this
molecule in an animal model of comorbidity pain-depression, once this
dyad occurs in up to 80% of patients causing negative socioeconomic
impacts worldwide [4]. Moreover, epidemiological studies have de-
monstrated that some psychiatric disorders, such as depression, are
more common among people suffering from chronic pain than in the
general population [5].

The first choice in the treatment of chronic pain and depression is
the pharmacological treatment with antidepressants, such as imipra-
mine, together with anti-inflammatory drugs, such as non-steroidal
anti-inflammatory drugs, for example, celecoxib [5,6]. Although these
drugs present potential benefits, the response ratio to them is still low,
due to their adverse effects and discontinuous treatment prematurely
[7]. In this regarding, there is a gradual increase in the search for new

* Corresponding author at: Universidade Federal de Pelotas- UFPel, CEP: 96010-900, Pelotas, RS, Brazil.

E-mail address: luciellisavegnago@yahoo.com.br (L. Savegnago).

https://doi.org/10.1016/j.jtemb.2019.04.014

Received 28 November 2018; Received in revised form 18 April 2019; Accepted 23 April 2019

0946-672X/ © 2019 Published by Elsevier GmbH.



P.T. Birmann, et al.

compounds that have beneficial effects in order to minimize the effects
on comorbid pain and depression.

In this context, taking into consideration the pharmacological
properties of CMI, together with the low success rate of antidepressants
and analgesics for this condition, it is important to develop more ef-
fective treatments against pain-depression dyad. The pain-depression
dyad can be originated from damage to the neuronal tissue, involving
the process of neuroinflammation and oxidative/nitrosative stress.
Based on these observations, rodent models of inflammation-associated
pain and depression have been developed, such as partial sciatic nerve
ligation (PSNL) model, which is a potent activator of the immune
system, consequently promoting the release of reactive species (RS)
[8,9]. Peripheral nerve injury causes the production of local in-
flammatory mediators contributing to the establishment of a peripheral
inflammatory response [10]. This peripheral inflammatory response is
intensified by increased production of RS at the injury site, and this
seems to be one of the mechanisms responsible for the intensification of
nociceptive stimulation promoting hyperalgesia by exacerbating tissue
damage at the lesion site [10,11]. However, the participation of oxi-
dative mechanisms is not limited to the affected region, it is known that
the mechanisms of hyperalgesia are not limited to the affected per-
ipheral region, but are mainly determined by changes in the excitability
of spinal dorsal horn cells causing a cellular modification at the central
level leading to the development of a central inflammatory process
[8,12]. These events are conducive to the development of psychiatric
disorders, such as depression [13].

Thus, this study aimed to evaluate anti-hyperalgesic, anti-allodynic
and antidepressive-like effect of CMI in partial sciatic nerve ligation
(PSNL)-induced pain-depression dyad as well as the involvement of
oxidative stress in these effects.

2. Material and methods
2.1. Animals

Male swiss mice (25-35g) were used in this study. They were
maintained at 22°C with fresh water and food ad libitum, under a
12:12h light/dark cycle. All manipulations were performed between
8:00 a.m. and 5:00 p.m. The animal’s manipulation was according to
the guidelines of the Committee on Care and Use of Experimental
Animal Resources at the Federal University of Pelotas, Brazil (CEEA
2226-2018).

2.2. Drugs

CMI (10 mg/kg) (Fig. 1) was prepared and characterized as pre-
viously described by Vieira et al. [14]. Analysis of the '"H NMR and *3C
NMR spectra showed analytical and spectroscopic data in full agree-
ment with its assigned structure. CMI was dissolved in canola oil and
administered by intragastric route (i.g.). Imipramine (10 mg/kg) was
dissolved in saline solution (0.9%) and was purchased from a com-
mercial pharmacy (NOVARTIS). All other chemicals were obtained at
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Fig. 1. Chemical structure of 3-(4-chlorophenylselanyl)-1-methyl-1H-indole
(CMD).
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the highest available commercial grade.

2.3. Experimental design

The PSNL surgery was used as a model of induction of neuropathic
pain and depressive-like behavior, performed according to the method
described by Seltzer et al. [15] with modifications. The mice were
randomly allocated into 6 groups as shown in Table 1. where on day 0
they underwent PSNL surgery, after the procedures the animals were
kept in their respective cages for 4 weeks. At day 28 after PSNL surgery
the animals have treated a single administration with CMI (10 mg/kg,
i.g.), IMI (10 mg/kg, i.g.) or canola oil and after 30 min the animals
were subjected to behavioral tests. After behavioral tests, animals were
euthanized using isoflurane for biochemical analyses (Fig. 2).

2.3.1. Surgical procedure

Mice were anesthetized with ketamine (150 mg/kg) and xylazine
(10 mg/kg) intraperitoneally (i.p.). The right sciatic nerve was exposed
and isolated from the surrounding tissues. One ligature (8/0 Ethicon
GmbH, Norderstedt, Germany) was made around approximately one-
third to one-half of the diameter of the sciatic nerve. Finally, the
muscular and skin layers were immediately sutured. A similar proce-
dure was performed without ligation on mice in the sham-operated.
After 4 weeks of surgery, the animals were submitted to behavioral tests
and euthanized in order to perform biochemical analyses [16].

3. Behavioral tests
3.1. Open field test (OFT)

The OFT evaluates locomotor and exploratory activity in order to
rule out non-specific effects as a psychostimulatory activity. The ani-
mals were placed individually in the center of a box (30 x 30x 15 cm)
divided into nine quadrants. The number of segments crossed with the
four paws (locomotor activity) and the number of time the mice stood
on rear limbs (exploratory activity) were observed for 5min [17].

3.2. Mechanical allodynia

The mechanical allodynia threshold was assessed by the paw
withdrawal frequency using von Frey filaments (VFH) (Soelting,
Chicaco, IL) [18]. The results were expressed as a percentage of re-
sponse frequency, which was determined after ten manual applications
of a calibrated nylon VFH filament of 1g (duration of 1-2s each)
perpendicular in the ipsilateral and contralateral hind paws (right and
left hind paws, respectively).

3.3. Thermal hyperalgesia

In order to evaluate hyperalgesia, mice were placed on the hot plate
with the temperature adjusted to 52 + 1°C. The latency to the first
hind paw licking or withdrawal was taken as an index of nociceptive
threshold. The cut off time of 45 s was used to avoid damage to the paw
[19].

3.4. Forced swimming test (FST)

The FST was performed as described by Porsolt et al. [20]. Mice
were individually placed in a cylinder (15 cm diameter, 25 cm high)
containing 20 cm of water maintained at 25 + 1°C. The water in the
cylinder was changed after each swim session. The adaptation time was
2min and after adaptation, the immobility time (in seconds) was re-
corded for 4 min A decrease in the duration of immobility is indicative
of an antidepressant-like effect.
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Table 1
Experimental design.

Journal of Trace Elements in Medicine and Biology 54 (2019) 126-133

Experimental groups Doses (mg/kg, i.g.)

Experimental condition

Sham + Vehicle

Without ligature to the nerve and no treatment

Sham + Imipramine 10 Without ligature to the nerve and treated with imipramine
Sham + CMI 10 Without ligature to the nerve and treated with CMI
PSNL + Vehicle - Subjected to PSNL and no treatment
PSNL + Imipramine 10 Subjected to PSNL and treated with imipramine
PSNL + CMI 10 Subjected to PSNL and treated with CMI
0 28 days 30 min Fig. 2. Experimental timeline. Abbreviations: CMI: 3-(4-chlor-

Administration
of CMI, IMI
(10 mg/kg, i.g.)
or vehicle

Partial sciatic nerve ligation
\ (PSNL)

3.5. Splash test

A 10% sucrose solution was squirted on the dorsal coat of each mice
and the grooming activity (including nose/face grooming, head
washing and body grooming) was recorded for 5min. The grooming
behavior of mice was observed as a measurement of motivational and
self-care difficulties, which are considered to reflect some symptoms of
depressive patients [21].

4. Biochemical analyses
4.1. Sample preparation

The cortex and hippocampus were collected e homogenized in
50 mM Tris-HCI, pH 7.4 (1:10, w/v). The homogenate was centrifuged
at 2500 x g for 10 min at 4 °C, and the supernatant fraction (S1) was
used for the determination of reactive oxygen species (ROS) quantifi-
cation and thiobarbituric acid reactive species assay. These structures
(cortex and hippocampus) were chosen because play an important role
in the modulation of the limbic and brainstem structures, which are
physiologically involved in mediating emotional behavior; thus, dys-
functions in these circuits must participate in the pathogenesis of de-
pressive symptoms. In addition, the cerebral cortex It is often im-
plicated in the pathophysiology of depression: it is found with increased
blood flow in depressed patients and with reduced gray matter, in
principle mediates the conscious aspects related to pain (physical),
anxiety and depressive ruminations, modulates the emotional re-
sponses, participates in cognitive pathways and work memory, in ad-
dition, mediates apathy [22].

Plasma was obtained by centrifugation at 2500 x g for 10 min and
utilized for biochemical assays.

4.2. Thiobarbituric acid reactive species (TBARS) assay

The evaluation of lipid peroxidation levels through the TBARS as-
says was performed as described by Ohkawa et al. [23]. An aliquot of
the S1 (10 pL) was incubated with 8.1% sodium dodecyl sulfate (SDS),
0.8% TBA and acetic acid/HCl (pH3.4) at 95 °C during 60 min. Levels of
TBARS were measured spectrophotometrically at 532 nm. The results
were expressed as nmol TBARS/g tissue.

4.3. Reactive oxygen species (ROS) quantification

Quantification of ROS was determinate by a spectrofluorometric
method, using 2’-7’-dichlorofluorescein diacetate (DCHF-DA) descript
by Loetchutinat et al. [24]. Briefly, an aliquot of S1 (10uL) was
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tragastrically.

Behavioral tests
Tissue collection

incubated with 1 mM dichloro-dihydro-fluorescein diacetate (DCHF-
DA) and 10 mM Tris-HCl pH 7.4. The oxidation of DCFH-DA to fluor-
escent dichlorofluorescein (DCF) is measured for the detection of in-
tracellular RS. The DCF fluorescence intensity emission was recorded at
520 nm (with 480 nm excitation). RS levels were expressed as units (U)
of fluorescence.

4.4. Nitric oxide (NO) levels

NO is an unstable compound being rapidly oxidized into nitrate and
nitrite after its production. After centrifugation of the homogenate at
12,000 x g for 20 min at 4 °C the nitrate was converted into nitrite by
nitrate reductase and measured using the colorimetric Griess reaction in
a microplate reader at a wavelength of 462 nm. The values obtained
from this assay represent the amount of nitrite and nitrate derived from
NO and were expressed as nitrite (mmol/mg of tissue) [25].

4.5. Plasma corticosterone level estimation

This method is based on the estimation of the plasma corticosterone
concentration via fluorimetric assay as described by Zenker et al. [26].
The suitably diluted samples were treated with freshly prepared
chloroform: sulfuric acid-ethanol mixture (7:3, v/v) and then extracted
directly with the chloroform. The solvent was removed by aspiration
and the acid-alcohol reagent transferred to a small cuvette for fluor-
escence determination in a fluorimeter at 247 nm excitation and
540 nm emission wavelengths and levels of plasma corticosterone were
expressed in ng/mL.

5. Statistical analyses

All experimental results are expressed as the mean * standard
error of the mean (S.E.M.). Comparisons between experimental and
control groups were performed by two-way ANOVA (STZ
vehicle X CMI vs vehicle). When ANOVA revealed a significant, the
Bonferroni post-hoc test was used for between-group comparisons. A
value of P < 0.05 was considered to be significant. Main effects are
presented only when the first order interaction was non-significant. The
statistical analysis was accomplished using GraphPad Prism version 7.0
for Windows, Graph Pad Software (San Diego,CA, USA).

6. Results
6.1. Locomotor activity of mice

PSNL and/or the treatment with CMI or IMI did not cause significant
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Fig. 3. Effect of CMI on the response frequency of VFH stimulation in the ip-
silateral paw (A) and contralateral paw (B). Data are presented as the
mean *+ S.E.M. (n = 6-8). **# p < 0.001 when compared to the sham-vehicle
group. “'p < 0.001 when compared to the PSNL-vehicle group. PSNL: partial
sciatic nerve ligation; IMI: imipramine; CMI: 3-(4-chlorophenylselanyl)-1-me-
thyl-1H-indole (Two-way ANOVA followed by post hoc Bonferroni’s test).

changes in the number of crossings and rearings in the open-field test,
discarding alterations in locomotor activity of mice (data not shown). A
two-way ANOVA revealed no significant between groups interaction
[Feo, 36) = 0.08, p =0.91] for the number of crossings and for the
number of rearing [Fy, 36) = 0.48, p = 0.62], but revealed a significant
main-effect of CMI and IMI crossings [F2,36y = 6.11, P = 0.005] and
rearings [F2,36, = 5.41, P = 0.009].

6.2. Effects of CMI on mechanical allodynia and thermal hyperalgesia
induced by PSNL in mice

The results of the CMI in the mechanical allodynia are depicted in
Fig. 4. A two-way ANOVA showed a statistically significant PSNL X
treatments interaction for the increased the percentage of response to
VFH stimulation [F 2,42y = 13.56, P < 0.001] in the ipsilateral paw
(Fig. 3A). In the contralateral paw, there were no differences among
groups in the percentage of response to VFH stimulation [F
2,42y = 0.05, P = 0.95] (Fig. 3B).

The two-way ANOVA of latency time to nociceptive response
showed a significant PSNL X treatment interaction [F (2,30, = 5.33,
P = 0.001]. As depicted in Fig. 4, CMI reduced the latency time to
nociceptive response when compared to that of the PSNL group.

6.3. Effects of CMI on depressive-like behavior induced by PSNL in mice

The PSNL induced depressive-like behavior in mice. A two-way
ANOVA showed a statistically significant PSNL X treatment interaction
for the increased immobility time [F (2,36, = 23.13, P < 0.001] and
decreased latency time to the first episode of immobility [F
2,36, = 17.7, P < 0.001] in the FST (Fig. 5A and 5B, respectively) and
by decreased grooming time [F 2,36, = 8.29, P < 0.001] in the splash
test (Fig. 6). This depressive-like behavior PSNL-induced was reversed
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Fig. 4. Effect of CMI on the thermal hyperalgesia. Data are presented as the
mean * S.E.M. (n = 6). * p < 0.05 when compared to the sham-vehicle group.
“p < 0.05and ™ p < 0.001 when compared to the PSNL-vehicle group.
PSNL: partial sciatic nerve ligation; IMI: imipramine; CMI: 3-(4-chlor-
ophenylselanyl)-1-methyl-1H-indole (Two-way ANOVA followed by post hoc
Bonferroni’s test).
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Fig. 5. Effect of CMI on immobility time (A) and latency time (B) in the TST.
Data are presented as the mean + S.EM. (n = 7). **# p < 0.001 when com-
pared to the sham-vehicle group. “p < 0.01 and ““p < 0.001 when com-
pared to the PSNL-vehicle group. PSNL: partial sciatic nerve ligation; IMI:
imipramine; CMI: 3-(4-chlorophenylselanyl)-1-methyl-1H-indole (Two-way
ANOVA followed by post hoc Bonferroni’s test).

by the treatment with CMI (Fig. 7).

6.4. Effect of CMI on oxidative stress induced by PSNL in mice

The two-way ANOVA of ROS levels demonstrated a significant
PSNL X treatment interaction in cortex (Fig. 7 A) [F (2,30, = 9.03,
P = 0.006] and hippocampus (Fig. 7B) [F 2,30, = 12.6, P < 0.001].
The levels of ROS in both structures increased PSNL group (Fig. 8A).
Post-hoc analysis demonstrated that CMI decreased ROS levels when
compared to those of the sham group.

The two-way ANOVA of TBARS levels showed a significant
PSNL x treatment interaction in the cerebral cortex [F (2,30, = 12.38,
P < 0.001] (Fig. 8A) and hippocampus [F 2,30, = 17.75, P < 0.001]
(Fig. 8B). Post-hoc analysis revealed that CMI decreased TBARS levels
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Fig. 6. Effect of CMI on duration of the grooming time in the splash test. Data
are presented as the mean + S.E.M. (n = 6). **#p < 0.001 when compared
to the sham-vehicle group. " p < 0.001 when compared to the PSNL-vehicle
group. PSNL: partial sciatic nerve ligation; IMI: imipramine; CMI: 3-(4-chlor-
ophenylselanyl)-1-methyl-1H-indole (Two-way ANOVA followed by post hoc
Bonferroni’s test).

A
801
#Ht @ Sham
W
= - 3 PSNL
o 604
=
2 * %k * %
[=]
=
St
ot
(=]
=
=
-
Oil CMI IMI oil CcMI IMI
B
100+
o HHt @l Sham
g 804 - 3 PSNL
S
£ 60-
g *kk
: Kk Kk
s 40
2
‘e 204
=
0- T T T
oil cMI IMI oil CcMI IMI

Fig. 7. Effect of CMI on RS levels in cortex (A) and hippocampus (B) of mice.
Data are presented as the mean + S.E.M. (n = 6). **p < 0.01 and “*#p <
0.001 when compared to the sham-vehicle group. " p < 0.01 and "p <
0.001 when compared to the PSNL-vehicle group. PSNL: partial sciatic nerve
ligation; IMI: imipramine; CMI: 3-(4-chlorophenylselanyl)-1-methyl-1H-indole
(Two-way ANOVA followed by post hoc Bonferroni’s test).

when compared to those of the sham group.

The NO levels were increased by PSNL in the cerebral cortex as
compared to sham group (Fig. 9A and 9B). A two-way ANOVA showed
a statistically significant PSNL X treatments interaction for the in-
creased NO levels in the [F 2,30y = 8.56, P < 0.001] (Fig. 9A) and
hippocampus [F (2,30, = 6.07, P = 0.006] (Fig. 9A) of mice. Post-hoc
analysis revealed that CMI reversed the increase of NO levels in both
cerebral structures.

6.5. CMI treatment reverses increased plasma corticosterone levels induced
by PSNL in mice

After 4 weeks of PSNL, mice exhibited increased plasmatic corti-
costerone levels. A two-way ANOVA demonstrated a statistically
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Fig. 8. Effect of CMI on lipid peroxidation in cortex (A) and hippocampus (B) of
mice. Data are presented as the mean = S.E.M. (n = 6). “*#* p < 0.001 when
compared to the sham-vehicle group. ™" p < 0.001 when compared to the
PSNL-vehicle group. PSNL: partial sciatic nerve ligation; IMI: imipramine; CMI:
3-(4-chlorophenylselanyl)-1-methyl-1H-indole (Two-way ANOVA followed by
post hoc Bonferroni’s test).

significant PSNL X treatments interaction for the increased plasmatic
corticosterone levels [F (2,30, = 26.71, P < 0.001]. Post-hoc analysis
revealed that CMI reversed the increase of plasmatic corticosterone
levels (Fig. 10).

7. Discussion

In this study, we demonstrated the restorative effect of the treat-
ment with CMI on the comorbidity of pain and depression induced by
PSNL model. This effect was accompanied by reduction of lipid per-
oxidation, RS and NO levels induced by PSNL in cortex and hippo-
campus, since both structures are closely related to the neuropathology
of depression and pain. Accordingly, neuroimaging studies have shown
that there is a 4-10% reduction in hippocampal volume in depressed
patients, as well as lower activation of the cortex in patients who have a
depressed mood, or loss of interest or pleasure continuing for more than
2 weeks [27,28]. Another major finding was that CMI reversed PSNL-
induced increased plasma corticosterone levels since hyperactivity of
the hypothalamic-pituitary-adrenal axis (HPA) system is one of the
consistent neurobiological findings in patients suffering from depres-
sion disorders [29,30]. In addition, CMI did not cause locomotor
changes in the number of crossing and rearing in the OFT, excluding the
possibility that previous results were affected by changes in locomotor
and exploratory activity.

PSNL is a model that mimics the relationship of chronic pain and
depression in humans by inducing allodynia (hypersensitivity to in-
nocuous stimuli) and hyperalgesia (exacerbation of the sensitivity of
the pain), which can be accompanied by a depressive-like behavior in
mice [31,15]. This occurs because the peripheral nerve injury triggers
complex anatomical and biochemical changes in the peripheral and
central nerves [32]. After the damage to nerves, weakened nerve end-
ings and neurons signal to glial cells via purinergic receptors,
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Fig. 10. Effect of CMI on corticosterone levels in plasma of mice. Data are
presented as the mean + S.E.M. (n = 6). **# p < 0.001 when compared to
the sham-vehicle group. ™" p < 0.001 when compared to the PSNL-vehicle
group. PSNL: partial sciatic nerve ligation; IMI: imipramine; CMI: 3-(4-chlor-
ophenylselanyl)-1-methyl-1H-indole (Two-way ANOVA followed by post hoc
Bonferroni’s test).

chemokines, and protein kinase activation (p38 MAPK), promoting
neuroinflammation through activation of microglia [33]. Activated
microglia releases a variety of mediators, including pro-inflammatory
cytokines and chemokines. In addition, occurs induction of cycloox-
ygenase-2 (COX-2), nitric oxide synthase (iNOS) and RS production that
induces hyperexcitability in neurons, contributing to signaling and
pathological increase of pain, as well as the development of disorders
such as major depression. Thus, studies have pointed out that the de-
velopment of the depression-pain dyad may be closely related to in-
flammatory events as well as oxidative stress [8,9].

The results of this study demonstrated that mice submitted to PSNL
developed a depressive-like behavior indicated by a decrease in latency

Journal of Trace Elements in Medicine and Biology 54 (2019) 126-133

for the first episode of immobility and an increase in the total time of
immobility in FST together with a decrease in self-care time in the
splash test, and these changes were reversed with CMI treatment. These
results corroborate with a previous study that has already demonstrated
the antidepressant-like effect of CMI by attenuating the immobility time
in the tail suspension test (TST) and FST increased by lipopoly-
saccharide (LPS) [1]. Moreover, the present results indicated that PSNL
produced a significant increase in the response frequency of VFH sti-
mulation in the ipsilateral hind paw and a decrease latency time to
nociceptive response in hot plate test in the hind paw, and CMI ad-
ministration reversed these effects. These findings are also corroborated
by a previous study, which demonstrated antinociceptive effect of CMI
in chemical and thermal tests [3]. The results presented here showed
that 4 weeks after PSNL the animals developed behavior similar to
depression as well as neuropathic pain and that the single administra-
tion of CMI reversed these changes.

PSNL increased levels of ROS, NO and lipid peroxidation in cortex
and hippocampus of mice, and CMI showed to be effective in reversing
these alterations. After the constriction of the sciatic nerve, RS such as
peroxynitrite and NO are released by macrophages, Schwann cells and
activated microglia [12,34]. The presence of RS triggers the in-
tracellular cascade of second messengers and these events are then re-
sponsible for increased neuron sensitization, increasing the feeling of
pain [35]. It is also known that RS oxidizes tetrahydrobiopterin (BH4),
which is the enzymatic cofactor of tyrosine and tryptophan hydroxylase
that participates in the synthesis of monoamines leading to the reduc-
tion of these neurotransmitters in the synaptic cleft. Moreover, RS are
key mediators for activation of the neuroinflammation [36]. Through
the NFkB pathway, RS leads to increased expression of proinflammatory
cytokines, iNOS activation, biomolecule damage, and neuron death. All
these events are closely associated with the neuroprogression of de-
pression [37]. Our data reinforce findings in previous studies in which
the CMI demonstrated antioxidant effect in prefrontal cortex and hip-
pocampus in LPS-challenged mice, moreover, it is worth mentioning
that in this same study the CMI ameliorated LPS-induced neuroin-
flammation by reducing the levels of interleukin (IL)-1f, IL-4 and IL-6
in the hippocampus and prefrontal cortex of the mice [1]. Thus, it can
be presumed that the antidepressive-like and antinociceptive effects of
the CMI may be associated to the modulation of oxidative stress and
neuroinflammation.

In addition, it is known that through MAPK and NF-kB signaling
pathways, proinflammatory cytokines activate the indoleamine 2,3-di-
oxygenase (IDO) enzyme and this activation contributes to the meta-
bolism of tryptophan to kynurenine [38,39]. It is also known that the
activation of p38 MAPK may decrease the expression of monoamine
vesicle transporters (VMAT,) and increase the neuronal serotonin
transporters (SERT) [40,41]. These factors corroborate to a reduction in
the serotonin levels in the synaptic cleft and thus, it is believed that
they increase the senses of pain and depressive symptoms [42], since
serotonin is an important neurotransmitter in emotional status and also
in the nociceptive control by the descending inhibition pathway
[43,44]. Remarkable, our previous study demonstrated the possible
involvement of serotonergic receptors (5-HTja, 5-HT3, 5-HT54/5¢) in
the antinociceptive action of CMI in mice [3]. These data may con-
tribute to the findings of this present study.

Another important finding of this study was the increase in plasma
levels of corticosterone in mice submitted to PSNL. As previously de-
scribed, the HPA axis may be another mechanism involved in the
processing of pain and depression, since nerve damage triggers the
production of proinflammatory cytokines. These cytokines, in turn,
activate the HPA axis, increasing the release of corticosterone (main
steroid hormone in rodents) that will act through the glucocorticoid
receptors (GR). High levels of glucocorticoids and pro-inflammatory
cytokines induce resistance of GR, especially in the hippocampus,
where there is a higher concentration of these receptors. This impairs
the negative feedback mechanism of the HPA axis and also induces
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atrophy in the hippocampal apical dendrites contributing to the de-
velopment of the pain-depression dyad [29,30,13]. It has been postu-
lated, that the abnormalities in the serotonergic system and hyper-
activation of the HPA axis are linked and that this link is an important
etiological mechanism in depression and pain, it has been suggested
that increased corticosterone reduces 5-HT;, receptor function and
increases 5-HT, receptor function and of these changes may then act to
dysregulate HPA axis function further [45]. Therefore, finding a com-
pound that interacts with these two systems is of great importance for
the treatment of pain-depression dyad. Moreover, in view of our results,
we can suggest that CMI reverses plasma corticosterone levels, which
makes it a more attractive molecule to be investigated.

Based on data from the present study and literature data, it is pos-
sible to suggest that the CMI promotes retrieval of neuropathic pain and
depressive-like behavior. It is possible that this effect is mediated by the
reduction of the RS and consequently less lipid peroxidation, suggesting
the antioxidant activity of the compound. This antioxidant activity may
be interrelated with the restoration of hyperalgesia, allodynia and de-
pressive-like behavior induced by PSLN. These mechanisms differ from
the mechanism of action of imipramine, a drug used as a positive
control in this study. Imipramine is a tricyclic antidepressant, nora-
drenaline and serotonin reuptake inhibitor, used to treat neurogenic
pain, rheumatologic pain, and depression [46].

In conclusion, the present study demonstrated the antidepressant-
like, anti-allodynic and anti-hyperalgesic effects of CMI, at the dose of
10 mg/kg, in the comorbid pain-depression induced by PSNL, and these
effects may be related to its antioxidant capacity and restoration of
plasma levels of corticosterone altered by PSNL. These properties in-
dicate CMI as a promising molecule for the treatment of pain and de-
pression comorbidity. However, more studies are needed to elucidate
the mechanisms of action of this organoselenium compound.
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