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TaggedPNoninvasive neuromodulation techniques are on the rise as
adjuvant alternatives for the treatment of chronic pain. In
this way, Transcranial Direct Current Stimulation (tDCS) has
been demonstrated as a viable non-pharmacological method
for the treatment of Neuropathic Pain (NP) in humans. In a
recent review, Caumo and colleagues have shown evidence
that motor cortex stimulation can bring benefits for the
TaggedEnd Abbreviations: An, Anesthesia; BDNF, Brain-Derived Neurotro-
phic Factor; CCI, Chronic Constriction Injury; IL-10, Interleukin 10;
NP, Neuropathic Pain; P, Pain; PFC, Prefrontal Cortex; SIA, Stress-
Induced Analgesia; SP, Sham Pain; tDCS, Transcranial Direct Current
Stimulation; TNF-a, TNF-alpha.
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TaggedEndTaggedPtreatment of NP, associated or not with other therapies such
as mirror therapy or visual illusion.1 Additional preclinical
research is therefore required to clarify its mechanisms of
action, enabling it to become a successful and widely
employed therapeutic option. However, tDCS application in
awake animals requires animal immobilization, which is con-
sidered a stressful procedure2 related to Stress-Induced
Analgesia (SIA), mediated by the activation of the descend-
ing inhibitory pain pathway.3 Furthermore, repeated expo-
sure to stressful events, such as restraint, is related to
hyperalgesia and allodynia, as a result of peripheral and cen-
tral sensitization, which is linked to chronic pain.4,5 In this
way, our research hypothesis is that anesthesia during tDCS
application is a reasonable option to improve the quality of
rat preclinical neuromodulation assessments. It is important
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TaggedEndTaggedPto highlight that no previous study has evaluated the impact
of anesthetics during the application of tDCS in rodents.
Among the most commonly used compounds for non- and
minimally invasive procedures in preclinical studies, isoflur-
ane is an ideal inhalation anesthetic that produces mild
induction, excellent muscle relaxation, and rapid recovery,
which can be an alternative to alleviate the effects of stress
during containment;6 however, how it interferes with the
expected results during brain stimulation has to be investi-
gated. Additionally, it has been demonstrated that tDCS
modulates central inflammatory levels, which could account
for its antinociceptive effects.7 Considering the absence of
studies on this theme, this investigation aimed to evaluate
the effects of isoflurane anesthesia during tDCS application
on the nociceptive response and the Prefrontal Cortex (PFC)
IL-10 levels in rats submitted to a neuropathic pain model. TaggedEnd

TaggedPForty-eight male Wistar rats (50−60 days), from the Lab-
oratory Animal Breeding and Experimentation Center
(CREAL/Universidade Federal do Rio Grande do Sul −
UFRGS), were kept under strictly controlled environmental
conditions (3 animals/polypropylene cage, 12 h light/dark
cycle, 22 § 2°C, water, and rodent chow ad libitum). The
animals (n = 48, a number based on the sample size used in
previous studies4,7 and calculated using G*Power software to
obtain a minimum effect size of 15%, with an alpha error of
0.05 and power of 80%) were housed in groups of three in
Microisolator cages (49 £ 34 £ 16 cm) with sawdust-covered
floors. Cages were environmentally enriched using pieces of
wood, ropes, cardboard rolls, and shredded paper, increas-
ing the animals’ well-being, motivating them to perform
new behaviors, and reducing stress, anxiety, and frustration.
All experiments and procedures were approved by the Insti-
tutional Committee for Animal Care and Use (GPPG-HCPA
protocol #20200689) and conformed to the Guide for the
Care and Use of Laboratory Animals (8th ed. 2011) and law
#11.794, which establishes procedures for the scientific use
of animals in Brazil. All experimental procedures were
approved by the Institutional Committee for Animal Care
and Use (GPPG/HCPA protocol #2018‒0025). The experimen-
tal protocol complied with the ethical and methodological
standards of the ARRIVE guidelines. All efforts were made to
minimize animal suffering. TaggedEnd

TaggedPThe current study had as primary outcome the nocicep-
tive response, and as secondary outcome, the prefrontal
cortex (PFC) IL-10 levels in rats submitted to a neuropathic
pain model. The animals were habituated to the environ-
ment for fourteen days and afterward randomly (baseline
von Frey data) allocated to one of the following groups:
Sham pain (Sp, n = 24) and Pain (P, n = 24). On the following
day, the animals were submitted to surgery for Chronic Con-
striction Injury (CCI) of the left sciatic nerve and NP model
induction, as described by Bennett and Xie8 with minor mod-
ifications. Animals from the Sp group were submitted to sur-
gery without sciatic nerve constriction. Fourteen days after
surgery, the establishment of NP was confirmed by the von
Frey test. Then, rats were allocated to one of the eight fol-
lowing subgroups: Sham pain (Sp, n = 6); Sham pain + Sham
tDCS (SpSt, n = 6), Sham pain + tDCS (Spt, n = 6), Sham
pain + tDCS + Anesthesia (SptAn, n = 6); Pain (P);
Pain + Sham tDCS (PSt, n = 6); Pain + tDCS (Pt, n = 6); and
Pain + tDCS + Anesthesia (PtAn, n = 6). Afterward, the bice-
phalic tDCS treatment was initiated. tDCS was applied once
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TaggedEndTaggedPa day for eight consecutive days for 20 minutes. The animals
in the anesthesia groups were anesthetized with isoflurane
(5% for induction and 2.5% for maintenance). Twenty-four
hours after the end of treatment, the animals were again
submitted to the behavioral test (von Frey) and were killed
by decapitation the following day, having the PFC removed
and stored at -80°C for later analysis. Biochemical assays
were performed using Sandwich Enzyme-Linked Immunosor-
bent Assay (ELISA) for quantification of the levels of the
anti-inflammatory Interleukin 10 (IL-10), using specific
monoclonal antibodies (R&D Systems, USA). Data were
expressed in pg.mg�1 of protein. The timeline of the experi-
mental protocol is demonstrated in Supplementary Figure 1. TaggedEnd

TaggedPThe Shapiro-Wilk test revealed that the variables did not
have a normal distribution (p ≤ 0.05), which was confirmed
by histograms. Thus, for repeated measures, the General-
ized Estimating Equation (GEE) test was adopted, adjusting
the comparisons for the following factors: Time (baseline vs.
D14 vs. D22), CCI (exposed vs. not exposed to the model),
tDCS (tDCS vs. shamtDCS vs. no intervention), and interac-
tions between factors (Time vs. CCI vs. tDCS). In case of sig-
nificant interaction, experimental groups were
independently evaluated using the Bonferroni test. For IL-10
levels, all groups were compared using the Kruskal-Wallis
test. Data were expressed as a median and interquartile
range, considering significant differences with p ≤ 0.05, and
were analyzed using SPSS 20.0 (SPSS Inc., Chicago, IL). TaggedEnd

TaggedPAll animals completed the experiment, and none were
excluded from the analysis. According to the GEE, there was
no difference between groups at baseline (Fig. 1, Panels 1A
and 1B, n = 24/group); Time (x2(2) = 311.618, p < 0.001) and
CCI (x2(1) = 78.718, p < 0.001) affected the animal’s noci-
ceptive threshold (Fig. 1, Panels 1A and 1C). Besides, an
interaction was observed between Time and CCI
(x2(2) = 159.783, p < 0.001); animals exposed to CCI (P) dis-
played reduced nociceptive threshold, 14 (Bonferroni:
-24.5g, p < 0.001, Fig. 1, Panel 1A, n = 24/group, Panel 1C,
n = 24/group) and 22 (Bonferroni: -8.42g, p < 0.001, Fig. 1,
Panels 1A and 1D, n = 6/group) days after surgery, compared
to Sham pain (Sp) animals. An interaction was also observed
between Time and tDCS (x2(4) = 20.025, p < 0.001); in the
intervention period, tDCS increased the nociceptive thresh-
old in 5.51 g when compared to shamtDCS (Bonferroni: p <
0.033), and in 10.1 g when compared to no intervention
(Bonferroni: p < 0.001) groups (Sp and P groups). TaggedEnd

TaggedPThe Kruskal-Wallis test revealed significant differences
between groups regarding PFC IL-10 levels (x2(7,
n = 48) = 38.687, p < 0.001, Fig. 2). The pairwise comparison
showed that Sp was different from P (x2(1, n = 12) = 33.500,
p < 0.001), PSt (x2(1, n = 12) = 34.500, p < 0.001), and PtAn
(x2(1, n=12) = 26.500, p < 0.05). SpSt was different from P
(x2(1, n = 12) = 29.000, p < 0.01), and from PSt (x2(1,
n = 12) = 30.000, p < 0.01). Spt was different from P (x2(1,
n = 12) = 27.000, p < 0.05), and PSt (x2(1, n = 12) = 28.000, p
< 0.05). Thus, untreated pain animals showed a significant
increase in IL-10 levels,which was reversed by tDCS treat-
ment. On the other hand, the association of tDCS and anes-
thesia led to a partial reversal of these effects, since it is
not equivalent to the Sham pain group.TaggedEnd

TaggedPThis study demonstrates that the association of isoflurane
anesthesia does not alter the complete reversion of the
mechanical allodynia induced by repeated tDCS in rats



TaggedFigure

Figure 1 Data from the von Frey test. Panel A: von Frey test at baseline, 14 days after surgery and 24 hours after the end of treat-
ment; Panel B: at baseline (D0), animals were allocated into two groups (Sham pain and Pain) with similar nociceptive thresholds;
Panel C: fourteen days after surgery, animals allocated to the Pain group presented lower paw withdrawal threshold when compared
to Sham operated rats; Panel D: on day twenty two, animals from the Pain group that received tDCS, showed restored nociceptive
thresholds, regardless of having been anesthetized during treatment. An, Anesthesia; CCI, Chronic Constriction Injury; NP, Neuro-
pathic Pain; Tdcs, Transcranial Direct Current Stimulation. Data are presented as mean § SEM (n = 6/group). TaggedEnd

TaggedEndL.S. da Silva, R.S. Toledo, D.J. Stein et al.
TaggedEndTaggedPsubmitted to the CCI model,7 being pioneering in this field. A
previous study from our group, using the same chronic pain
model in restrained and awake animals during tDCS applica-
tion showed partial or total reversal of mechanical allody-
nia.7 Thus, this result is in agreement with our hypothesis
that anesthesia during tDCS application is an option to
improve the quality of rat preclinical neuromodulation
assessments. In this way, isoflurane anesthesia provides
more reliable preclinical studies in the search for the tDCS
action mechanisms as an effective and widely used thera-
peutic technique. TaggedEnd
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TaggedPVolatile anesthetic isoflurane appears to act on the lipid
matrix of the neuronal cell membrane, increasing mem-
brane fluidity and inhibiting signal transduction. In addition,
it has been suggested that isoflurane suppresses pain acti-
vating a distinct population of GABAergic neurons in the cen-
tral amygdala, which produces profound analgesia, including
in a model of neuropathic pain.6 Considering that tactile
allodynia can be reduced, in part, by the descending modu-
lation from higher areas, it is feasible to suggest that isoflur-
ane potentiates the tDCS analgesic effect from
neuromodulation of these areas, including the central
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Figure 2 Data from the IL-10 levels in the PFC. Significant dif-
ferences were observed between groups (Kruskal-Wallis test, p
< 0.001). *p < 0.05; **p < 0.01; ***p = 0.001 (pairwise compari-
son). Data are expressed as a median and interquartile range of
pg.mg�1 of protein (n = 6/group). TaggedEnd
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TaggedEndTaggedPamygdala.6 In addition, isoflurane promotes the release of
GABA, increases glutamate reuptake, and alters cytokine
levels, such as IL-6 and IL-10.6 TaggedEnd

TaggedPCorroborating the isoflurane action altering the levels of
cytokines, the present study showed that isoflurane associ-
ated with tDCS partially reverses the increase in the IL-10
levels induced by NP, attenuating the tDCS effect, which
reversed this increase. In this way, it is possible to suggest
that the analgesic effect of tDCS occurs through IL-10 level
modulation in the PFC, since NP is also involved in chronic
inflammatory processes.9 TaggedEnd

TaggedPA previous study using a similar NP model (partial
peripheral nerve ligation) showed a reduction in IL-10 lev-
els in the dorsal root ganglion and an increase in the PFC,
corroborating the involvement of the central nervous sys-
tem in neuropathies.9 The NP mechanism involves inflam-
mation at the affected nerve, which initiates a cascade of
events increasing and activating innate immune cells at
the tissue injury site.6 The release of immunoreactive
markers such as cytokines promotes local actions resulting
in a generalized immune response.6 Previous studies have
shown that the anti-inflammatory cytokine IL-10 plays a
role in promoting the relief of the painful condition estab-
lished by NP, by reducing the bioavailability of pro-inflam-
matory cytokines.5 On the other hand, besides the classic
anti-inflammatory role, IL-10 seems to be involved with
the development of NP. Increased IL-10 expression and
levels10 were found after peripheral nerve injury for at
least 6 weeks after NP model induction, corroborating the
data of the current study. In addition, we showed that
bicephalic tDCS decreases the nociceptive response and
modulates PFC IL-10 levels, returning them to the levels
of the sham groups. This effect was attenuated by isoflur-
ane anesthesia. TaggedEnd

TaggedPSome limitations are important to consider in the present
study: (i) Considering that in humans both electrodes are
placed on the head during tDCS application, we set them in
similar positions in animal models. However, the small head
size of the rat contributes to bicephalic stimulation; (ii) The
levels of IL-10 can be influenced by the time of brain collec-
tion. Animals were killed 48 hours after the last session of
tDCS because the behavioral test at 24-hours was performed
after the last session of treatment. TaggedEnd
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TaggedPIn summary, this study demonstrates that, even when ani-
mals are subjected to inhaled anesthetic during a brain stim-
ulation procedure, they still benefit from its analgesic
effects, even though isoflurane reduces the effects of tDCS
in lowering IL-10 levels. Therefore, in the current study, we
demonstrated that using an inhalation anesthetic could be a
good option to avoid bias during repeated tDCS application
in pain preclinical studies. TaggedEnd
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