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Editorial on the Research Topic

Celebrating 40 Years of the Chilean Society of Pharmacology

Pharmacology can be defined as the study of the effects of chemical substances on the function of
living organisms. Thus, pharmacology is essentially a translational discipline, bridging together
biomedical and chemical sciences with the clinical practice. Therefore, the formation and growing of
Pharmacological Societies around the world has been, and will continue to be, key in the
development of integrated basic, experimental, and clinical sciences.

This Research Topic aimed to celebrate the Chilean Society of Pharmacology (SOFARCHI) 40th
anniversary by providing a diverse collection of in-depth reviews and original articles coming from
members of our Society and colleagues around the world. SOFARCHI is a non-profit scientific
society whose main objective is the promotion of research in pharmacology, from theoretical to
experimental, and to clinical points of view. SOFARCHI was founded in 1978 with about 60
members who carried out teaching and research in pharmacology mainly in the central (Santiago and
Valparaiso) and in southern zone (Concepcién, Valdivia, and Temuco) of Chile. Since 1978,
SOFARCHI has held 41 annual congresses and currently has more than 140 members. In
addition, SOFARCHI encourages the development and dissemination of pharmacology through
promoting research among its members, sponsoring undergraduate and graduate courses, and
fostering the creation of teaching books on different pharmacological topics. The Society also actively
aids the Institute of Public Health, an agency of the Chilean state, in the technical evaluation of
medicines that require sanitary registration. This highlights the commitment of SOFARCHI to
promote the proper use of medicines in Chile, making known the main therapeutic and adverse
effects of drugs to our fellow citizens. Lastly, the Society has developed a strong outreach program
engaging our scientific work to high school students along the country.

Over the last 10 years SOFARCHI has experienced important growth. The annual congress, our
main yearly scientific activity, brings together more than 250 attendees, where about 70% of them are
undergraduate and graduate students. Thus, SOFARCHI as a young society is always poised to
contribute to Chile’s scientific and technological development, but also ready to collaborate with
other partners in Latin America, and the world. Therefore, we believe that this research topic brings
together many of the main lines of research carried out by Chilean pharmacologists. We are grateful
to the Frontiers in Pharmacology Editorial team and many international experts from the field of
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pharmacology who have been able to support the research topic
with their expertise, serving as editors and reviewers.

We are glad that our topic generated an important global
impact, reaching more than 50,000 article views and more than
12,000 downloads. The articles published in our research topic
include reviews, mini-reviews, perspectives, brief research reports
and original research articles. Our topic is grateful to the 240
authors that made their scientific contributions by submitting
work of excellence to the Topic.

We would like to first highlight the broad thematic spectrum
of the reviews and mini-reviews published in the issue, covering
from molecular and cellular to pre-clinical and clinical
pharmacology. This group of articles includes in-depth reviews
on the contribution of the kappa opioid system to dopamine-
related compulsive behaviors (Escobar et al.), on the chemical
properties of amphetamine analogs with activity as monoamine
oxidase inhibitors (Reyes-Parada et al.), on the contribution and
relevance of P,X receptors in Alzheimer disease and in the
toxicity of soluble Ap peptide oligomers (Godoy et al.) and on
novel strategies and perspectives for the treatment of dental pulp-
derived pain (Schuh et al.). This group of contributions also
included a detailed clinically-oriented review provided by Castillo
et al, which summarizes the clinical experience of Chilean
pharmacologists who have worked for more than 10 years with
dexmedetomidine, a highly selective a2-adrenergic agonist with
sedative and analgesic properties, with minimal respiratory
effects. On the other hand, the Topic incorporated self-sustained
minireviews summarizing and discussing the relevance of
benzofurans as potential chemical scaffolds against Alzheimer
disease (Cabrera-Pardo et al.), the effects of vitamin C on cancer
cells and its therapeutic potential in cancer (Roa et al.), novel drugs
targeting pentameric ligand-gated ion channels as potential novel
analgesics (Lara et al), the neurobiological basis of obsessive
compulsive disorder (OCD) with focus on glutamate transporter
3 (EAAT3) (Escobar et al.), recent advances on therapies against
non-infectious uveitis (Valenzuela et al.) and the beneficial effects of
the mifepristone in metabolic syndromes (Diaz-Castro et al.).

The Topic also achieved to gather a significant number of brief
research reports and original research articles of a wide thematic
diversity. Aspects of molecular and cellular pharmacology on
physiological and pathological states of different systems were
covered by original articles offering new findings. At the drug-
receptor level, Yarur et al. showed that type-2 g-corticotrophin
releasing factor receptor forms a stable heteromeric protein
complex with type-1 dopamine receptor, offering a new
potential therapeutic target in tissues where both receptors are
co-expressed, while San Martin et al., described the functional
actions of serotonin type-3 receptor antagonists on glycine
receptors associated with pain control. New studies focused on
molecular and cellular neuropharmacology were also tackled. In
the context of Alzheimer disease, Panes et al., demonstrated that
soluble oligomers of Ap peptide alter key proteins of
mitochondrial dynamics and biogenesis in hippocampal
neurons, contributing to neuronal dysfunction and death. In
terms of potential side-effects of common drugs at the cellular
level, Ampuero et al. showed that chronic administration of the
fluoxetine reduces dendritic arborization in cortical and limbic
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areas of the rat brain, suggesting that the permanent SSRI
consumption can go beyond the expected antidepressant
effects. Furthermore, lines of research focused on cardiovascular
and renal pharmacology also contributed to the topic by studying
aspects of IFN-p and pro-renin signaling. In this context, Bolivar
et al,, showed that IFN-p exerts both pro-inflammatory and anti-
inflammatory effects on non-stimulated rat cardiac fibroblasts
through differential activation of STAT proteins, establishing a
new framework for the complex effects of IFN-p on cells of the
cardiovascular system, while Reyes-Martinez et al., showed that the
pharmacological inhibition of COX-2 in the collecting duct cells
might prevent tubular damage after the activation of the
intratubular renin-angiotensin system, which may contribute to
control renal failure in hypertension and diabetes.

Other original contributions to our topic covered relevant
issues with impact on human health, such as chronic pain, cancer,
addiction, hypertension, and chronic kidney disease. Regarding
neural mechanisms underlying chronic pain, Retamal et al
presented original research showing that central sensitization
in rat spinal cord occurs through BDNF release and an
increased expression of glial BDNF and pTrkB. In terms of
potential novel therapies and strategies against chronic pain,
Garrido-Sudrez et al. show that mangiferin, a glucosylxanthone
broadly distributed in higher plants such as Mangifera indica L.,
has an anti-allodynic effect in a model of chronic post-ischemia
pain, while Gonzalez et al.,, have shown that the antinociceptive
efficacy of the common opioid drug, methadone, is potentiated by
the co-application of magnesium salts in the spared nerve injury
mouse model of chronic pain. In the field of cancer research, two
groups of researchers provide new insights. Using biopsies of
gastric cancer, Hevia et al. have shown that several types of
purinergic receptors, such as P,Y,R and P,X,R, are involved in
gastric cancer. Interestingly, the authors found a correlation
between the expression levels of specific purinergic receptors
and the survival rates of patients. In parallel, Lavanderos et al,
provide pharmacogenetic evidence as a potential tool to predict
adverse drug reactions in Chilean patients diagnosed with
testicular cancer. In another study, Robles-Planells et al,
demonstrated that the organic extract of Lithraea caustic, an
endemic stinging plant of central Chile, decreases melanoma
tumor growth in a murine model. In addition, other scientific
contributions have focused attention on addiction. Velasquez
et al., demonstrated that a neonatal programming with estradiol
enhances the pharmacological effects produced by morphine in
rats, suggesting that early exposure to sex hormones may
contribute to opioid addiction in adulthood; on the other
hand, Quiroz et al, have shown that a competitive nAChR
antagonist (UFR2709) significantly reduced the ethanol
consumption of alcohol-preferring rats. Finally, and related to
human hypertension, Gonzalez et al,, elucidated a biochemical
pathway which could underlie the antihypertensive effect of
dietary potassium (K") observed in human studies.
Interestingly, many of the blood pressure lowering actions of
K" were seen in both hypertensive and normotensive rats,
supporting a beneficial effect of dietary potassium in health
and disease. Similarly, Vio et al, showed that a chronic high
potassium diet down regulates key components of intratubular
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renin-angiotensin system. This down regulation could be a novel
mechanism involved in the potassium-induced natriuresis that is
beneficial for blood pressure and cardiovascular health. In the
same field, Mondaca-Ruft et al., demonstrated a relationship
between autophagy, the AT1R/RhoA/Rho Kinase-dependent
pathway and Ang II-induced hypertrophy of vascular smooth
muscle cells. Last, but not least, Figueroa et al., demonstrated that
the pro-inflammatory phase of unilateral ureteral obstruction, a
model of Chronic Kidney Disease, involves tubular damage with
cortical upregulation of juxtaglomerular renin and medullary
(pro)renin receptor downregulation. This scenario suggests a
differential iRAS modulation as part of the mechanisms
involved in the early stages of chronic kidney disease.

The thematic diversity of our topic also includes articles
focused on developmental aspects and on medicinal chemistry.
The original research contributed by De La Fuente-Ortega et al,,
demonstrated that prenatal ethanol exposure affects iron
homeostasis of specific brain areas (i.e, PFC and
hippocampus), suggesting a critical role of iron homeostasis in
maladaptive cognition observed in fetal alcohol spectrum
disorder. In addition, Benavides-Rivas et al., described the role
of enzymatic glutamate synthesis in the neurulation process using
Xenopus oocytes. Finally, original research article of Sdez-Briones
et al,, studied the novel compound 2-Br-4,5-MDMA, a MDMA
(3,4-methylenedioxy-methamphetamine, ~ “Ecstasy”)  analog
brominated at C(2) of the aromatic ring. Interestingly, 2-Br-
4,5-MDMA maintains the effects of MDMA as a substrate of the
serotonin transporter (SERT). However, the bromination of
MDMA modified the expected behavioral responses in rats,
showing an absence of the classical MDMA-elicited behavioral
responses including hyperlocomotion, enhanced active avoidance
conditioning responses and increased social interaction.

Editorial: Chilean Society of Pharmacology

In conclusion, we believe that the diversity of articles
incorporated in our Research Topic reflects the integrative
spirit of our scientific society and the translational character of
the pharmacological sciences. In addition, we think that the new
findings published show the growing quality of the Chilean
science and highlight the rising contribution of our scientists
to the global knowledge. We look forward to celebrate many years
more of the SOFARCHI.
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Anti-allodynic Effect of Mangiferin in
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Pain: A Model of Complex Regional
Pain Syndrome Type |

Barbara B. Garrido-Sudrez', Gabino Garrido?*, Marian Castro-Labrada’,
Zenia Pardo-Ruiz?, Addis Bellma Menéndez', Evelyn Spencer’, Jozi Godoy-Figueiredo?,
Sergio H. Ferreira® and René Delgado-Hernandez*

" Laboratorio de Farmacologia y Toxicologia, Centro de Investigacion y Desarrollo de Medicamentos, Havana, Cuba,

2 Departamento de Ciencias Farmacéuticas, Facultad de Ciencias, Universidad Catdlica del Norte, Antofagasta, Chile,

3 Department of Pharmacology, Faculty of Medicine of Ribeirdo Preto, University of Sdo Paulo, S&o Paulo, Brazil, * Centro
de Estudio para las Investigaciones y Evaluaciones Bioldgicas, Instituto de Farmacia y Alimentos, Universidad de La Habana,
Havana, Cuba

The present study reproduces chronic post-ischemia pain (CPIP), a model of complex
regional pain syndrome type | (CRPS-I), in rats to examine the possible transient
and long-term anti-allodynic effect of mangiferin (MG); as well as its potential
beneficial interactions with some standard analgesic drugs and sympathetic-mediated
vasoconstriction and vasodilator agents during the earlier stage of the pathology.
A single dose of MG (50 and 100 mg/kg, p.o.) decreased mechanical allodynia 72 h
post-ischemia-reperfusion (I/R). MG 100 mg/kg, i.p. (pre- vs. post-drug) increased von
Frey thresholds in a yohimbine and naloxone-sensitive manner. Sub-effective doses of
morphine, amitriptyline, prazosin, clonidine and a NO donor, SIN-1, in the presence
of MG were found to be significantly anti-allodynic. A long-term anti-allodynic effect
at 7 and 13 days post-I/R after repeated oral doses of MG (50 and 100 mg/kg) was
also observed. Further, MG decreased spinal and muscle interleukin-18 concentration
and restored muscle redox status. These results indicate that MG has a transient
and long-term anti-allodynic effect in CPIP rats that appears to be at least partially
attributable to the opioid and a» adrenergic receptors. Additionally, its anti-inflammatory
and antioxidant mechanisms could also be implicated in this effect. The association of
MG with sub-effective doses of these drugs enhances the anti-allodynic effect; however,
an isobolographic analysis should be performed to define a functional interaction
between them. These findings suggest the possible clinical use of MG in the treatment
of CRPS-I in both early sympathetically maintained pain and long-term sympathetically
independent pain.

Keywords: adrenergic receptor, chronic post-ischemia pain, complex regional pain syndrome, mangiferin,
sympathetically maintained pain

Abbreviations: CPIP, chronic post-ischemia pain; CG, carbonyl protein groups concentration; GHS, reduced glutathione;
HPLC, high-performance liquid chromatography; IL-1p, interleukin 1 beta; MDA, malondialdehyde; MG, mangiferin;
NF-kB, transcription nuclear factor kappa B; NMDA, N-methyl-D-aspartate; NO, nitric oxide; Pr, protein; ROS, reactive
oxygen species; SOD, superoxide dismutase; TNFa, tumor necrosis factor alpha.
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INTRODUCTION

Complex regional pain syndrome (CRPS) is a disabling condition
most often presenting after trauma affecting the distal part of
an extremity. It is characterized by a continuing pain, which is
disproportionate to the inciting event, in addition to sensory,
autonomic, motor, and trophic disturbances (Bruehl et al., 2002;
Beerthuizen et al., 2012). In the clinical setting, it is broadly
accepted that the trauma-related differentiation of CRPS is by
the absence (CRPS-I) and presence (CRPS-II) of evident nerve
lesions. However, a more comprehensive pathophysiology-
based classification regarding peripheral inflammatory and
central neuroplasticity phenotypes has been proposed (Birklein
and Schlereth, 2015). Particularly, the sympathetic activity
would be contributory rather than causative and exacerbate
ischemia, inflammation, and consequent pain in early-stage
disease (Bonica, 1990; Coderre and Bennett, 2010). After
trauma, nociceptors in the affected limb become sensitive
to catecholamines. Direct or indirect coupling between the
efferent sympathetic systems and the afferent systems may lead
to sympathetic-maintained pain (SMP). Noradrenaline (NA)
released by the sympathetic postganglionic neuron (SPGN) or
adrenaline via the circulation are implicated in SMP. Which
by means of G protein-coupled receptors (GPCRs) a- and -
adrenoceptors subtypes via distinct signaling pathways modifies
the activity of ion channels and Ca?* influx (Pertovaara, 2013).
Hypothetical interactions between sympathetic noradrenergic
nerve fibers, peptidergic afferent nerve fibers, blood vessels,
and immune cells leading to vasoconstriction, further release
of cytokines and sensitization, have been suggested. This, in
turn, would amplify nociceptive impulse transmission in the
spinal cord in CRPS-I patients (Jining and Baron, 2003). The
exaggerated inflammatory response to tissue injury has been
suggested to be involved in the origin and maintenance of
CRPS-I, since an imbalance between pro-inflammatory with
respect to anti-inflammatory cytokine concentrations, elevated
activity of mast cells, neurogenic inflammatory reactions, and
markers of oxidative stress were found (Huygen et al., 2004;
Alexander et al., 2005, 2007; Ugeyler et al., 2007; Birklein and
Schmelz, 2008; Eisenberg et al., 2008). Subsequently, the anti-
inflammatory treatment of CRPS-I patients may be beneficial
and today is a novel tendency that must be investigated (Fischer
etal., 2010). Many of the presumably sympathetic symptoms can
be explained through inflammation. It has been suggested that
the traditionally used sympathetic blocks should be an exception,
rather than a rule for CRPS treatment (Birklein and Schlereth,
2015). In view of the positive results in clinical trials for both the
ROS scavengers and corticosteroids, studies combining them are
recommended (Zollinger et al., 1999; Pérez et al., 2003; Bianchi
et al., 2006).

Chronic post-ischemia pain (CPIP) is a recognized model
of CRPS-I, which reproduces peripheral pathophysiology
after ischemia/reperfusion (I/R) of the hind paw of rodents
(Coderre et al., 2004). After reperfusion, animals develop
hyperemia and edema for only a few hours; however, the
behaviors of spontaneous pain, long-term mechanical and cold
hyperalgesia, which spreads to the uninjured contralateral hind

paw are significant (Coderre et al., 2004). CPIP rats show a
pharmacological profile similar to CRPS patients, which is
refractory to most standard analgesic treatments, as well as
nociceptive and vascular hypersensitivity to norepinephrine
inhibited by anti-sympathetic treatments (Millecamps and
Coderre, 2008; Xanthos and Coderre, 2008; Xanthos et al,
2008). In addition, several antioxidants show a long-term
anti-allodynic effect in CPIP rats (Kwak et al., 2011; Schiller
et al., 2015; Kim et al., 2017; Yeo et al.,, 2017). I/R leads to the
massive appearance of ROS and pro-inflammatory cytokines,
which induce microvascular spasms and capillary dysfunction
(Coderre and Bennett, 2010). The underlying sex differences
in inflammation and oxidative stress which are regulated
by estrogens, as well as its impact I/R-evoked mechanical
allodynia in CPIP has been reported (Tang et al, 2017). In
particular, the NF-kB pathway which induces the transcription
of genes implicated in the expression of proteins involved
in inflammation, oxidative stress, synaptic plasticity, and
neuron-glial interactions is also involved in the development of
mechanical allodynia in a CPIP model (de Mos et al., 2009).
Mangiferin (MG) is a glucosylxanthone broadly distributed in
higher plants such as Mangifera indica L. (Ntnez-Sellés et al.,
2002). Previous studies have documented the anti-inflammatory
and antioxidant properties of MG (Garrido et al., 2004; Pardo-
Andreu et al., 2008; Das et al., 2012) without toxic effects (Prado
et al., 2015). Furthermore, we proposed its possible value to be
investigated in neuropathic pain and CRPS (Garrido-Suarez et al.,
2010), since neuroimmune activation and nitroxidative stress are
recognized as new targets for its therapeutic intervention (De Leo
et al., 2006; quyler et al., 2007; Eisenberg et al., 2008; Salvemini
et al, 2011). Additionally, its capacity to modulate endothelial
dysfunction is an attractive attribute to the treatment of both
early and late stages of CRPS (Song et al., 2015). Most of the
biological activities of this compound are explained, at least in
part, by inhibition of NF-kB pathway activation (Leiro et al,
2004). MG also shows the ability to decrease mast cell activity
related to its anti-allergic properties, as well as neuroprotective
and immunomodulatory effects (Garcia et al., 2002; Garcia-
Rivera et al., 2006; Campos-Esparza et al., 2009; Pardo-Andreu
et al., 2010). Concerning the analgesic profile of MG studied
in acute inflammatory pain models, the participation of the
endogenous opioid system and adenosine in its anti-nociceptive
activity has been accepted (Dar et al., 2005; Lopes et al., 2013).
This effect at the peripheral site involves the activation of 3,
k, and probably | opioid receptors, as well as the L-arginine-
nitric oxide (NO)-cGMP ATP-sensitive K* channel pathway
(Izquierdo et al.,, 2013). Moreover, a transient activity of MG
on nociceptive pathways mediated by o, adrenergic receptors
in cooperation with the opioid system has also been reported
(Garrido-Sudrez et al., 2014). On the other hand, MG decreased
mechano-hypernociception and allodynia in traumatic models
of neuropathic pain, also considered as CRPS type II models
(Garrido-Sudrez et al, 2014; de los Monteros-Zuiiga et al.,
2016). Likewise, some preliminary results in clinical CRPS case
series treated with M. indica extract formulations show an
improvement of average pain scores and sensory abnormalities
(Garrido-Suérez et al., 2009). These facts make this molecule

Frontiers in Pharmacology | www.frontiersin.org

October 2018 | Volume 9 | Article 1119


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Garrido-Suarez et al.

Mangiferin Anti-allodynic Effects in CPIP

an attractive multi-target compound with the potentiality to be
introduced in CRPS treatment. Then, the aim of the present study
was to evaluate the anti-allodynic effect of MG in the early and
late stages of CPIP to clarify some underlying pharmacological
mechanisms, as well as its potential beneficial interactions with
other drugs with clinical relevance on abnormal pain sensations
during the earlier stage of the pathology.

MATERIALS AND METHODS

Drugs and Chemicals

Mangiferin  (2-B-D-glucopyranosyl-1,3,6,7-tetrahydroxy-9H-
xanthen-9-one) was supplied by the Laboratory of Analytical
Chemistry, Center of Pharmaceutical Chemistry (Cuba).
It was isolated from the M. indica stem bark standardized
extract by extraction with methanol vyielding a yellow
powder with 93.82 £ 3.35% purity as determined by liquid
chromatographic methods, UV/VIS spectrophotometry and
IR, NMR spectroscopic methods and capillary electrophoresis
method (Nufez-Sellés et al., 2002). The remaining percentage
has been shown to contain a mixture of an isomer, iso-MG
(4-C-b-D-glucopyranosyl-1,3,6,7-tetrahydroxyxanthone), and
MG monomethyl ether, homo-MG (2-C-b-D-glucopyranosyl-
3-methoxy-1,6,7-trihydroxyxanthone) (Nufiez Sellés et al,
2016). MG was suspended in DMSO (5% in saline solution) and
carboxymethyl cellulose (CMC) 0.05% for intraperitoneal and
oral administration, respectively. The solution DMSO + saline
has no effects on nociception (Colucci et al., 2008).

Drugs as naloxone hydrochloride, morphine hydrochloride,
prazosin hydrochloride, clonidine hydrochloride, yohimbine
hydrochloride, 3-morpholinylsydnoneimine chloride (SIN-1),
and amitriptyline were purchased from Sigma Chemical Co. (St.
Louis, MO, United States). All these compounds were dissolved
in saline 0.9%.

Superoxide dismutase was obtained from Randox Labs
(Crumlin, United Kingdom), antibodies against rat interleukin-
18 (IL-1p) from R&D Systems, Inc. (Minneapolis, MN,
United States), Ellman’s reagent [5,5-dithiobis(2-nitrobenzoic
acid)], bovine serum albumin (BSA), glutathione, and
malondialdehyde bis(dimethyl acetal) from Sigma Chemical Co.
(St. Louis, MO, United States), LPO-586 kit from Calbiochem (La
Jolla, CA, United States), and nitrate reductase from Boehringer
Mannheim (Milan, Italy). All other reagents were of analytical
grade.

Experimental Animals

Experimental procedures were carried out in accordance with
European regulations on animal protection (Directive 86/609),
the Declaration of Helsinki, and the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by the
US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). All experimental protocols were approved by the
Institutional Animal Care and Ethical Committee of the Center
for Drugs Research and Development (CIDEM/SP00511). Male
Sprague-Dawley (8-10 weeks) rats weighing 200-250 g were
obtained from the Center for Experimental Animals Production

(CENPALAB, La Habana, Cuba). They were kept in controlled
conditions (22 %+ 0.5°C, relative humidity 40-60%, a 7 a.m. to
7 p.m. alternate light-dark cycle, food, and water ad libitum).
The experiments took place during the light period and animals
belonging to the various treatment groups (n = 6-7 for each
group) were tested in randomized order.

Animal Model of Complex Regional Pain
Syndrome Type | (CRPS-I)

Chronic post-ischemia pain was induced by ischemia and
reperfusion injury of the left hind paw (Coderre et al., 2004).
Briefly, animals were anesthetized over a 3-h period with a bolus
(55 mg/kg, i.p.) and chronic i.p. infusion of sodium pentobarbital
for 2 h (27.5 mg/kg/h). After induction of anesthesia, a Nitrile
70 Durometer O-ring (O-rings West, Seattle, WA, United States)
with a 5.5 mm internal diameter was placed around the rat’s left
ankle joint. After 3 h the O-ring was cut, allowing reperfusion of
the hind limb. The sham rats received exactly the same treatment,
with the exception that the O-ring was cut so that it only loosely
surrounded the ankle and did not occlude blood flow to the
hindpaw.

Study Design

Treatment With Single Oral Mangiferin on Mechanical
Allodynia in the Early Phase of CPIP Model

The effect of single oral doses of MG on mechanical allodynia was
studied 72 h post-I/R using four CPIP groups that received MG
(10, 50, and 100 mg/kg, 10 mL/kg) or vehicle (CMC 0.05%) and
a sham CPIP also treated with vehicle by oral route (n = 7 per
group). Then five groups were constituted: CPIP-vehicle, CPIP-
MG10, CPIP-MG50, CPIP-MG100, and sham-CPIP. Animals
were tested in the ipsilateral hind paw at baseline (prior to I/R
injury), before treatment, and at 60, 120, and 180 min after
treatment.

Pre-treatment With o1 and ap Antagonists, as
Agonist, Nitric Oxide Donor, Opioid Agonist and
Monoamine Reuptake Inhibitor on the Anti-allodynic
Effect of Mangiferin in the Early Phase CPIP Model
There were six experiments to examine the MG anti-allodynic
mechanisms or its possible beneficial interactions on 72 h
post-I/R with drugs utilized in these conditions. In each
experiment, different groups of rats were pre-treated with
one drug, respectively: prazosin (1-5 mg/kg) a selective o
adrenoceptor antagonist, yohimbine (1-5 mg/kg) a selective
ay adrenoreceptor antagonist, clonidine (0.01-0.1 mg/kg) a o,
agonist, SIN-1 (1-10 mg/kg) a NO donor, morphine (0.3-
3 mg/kg) a preponderantly . opioid agonist, and amitriptyline
(3-10 mg/kg) a monoamine reuptake inhibitor or vehicle (SS). All
drugs were administered intraperitoneally (1 mL/kg). Afterward,
a single dose of MG (100 mg/kg, i.p.) or vehicle (DMSO 5%)
was injected 15 min later. Following 20 min after MG injection
and 35 min of the pre-treatment, mechanical allodynia was
tested. Approximately 10 min before that, MG or highest doses
of agonist drugs (morphine and clonidine) were injected; a
group of animals was pre-treated with antagonist drugs naloxone
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(1 mg/kg) or yohimbine (0.1 mg/kg), respectively. The agonist
and antagonist drugs and the doses were selected according to the
previous reports and pilot experiments in our laboratory, since
all drug doses do not induce significant abnormalities in the rota-
rod test (Dar et al., 2005; Millecamps and Coderre, 2008; Xanthos
et al., 2008).

Treatment With Repeated Oral Doses of Mangiferin
on Mechanical Allodynia in the Latest Phase of CPIP
Model

A medication protocol to evaluate some clinical effects of MG
that could appear only after its repeated oral administration
during 7 days after 72 h post-CPIP was also designed. The
animals were divided in six CPIP rat groups (n = 6-7 each):
CPIP-vehicle group that received CMC (0.05%); experimental
CPIP-MG groups that received MG (10, 50, and 100 mg/kg,
10 mL/kg; CPIP-MG10, CPIP-MG50, CPIP-MG100); reference
group that received prednisone (5 mg/kg; CPIP-P5); and sham
CPIP (sham-CPIP) also treated with vehicle by oral route. The
rats were evaluated on days 7 and 13 post-I/R injury during
medication and after its discontinuation, respectively.

Mechanical Allodynia

Mechano-allodynia of the hindpaw was assessed by measuring
the hindpaw withdrawal response to von Frey filament
stimulation according to a modification of the up/down method
(Chaplan et al., 1994). Briefly, rats were placed in Plexiglas cages
(21 cm x 26 cm x 27 cm) with a wire grid bottom. Filaments
(Stoelting, Wood Dale, IL, United States) were applied to the
plantar surface of the hind paw for approximately 5 s in either
ascending or descending strength, to determine the filament
closest to the threshold of response. Each filament was applied
five times; a response to three of the five applications was counted
as positive. The minimum stimulus intensity was 0.25 g, and
the maximum was 15 g. Based on the response pattern and the
force of the final filament, the 50% response threshold (grams)
was calculated. The resulting pattern of positive and negative
responses was tabulated, and the 50% response threshold was
interpolated using the formula:

50% g threshold = (10[Xer kBJ) /10, 000

where xf = the value (in log units) of the final von Frey hair used;
k = tabular value 11 for pattern of positive/negative responses;
and § = mean difference (in log units) between stimuli (here,
0.224). CPIP rats that had not developed mechanical allodynia at
48 h post-IR injury (non-responders, 50% threshold >10 g) were
excluded from further measurements of mechanical allodynia
after treatments.

Tissue Sampling and Preparation

All rats including the control group were euthanized by cervical
dislocation under anesthesia with diethyl ether. Each rat was put
in a closed cylindrical jar and overdosed with diethyl ether until
loss of the righting reflex. This step took approximately 75 s. Short
exposure of rats to diethyl ether reported to have an insignificant
effect on cytochrome P450 enzymes, which are known to play an

important role in oxidative stress (Plate et al., 2005). Then the
muscle samples of the superficial plantar layer (one each from the
Flexor Hallucis Brevis, Flexor Digiti Minimi Brevis, and Flexor
Digitorium Brevis, each weighing between 25 and 50 mg) and
spinal cord samples at L5-L6 (each weighing about 20-25 mg)
were obtained, cut into small pieces and homogenized using an
Omni tissue homogenizer (Omni International, Gainesville, VA,
United States) (de Mos et al., 2009). Tissues were homogenized in
ice-cold lyses buffer (0.1 M phosphate, pH 7.4, 1 mM EDTA, 9 mL
per gram of tissue using a tube pestle). Samples were centrifuged
at 1500 x g for 15 min at 4°C. The supernatants were then stored
at —80°C until further analysis.

Muscle and Spinal IL-18 Determination
by Enzyme-Linked Immunosorbent
Assay (ELISA)

Protein was estimated in all homogenates (Lowry et al., 1951).
BSA 0.01-0.2 mg/mL was used as standard. Quantification of
IL-1PB secretion was measured by an in-house sandwich ELISA
based on matched antibodies against rat IL-1f. Briefly, a 96-well
ELISA plate that was pre-coated with anti-rat polyclonal IL-1f
antibody and was incubated with a 100 pL sample or rat IL-
1B standards at each well. Following incubation for 2 h at room
temperature, the wells were washed three times using a washing
buffer, after which biotinylated anti-rat IL-1p antibody was added
and incubated for 2 h. Then, streptavidin-peroxidase was added,
incubated for another 30 min and followed by three washes. Then
a tetramethylbenzidine solution was added, incubated for 30 min
in the dark, and the peroxidase-catalyzed color change was
stopped by acidification with 1 N H,SO4. The absorbance was
measured with the microplate reader at 450 nm with reference at
630 nm. Results were expressed as pg of cytokine/mg of protein.

Determination of Redox Biomarkers in

Ipsilateral Muscles

Redox biomarkers were determined by spectrophotometric
methods using a Pharmacia 1000 Spectrophotometer
(Pharmacia, Uppsala, Sweden). Total protein content was
measured by Bradford’s method with BSA as standard (Bradford,
1976). SOD activity was determined by using a RANSOD Kkit,
where xanthine and xanthine oxidase were used to generate
superoxide anion radicals (O,7), which react with 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride
(INT) to form a red formazan dye. SOD activity was measured
by the inhibition degree of this reaction (Boehringer Mannheim,
1987). After precipitation of thiol proteins, the glutathione
(GSH) levels were measured according to the method of Sedlak
and Lindsay (1968) with Ellman’s reagent [5,5-dithiobis(2-
nitrobenzoic acid)], and the absorbance was measured at
412 nm. Purified GSH was used to generate standard curves. The
concentration of MDA was determined using the LPO-586 kit. In
the assay, the production of a stable chromophore after 40 min
of incubation at 45°C was measured at 586 nm. For standards,
freshly prepared solutions of MDA bis [dimethyl acetal] were
employed (Erdelmeier et al., 1998). As a surrogate marker of
protein damage, carbonyl protein groups were determined
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as previously described using 2,4-dinitrophenylhydrazine as
chromogen (Levine et al, 2000). In addition, nitrates/nitrites
(NO37/NO;7) level, as a surrogate marker of nitric oxide
(NO), was determined by converting nitrates to nitrites using
nitrate reductase. Then, Griess reagent [1% sulphanilamide,
0.1% N-(1-Naphthyl)ethylenediamine dihydrochloride in 0.25%
phosphoric acid] was added (Granger et al., 1995). Samples were
incubated at room temperature for 10 min, and absorbance was
measured at 540 nm.

Statistical Analyses

Data were analyzed using the statistical program Graph Pad
Prism 5 (GraphPad Software, Inc., La Jolla, CA, United States).
Baseline mechanical allodynia test results were compared with
one-way ANOVA followed by Dunnett post hoc test. Post-
treatment differences between groups were analyzed using a
2-way repeated-measures ANOVA followed by the Bonferroni
post hoc test. The results are presented as mean £ SEM.
Baseline von Frey thresholds are included in the figures for
each drug trial but are not included in these statistical analyses.
Redox biomarkers and IL-1p were analyzed using one-way
ANOVA followed by Dunnett post hoc test. The Spearman’s
rank correlation coefficient was used to calculate correlations
between numerical spinal IL-1f protein data and the paw-
withdrawal threshold data. P < 0.05 was considered statically
significant.

RESULTS

Effect of Single Oral Mangiferin on
Mechanical Allodynia in the Early Phase
of CPIP Model

Paw-withdrawal thresholds of the ipsilateral hind paw at baseline
did not differ between CPIP (n = 40) and sham (n = 7)
rats (11.4 + 0.2 and 12.1 £ 0.5 g, respectively, P = 0.599).
At 72 h after I/R injury, CPIP rats developed a reduction in
paw-withdrawal threshold (mean 50% von Frey threshold of
4.0 £ 0.3 g) compared to sham (mean 50% von Frey threshold
of 11.5 £ 0.3 g) (P < 0.001) (Figure 1). Within the CPIP group,
33 rats (82.5%) displayed a 50% von Frey threshold <6 and
were regarded as responders for mechanical allodynia, which
were randomly allocated to different experimental groups. Two-
way ANOVA reveals significant main effects of time (pre-post)
(F3.03 = 22.33, P < 0.0001) and dose (F4,93 = 29.28, P < 0.0001)
and a significant time x dose interaction (Fiz93 = 5.07,
P < 0.0001). Compared with the vehicle group, the paw-
withdrawal threshold only increased significantly at 60 min
in CPIP rats treated with a high dose (100 mg/kg) of MG
(CPIP-vehicle = 34 + 0.6 g, CPIP-MG10 = 3.7 &+ 05 g,
CPIP-MG50 = 4.0 £ 04 g, CPIP-MGI100 = 75 + 1.7 g,
P < 0.05, sham = 12.0 &+ 0.4 g). However, at 120 min after
its single administration, the anti-allodynic effect was observed
in animals that received doses of 50 and 100 mg/kg (CPIP-
vehicle = 3.1 + 0.8 g, CPIP-MGI0 = 5.6 + 1.0 g, CPIP-
MG50 = 10.0 £ 1.1 g, P < 0.001, CPIP-MG100 = 11.2 £ 1.4 g,

CPIP-vehicle
CPIP-MG10
CPIP-MG50
CPIP-MG100
sham-CPIP

BE0EC0

50% von Frey withdrawal threshold (g)

Time (min)

FIGURE 1 | Mechanical ipsilateral paw-withdrawal threshold (grams)
determined by von Frey test prior to ischemia/reperfusion injury (baseline),
pre-treatment and at 60, 120, and 180 min post-treatment in chronic
post-ischemia pain (CPIP) and sham rats. The animals received a single oral
dose of mangiferin (10-100 mg/kg, 10 mL/kg, p.o., MG) or vehicle (CMC
0.05%) at 72 h post-reperfusion. Each column represents the reactivity time of
6-7 animals per group as mean + SEM. *P < 0.05 represents the statistical
difference between treated groups and control (CPIP-vehicle), while

#P < 0.05 represents the statistical difference between CPIP groups
regarding sham-CPIP rats.

P < 0.001, sham = 12.0 £ 0.8 g). Likewise, this effect
remained at 180 min (CPIP-vehicle = 4.2 £+ 0.8 g, CPIP-
MGI10 =4.8 0.8 g, CPIP-MG50=9.0 £ 1.0 g, P < 0.001, CPIP-
MGI100 = 11.0 £ 0.9 g, P < 0.001, sham-CPIP = 12.0 £ 0.8 g)
(Figure 1).

Effects of Pre-treatment With o4 and o»
Antagonists, as Agonist and Nitric Oxide
Donor on the Anti-allodynic Effect of
Mangiferin in the Early Phase of CPIP
Model

Figure 2 shows the mechanical (von Frey) thresholds (grams)
of 72 h-CPIP rats at baseline, before, and 35 min after pre-
treatment with the vehicle or anti-sympathetic agents (o; and
o antagonists, o agonist) and a NO donor vasodilator in
the presence or absence of MG 100 mg/kg. Two-way ANOVA
reveals significant main effects of time (pre-post) (Fy 33 = 415.17,
P < 0.0001) and treatment (F533 = 14.62, P < 0.0001) and
a significant time X treatment interaction (Fs33 = 26.08,
P < 0.0001). The I/R von Frey thresholds were significantly
lower than baselines for all groups and the vehicle (SS -
DMSO) injection did not result in a significant increase in paw-
withdrawal threshold. MG (100 mg/kg) - SS (pre- vs. post-drug)
was found to be significantly anti-allodynic (P < 0.001) with
respect to vehicle administration (SS - DMSO = 32 + 06 g
vs. 8§ - MG100 = 10.7 £ 1.0 g, P < 0.001). Compared with
pre-drug values, von Frey thresholds were significantly increased
in all CPIP groups pre-treated with prazosin, except for its low
dose (1 mg/kg) (prazosin 1 - DMSO = 6.4 &+ 0.9 g, prazosin 5 -
DMSO =10.1 £0.6 g, P < 0.001, prazosin 1 -MG =117+ 0.4 g,
P < 0.001, prazosin 5 - MG = 13.5+ 0.3 g, P < 0.001). However,
a sub-effective dose of prazosin in the presence of MG was found
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FIGURE 2 | Influence of the pre-treatment with sympathetic a1-and as-adrenergic antagonists, prazosin and yohimbine, respectively, as-adrenergic agonist
clonidine and nitric oxide donor, SIN-1 (1 mL/kg, i.p.) on the anti-allodynic effect of mangiferin (100 mg/kg, 1 mL/kg, i.p., MG) or vehicle (DMSO 5%) 72 h after the
ischemia/reperfusion-injury. Animals received (A) saline or prazosin (1-5 mg/kg), (B) saline or yohimbine (1-5 mg/kg), (C) saline or clonidine (0.01-0.1 mg/kg), (D)
saline or SIN-1 (1-10 mg/kg). The effect of MG and the highest dose of agonist drug clonidine were reversed by yohimbine (0.1 mg/kg). Each column represents the
reactivity time of 6-7 animals per group as mean + SEM. *P < 0.05 represents the statistical difference between CPIP post-drug and CPIP pre-drug, while

‘P < 0.05 represents the statistical difference between CPIP post-drugs in the presence or absence of MG, #P < 0.05 represents the statistical difference between
CPIP post-drugs treated with MG or pre-treated with the highest dose of clonidine in presence or absence of yohimbine, ®P < 0.05 represents the statistical
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to be significantly anti-allodynic (P < 0.001). Additionally, CPIP
rats pre-treated with an effective dose of prazosin (5 mg/kg) and
treated with MG show significantly increased von Frey thresholds
compared to the SS — MG100 group (P < 0.05) (Figure 2A).
Figure 2B shows the (pre- vs. post-drug) comparison of
72 h-CPIP rats mechanical von Frey thresholds of animals
pre-treated with yohimbine (1-5 mg/kg). Two-way ANOVA
shows significant main effects of time (pre-post) (F} 33 = 31.45,
P < 0.0001) and treatment (F533 = 15.61, P < 0.0001) and
a significant time X treatment interaction (Fs533 = 10.12,
P < 0.0001). Non-significant increases in thresholds of animals
were observed (yohimbine 1 - DMSO = 3.4 4 0.5 g, yohimbine

5 - DMSO = 2.7 £ 0.4 g). Nevertheless, in CPIP rats treated
with mangiferin, yohimbine reversed its anti-allodynic effect
dependently from dose (yohimbine 1 - MG = 6.5 + 1.0 g,
P < 0.001, yohimbine 5 - MG = 4.3 £ 0.5 g, P < 0.001 vs. SS -
MG100 =10.7 £ 1.0 g).

The results presented in Figure 2C show the (pre- vs.
post-drug) comparison of 72 h-CPIP rats mechanical
von Frey thresholds of animals pre-treated with clonidine
(0.01-0.1 mg/kg). Two-way ANOVA shows significant main
effects of time (pre-post) (Fj43 = 244.54, P < 0.0001) and
treatment (F743 = 2572, P < 0.0001) and a significant
time X treatment interaction (F743 = 23.05, P < 0.0001).
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Compared to pre-drug values, von Frey thresholds were
significantly increased in all groups pre-treated with clonidine,
except the group pre-treated with the low dose (clonidine 0.01 -
DMSO = 4.3 &+ 1.1 g, clonidine 0.1 - DMSO = 10.1 + 0.7 g,
P < 0.001, clonidine 0.01 - MG = 11.8 + 0.7 g, P < 0.001,
clonidine 0.1 - MG = 13.5 £ 0.3 g, P < 0.001). The particular
interest was that a sub-effective dose of clonidine 0.01 mg/kg in
the presence of MG was found to be significantly anti-allodynic
(P < 0.001), this effect was also observed in CPIP rats pre-
treated with clonidine 0.1 mg/kg (P < 0.01). Additionally, the
clonidine 0.1 - MG group shows significantly increased von
Frey thresholds compared with SS - MG group (P < 0.05).
The selective o, antagonist yohimbine 0.1 mg/kg reversed the
anti-allodynic effect of the high dose of clonidine (P < 0.001)
and partially the effect of mangiferin (P < 0.05).

The (pre- vs. post-drug) comparison of von Frey thresholds
in CPIP rats pre-treated with a donor of NO. Two-way ANOVA
shows significant main effects of time (pre-post) (Fy 33 = 252.17,
P < 0.0001) and treatment (F533 = 16.67, P < 0.0001) and
a significant time X treatment interaction (F533 = 17.43,
P <0.0001). SIN-1 (1-10 mg/kg) show a significant increase in
all groups except for its low dose (SIN-1 1 -DMSO =6.1+0.9g,
SIN-1 10 - DMSO = 93 + 08 g, P < 0.001, SIN-1 1 -
MG =10.3 £ 0.6 g, P < 0.001, SIN-1 10 - MG = 13.8 £ 0.6 g,
P < 0.001). The sub-effective dose of SIN-1 in the presence of
MG was found to be significantly anti-allodynic (P < 0.001), this
effect was also observed in CPIP rats pre-treated with SIN-1 at
a high dose (P < 0.01). In addition, the SIN-1 10 - MG group
shows significantly increased von Frey thresholds in comparison
to the SS — MG group (P < 0.05) (Figure 2D).

Effects of Pre-treatment With a . Opioid
Agonist or Monoamine Reuptake
Inhibitor on the Anti-allodynic Effect of
Mangiferin in the Early Phase of CPIP
Model

Figure 3 shows the mechanical (von Frey) thresholds (grams)
of 72 h-CPIP rats at baseline, before, and 35 min after
pre-treatment with the vehicle or standard drugs utilized in
CRPS patients (morphine or amitriptyline) in the presence or
absence of MG 100 mg/kg, 20 min after its injection. Two-
way ANOVA shows significant main effects of time (pre-post)
(F1,43 = 235.37, P < 0.0001) and treatment (F743 = 19.94,
P < 0.0001) and a significant time X treatment interaction
(F7,43 = 21.06, P < 0.0001). The post-I/R von Frey thresholds
were significantly lower than baseline for all groups, and the
vehicle (SS - DMSO) injection did not result in a significant
increase in paw-withdrawal threshold. SS - MG (100 mg/kg)
(pre- vs. post-drug) was found to be significantly anti-allodynic
(P < 0.001) with respect to vehicle post-drug administration
(SS - DMSO = 32 %+ 0.6 g vs. SS - MG100 = 10.7 £ 1.0 g,
P < 0.001). The (pre- vs. post-drug) comparison of von
Frey thresholds in CPIP rats pre-treated with morphine (0.3-
3 mg/kg) show a significant increase in all groups except for
its low dose (morphine 0.3 - DMSO = 6.1 £ 0.9 g, morphine
3 - DMSO = 93 £ 0.8 g P < 0.001, morphine 0.3 -

MG =10.3£0.6 g, P < 0.001, morphine 3 - MG =13.8 £ 0.6 g,
P < 0.001). The sub-effective dose of morphine in the presence of
MG was found to be significantly anti-allodynic (P < 0.001), this
effect was also observed in CPIP rats pre-treated with morphine
at a high dose (P < 0.001). In addition, the morphine 3 -
MG group shows significantly increased von Frey thresholds
compared to the SS - MG100 group (P < 0.05). The non-selective
W opioid antagonist naloxone 1 mg/kg reversed the anti-allodynic
effect of the high dose of morphine (P < 0.01) and partially the
effect of mangiferin (P < 0.01) (Figure 3A).

Two-way ANOVA shows significant main effects of time (pre-
post) (F1,33 = 204.48, P < 0.0001) and treatment (Fs 33 = 31.17,
P < 0.0001) and a significant time x treatment interaction
(F5,33 =26.01, P < 0.0001). The (pre- vs. post-drug) comparison
of von Frey thresholds in CPIP rats pre-treated with amitriptyline
(3-10 mg/kg) show a non-significant increase in thresholds of
animals (amitriptyline 3 - DMSO = 4.2 £ 0.9 g, amitriptyline 10 -
DMSO = 5.2 & 0.4 g). Nevertheless, both doses of amitriptyline
in the presence of MG where found to be significantly anti-
allodynic (amitriptyline 3 - MG = 12.6 £ 0.3 g, P < 0.001,
amitriptyline 10 - MG = 13.6 & 0.5 g, P < 0.001). Additionally,
the amitriptyline 10 - MG group shows significantly increased
von Frey thresholds compared to the SS - MG100 - group
(P < 0.05) (Figure 3B).

Effect of Repeated Oral Doses of
Mangiferin on Redox Status and IL-1
Concentration in Ipsilateral Plantar
Muscle in the Latest Phase of CPIP

Model

Lipid peroxidation (as the concentration of MDA pwM/mg Pr
in the sample) measured 13 days post-I/R injury was increased
significantly (P < 0.001) in CPIP rats treated with the vehicle,
as compared to sham CPIP controls (Table 1). Likewise, a
surrogate marker of protein damage (carbonyl protein groups)
was increased (P < 0.001) in CPIP rats with respect to
sham controls. The animals treated with MG 100 mg/kg and
prednisone show a significant decrease of MDA formation
(P <0.001) and (P < 0.01), respectively, as well as CG (P < 0.001,
P < 0.001). A significant increase of NO3 7 /NO, ™ levels, as an
indicator of NO production in muscle tissue of CPIP rats, was
observed (P < 0.001). Repeated doses of MG 100 mg/kg like
prednisone reduces the NO oxidation products concentrations
(P < 0.001, P < 0.001). GSH was inhibited significantly
(P < 0.001) in CPIP rats when compared to sham controls. The
amount of SOD increased significantly (P < 0.001) post-I/R in
comparison with the sham CPIP ipsilateral muscle superficial
layer. MG 100 mg/kg, like prednisone, significantly restores GSH
(P < 0.001, P < 0.01) and SOD (P < 0.001, P < 0.001) close to
more physiological concentrations. Additionally, IL-1f (pg/mg)
in this injured peripheral tissue was also increased in CPIP rats
compared with sham controls (CPIP - vehicle = 1565 + 422
vs. sham - CPIP = 344 4+ 17, P < 0.001). The experimental
groups CPIP - MG100 and CPIP - MG50, as well as referential
group prednisone 5, show a significant decrease of this pro-
inflammatory cytokine (CPIP - MG50 = 676 + 185, P < 0.05,
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FIGURE 3 | Influence of the pre-treatment with morphine or amitriptyline on the anti-allodynic effect of mangiferin (100 mg/kg, 1 mL/kg, i.p., MG) or vehicle (DMSO
5%) 72 h after the ischemia/reperfusion-injury. Animals received (A) saline or morphine (0.3-3 mg/kg), (B) saline or amitriptyline (3-10 mg/kg). The effect of MG and
the highest dose of agonist drug morphine were reversed by naloxone (1 mg/kg). Each column represents the reactivity time of 6-7 animals per group as

mean + SEM. *P < 0.05 represents the statistical difference between CPIP post-drug and CPIP pre-drug, while ‘P < 0.05 represents the statistical difference
between CPIP post-drugs in the presence or absence of MG, #P < 0.05 represents the statistical difference between CPIP post-groups treated with MG or highest
dose of morphine in the presence or absence of naloxone, ®P < 0.05 represents the statistical difference between treated groups regarding control vehicle

amitriptyline (mg/kg, i.p.)

TABLE 1 | Redox biomarkers in ipsilateral muscles of sham and CPIP rats treated with repeated oral doses of mangiferin (MG), prednisone (P), or vehicle.

Group Dose MDA (nM/mg Pr) CG (nM/mg Pr) NO (wM/mg Pr) GSH (wM/mg Pr) SOD (U/L/mg Pr)
Sham-CPIP 10 mlzkg 210+ 0.15 0.71+£0.02 14.26 £0.74 108.20 + 5.36 26.33 + 0.85
CPIP-vehicle 10 mlzkg 5.53 + 0.32° 1.96 + 0.05°¢ 35.26 + 1.38° 61.18 +2.38° 69.72 + 1.55°
CPIP-P5 5 mg/kg 3.43 + 0.30° 1.19 + 0.042 17.61 £ 0.512 84.52 4+ 3.03° 40.09 + 2.932
CPIP-MG100 100 mg/kg 3.20 +£0.112 0.94 + 0.042 24.37 +1.282 81.97 £1.912 38.91 +£2.032

Data are presented as mean + SEM of n = 5-6 per group. @p < 0.001, Pp < 0.01 represent the statistical difference between treated groups and control (CPIP — vehicle
group), and °p < 0.001 represent the statistical difference between treated groups and sham — CPIP group. CMC 0.05% was used as the vehicle by the oral route. CPIR,
chronic post-ischemia pain; CG, carbonyl protein groups concentration; GSH, reduced glutathione; MDA, malondialdehyde; NO, nitric oxide; Pr, protein;, SOD, superoxide

dismutase.

CPIP - MGI00 = 344 £ 21, P < 0.001, CPIP - prednisone
5 =209 % 39, P < 0.001) in ipsilateral muscle tissue 13 days after
I/R injury (Figure 4).

Effect of Repeated Oral Doses of
Mangiferin on Mechanical Allodynia in
the Latest Phase of CPIP Model and Its

Relation to IL-18 Spinal Concentration

At 7 days post-I/R injury and after repeated oral dairy
similar doses of MG (10-100 mg/kg) for 5 days, CPIP
rats treated with doses of 50 and 100 mg/kg showed an
increase in ipsilateral paw-withdrawal threshold compared to
vehicle CPIP animals. The group treated with prednisone
5 mg/kg (CPIP-P5) did not significantly increase its von Frey
mechanical thresholds at this time (CPIP - vehicle = 4.3 £ 0.8,
CPIP - MG10 = 7.7 + 1.1, CPIP - MG50 = 10.5 £ 0.9,
P < 0.001, CPIP - MGI100 = 11.1 £ 1.1, P < 0.001,
CPIP - P5 = 7.4 £ 1.2) (Figure 5A). Once finished the MG
administration at 13 days post-I/R injury, the animals, even

after 4 days of its discontinuation, showed significantly increased
withdrawal thresholds as well as those treated with prednisone
(CPIP - vehicle = 3.9 & 1.0, CPIP - MG10 = 6.0 £ 0.8, CPIP -
MG50 = 8.1 £ 1.1, P < 0.05, CPIP - MGI100 = 9.0 £+ 1.0,
P < 0.01, CPIP - P5 = 9.0 & 1.0, P < 0.01) (Figure 5B).
At this time point, IL-18 (pg/mg) in the spinal cord tissue
was increased in CPIP rats compared to the sham controls
(CPIP - vehicle = 3614 4 254 vs. sham - CPIP = 2091 =+ 33,
P < 0.01). The concentration of IL-1f in the CPIP-MGI100
group (2082 £ 51, P < 0.001) decreased significantly, similar
to its reference group treated with prednisone (2244 £ 138,
P < 0.01), compared to the CPIP - vehicle animals, respectively
(Figure 5C). A Spearman’s correlation analysis for paw-
withdrawal threshold data and numerical spinal protein IL-1f
data was performed. This analysis included results from the
vehicle, prednisone and MG 50 and 100 mg/kg treated CPIP rats
(n = 24). Correlation analysis identified an association between
reduced mechanical paw-withdrawal threshold and increased
spinal protein concentration of IL-1f in CPIP rats (r = —0.9216;
P < 0.0001) (Figure 5D).
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FIGURE 4 | IL-1B protein concentration in the muscle samples of the
superficial plantar layer 13 days after post-ischemia/reperfusion and 4 days
after mangiferin (10-100 mg/kg, 10 mL/kg, p.o., MG), vehicle (CMC 0.05%) or
prednisone (5 mg/kg, P) discontinuation. IL-18 was measured by ELISA. Each
bar represents the mean + SEM (n = 6 animals). #P < 0.05 represents the
statistical difference regarding sham-CPIP rats, *P < 0.05 represents the
statistical difference regarding the CPIP-vehicle group.

DISCUSSION

The findings of the present study evidenced for the first time
the anti-allodynic effect of MG in CPIP rats. However, the
presence of a mixture of an isomer, iso-MG and MG monomethyl
ether, homo-MG (Nufez Sellés et al., 2016) could facilitate
the pharmacologic effect. This model mimics the CRPS-I-
symptomatology made by persistent deep tissue (muscle, bone,
and nerve) microvascular pathology that leads to a combination
of inflammatory and neuropathic pain processes (Coderre et al.,
2004; Coderre and Bennett, 2010). In this context hypoxia and
acidosis, as well as the subsequent formation of ROS are robust
nociceptive triggers implicated in acute inflammation and edema
associated with microvascular endothelial cell I/R injury in the
early phase of CPIP (Coderre and Bennett, 2010). These include
vascular abnormalities such as persistent ischemia, dependent
on either slow-flow no-reflow due to capillary blockage, or
arterial vasospasms due to sympathetic vasoconstrictor hyper-
responsiveness and/or endothelial cell dysfunction (Blaisdell,
2002). Prolonged deep tissue ischemia for a week following
reperfusion may result in chronic inflammation leading to
peripheral and central sensitization (Laferriere et al., 2008; Kwak
et al,, 2011). MG, after its repeated administration, also shows a
long-term anti-allodynic effect in the late phase of CPIP related
to the decrease of spinal and peripheral IL-f and restoration of
redox status in the affected limb.

The sympathetic nervous system (SNS) in CRPS-I may
have an important contributory role in early-stage of disease
(Coderre and Bennett, 2010). Accordingly, mechanical allodynia
in CPIP rats has been explicated in part by sympathetically
maintained pain (SMP) mechanisms, particularly exaggerated
sympathetically mediated vascular contractility and persistent
tissue ischemia (Xanthos and Coderre, 2008; Xanthos et al.,

2008). The nociceptive responses to NE in CPIP rats are
paralleled by enhanced vasoconstrictive responses to NE
and are relieved by a-adrenergic antagonists or vasodilators.
Subsequently, an indirect sympathetic-sensory coupling has been
proposed to explicate CPIP and CRPS-I hypersensitivity. This
process may depend more on early upregulation of adrenoceptors
on vascular smooth muscle cells of the rat hind limb than
on primary afferents (Xanthos et al, 2008). MG does not
affect NE induced vasoconstrictor responses in rat mesenteric
resistance arteries, suggesting its inability for antagonized
vascular smooth muscle cells a; -adrenoceptors, which are pivotal
in SMP (Raja et al, 1991; Beltran et al., 2004). However, the
inhibition of NE induced vasoconstriction and Ca** influx
in the rat thoracic aorta by its more bioavailable aglycone
(norathyriol) and the endothelium-independent vasorelaxant
actions of some xanthones have been reported (Ko et al,
1991; Jiang et al, 2004). Several differences between the
distribution of sympathetic nerve fibers to the blood vessels
have been recognized. For most tissues, all the vessels except
the capillaries, precapillary sphincters, and metarterioles are
innervated by SNS. Particularly, the smooth muscles in the
arterioles of the nutritive capillaries are controlled by local
factors, whereas the arterioles in the subpapillary plexus are
predominantly sympathetically controlled (Groeneweg et al,
2009). A gradation from proximal to peripheral arteries toward
denser innervation and greater neurogenic responses has been
found in rats. Then vasoactive effects of individual a-adrenergic
receptor subtypes can be strongly influenced by species and
expression of subtypes in particular vascular beds. This may
be particularly relevant to hindpaw vascular bed under I-R
injury which has significant effects within the microvasculature
(Nilsson et al., 1986; Xanthos and Coderre, 2008). Despite the
fact that the vasoactive effect of MG was studied in large and
intermediate arteries it may be an approach to infer its possible
activity on vascular a-adrenergic receptors. Sympathetic blocking
with systemic guanethidine, o; antagonist prazosin, oy agonist
clonidine, and mixed o/, -adrenergic antagonist phentolamine
each induce an anti-allodynic effect 2 days after I/R in CPIP
rats (Xanthos et al., 2008). Additionally, o, antagonist yohimbine
did not induce anti-allodynia, supporting the beneficial role of
ap—adrenoceptor agonists such as clonidine in CRPS patients
(Ragavendran et al, 2016). The present results suggest the
contribution of a;_adrenoceptors in the anti-allodynic effect of
MG as well as any favorable interaction between this xanthone
and adrenergic agents. Most o, adrenoceptors are autoreceptors,
mediating negative feedback on NE release from SPGNs leading
to local vasodilation (Pertovaara, 2013). Nevertheless, spinal
oy adrenergic receptors implicated in pre-synaptic and post-
synaptic nociceptive inhibition or peripheral o, adrenergic
receptors which are expressed by primary nociceptive sensory
neurons and immune cells could also be involved in this effect.
Previously, a transient effect of MG on nociceptive pathways
mediated by spinal o, adrenergic receptors was reported
(Garrido-Sudrez et al., 2014). Furthermore, the contribution of
the L-arginine-NO-cGMP-ATP-sensitive K channel pathway to
its mechanisms (Izquierdo et al., 2013) could have influenced this
effect, considering the known reciprocal interplay between NO
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FIGURE 5 | Mechanical paw-withdrawal threshold (grams) determined by von Frey test in CPIP and sham CPIP rats after 7 repeated oral doses of mangiferin
(10-100 mg/kg, 10 mL/kg, p.o., MG), vehicle (CMC 0.05%) or prednisone (5 mg/kg, P). (A) Effect of MG during the medication at 7 days after ischemia/reperfusion
(I/R). (B) Effect of MG after its discontinuation 13 days post-I/R. The data are presented as mean + SEM. *P < 0.05 represents the statistical difference between
treated groups and control CPIP-vehicle. (C) IL-1B protein concentration measured by ELISA in the spinal cord 13 days post-I/R and 4 days after MG
discontinuation. Each bar represents the mean &= SEM (n = 6 animals). #P < 0.05 represents the statistical difference regarding sham-CPIP rats, *P < 0.05
represents the statistical difference with respect CPIP-vehicle group. (D) The relationship between mechanical paw-withdrawal threshold and the spinal IL-18
concentration 13 days post-I/R injury in CPIP rats that were treated with vehicle, MG 50 mg/kg, MG 100 mg/kg, and prednisone. Rats showed the significant inverse

relationship between these variables (- = -0.9216; P < 0.0001).
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and a-adrenoceptor in the induction of spinal antinociception
(Curyetal.,, 2011).

The role of the endothelial nitric oxide synthase (eNOS)-
NO-cGMP pathway in the regulation of local blood flow and
endothelial homeostasis is recognized (Moncada et al., 1991).
In the CPIP model, nociceptive behaviors are induced by
intradermal injection of the eNOS inhibitor (L-NIO), besides
the nociceptive hypersensitivity to NE are reduced by the
NO donor (SIN-1) (Xanthos and Coderre, 2008; Xanthos
et al, 2008). The current results also suggest a possible
beneficial interaction between SIN-1 and MG. After I/R injury,
there is both an upregulation and hyper-responsiveness of
vascular adrenoceptors as well as a reduced production of NO
(Xanthos et al., 2008). In cold CRPS patients, an imbalance
between the vasodilator NO and the vasoconstrictor endothelin-
1 (ET-1) in artificial blisters on the skin of the affected
extremity has been demonstrated (Groeneweg et al., 2006);

evidence that advised about the role of endothelial dysfunction
linked to aberrant inflammatory responses in CRPS vasomotor
disturbances (Groeneweg et al., 2008, 2009). CPIP mice show
enhanced painful responses to intraplantar ET-1 injections and
upregulation of ET-A receptors in hind paw muscle (Millecamps
etal,, 2010). Interestingly, a protective effect of xanthones against
endothelial dysfunction by reducing the levels of endogenous
NOS inhibitors could promote vasodilation in these conditions
(Jiang et al., 2004). Congruently, MG dose-dependently enhances
eNOS level in the gastric mucosa of an I/R model (Mahmoud-
Awny et al., 2015). Likewise, its ability to inhibit smooth muscle
spasms in tracheal rings have been linked with epithelium
eNOS-NO-cGMP-dependent mechanisms (Vieira et al., 2013).
Additonally, it was previously reported that MG inhibited ET-
1 secretion and restored the loss of NO production when cells
were exposed to high glucose under endoplasmic reticulum
stress conditions (Songetal., 2015). An earlier study of the
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CPIP model revealed that topical combinations including
aza receptor agonists, phosphodiesterase four inhibitors, or
NO donors improved both arterial and capillary blood flow
associated with effective analgesia (Ragavendran et al., 2013;
Laferriere et al, 2014). All these facts add support to our
interpretation that MG relaxant properties may be closely
related to the activation of the NO-cGMP pathway in
CPIP.

Although currently there are no positive trials in CRPS for
drugs such as tricyclic antidepressants (TCA) or opioids, both
are often indicated (Birklein and Schlereth, 2015). Amitriptyline
was ineffective in decreasing mechanical allodynia in CPIP rats
and morphine had a slight, but significant anti-allodynic effect,
early when tissues exhibit elevated local production of ROS
and other inflammatory mediators (Millecamps and Coderre,
2008). This experiment showed that the anti-allodynic effect of
MG was naloxone-sensitive. Other authors have described the
participation of endogenous opioid peptides and the activation
of peripheral opioid receptors in its analgesic mechanisms (Dar
et al., 2005; Izquierdo et al., 2013; Lopes et al., 2013). Current
results also suggest a beneficial interaction of MG with both
drugs, probably related to its ability to modulate noradrenergic,
serotonergic, and opioid systems (Garrido-Sudrez et al., 2014;
de los Monteros-Zuniga et al.,, 2016), in addition to a potent
antioxidant effect depending on its ROS scavenging (Garrido
et al., 2008) and iron-complexing abilities (Pardo-Andreu et al.,
2008). Particularly, hypoxia-inducible factor 1o (HIF-1at), which
is regulated by ROS, has been implicated in CPIP pathogenesis
and its inhibition produces anti-allodynia (Hsiao et al., 2016).
MG shows the ability to down-regulate the expression of HIF-
la in ischemic mouse retina (Kim et al., 2016). On the other
hand, peroxynitrite (PN; ONOO™), may be involved in the
mechanical allodynia and NMDA receptor-mediated central
sensitization in the CPIP model (Kwak et al., 2014). Subsequently,
N-acetyl-L-cysteine (NAC) or ONOO™ decomposition catalysts
prevent mechanical allodynia and decrease the phosphorylation
of the NMDA spinal receptor (Kwak et al., 2011, 2014). In
agreeing with the present result, a synergistic effect of the
combination morphine and NAC, as well as potent analgesia by a
bifunctional compound v opioid agonist/antioxidant, have been
demonstrated in CPIP rats (Schiller et al., 2015). In this regard,
TCA has a large volume of pre-clinical and clinical evidence,
which support the recommendation for its use as a first-line
treatment for neuropathic pain (Finnerup et al., 2015). CPIP
like CRPS-1 is characterized by the absence of evident nerve
lesions (Coderre et al., 2004; Harden et al., 2010). However,
the evaluation of anti-neuropathic drugs is rational since a
reduced density of the sensory fiber terminal arbors in the
epidermis similar to small-fiber neuropathy observed in CRPS-
I patients has been described (Oaklander et al., 2006; Laferriere
et al, 2008). Additionally, the ectopic discharge of sensory
A-fibers and C-fibers traveling within ischemic and inflamed
nerves in CPIP play a role in central sensitization (Coderre
and Bennett, 2010). Interestingly, MG prevents sciatic nerve
Wallerian degeneration, and in clinical settings, the association of
M. indica extract formulations (containing 10-20% of MG) with
amitriptyline improved dynamic mechanical allodynia in CRPS

and zoster-associated pain patients (Garrido-Sudrez et al., 2009,
2011, 2014).

It has been proposed that the progression from early to
late stage CRPS-I reflects the evolving dominance of no-reflow
over slow-flow in deep tissue capillaries. The same bases could
underlie the transition from SMP to sympathetically independent
pain (SIP) in CRPS-I (Coderre and Bennett, 2010). A long-term
anti-allodynic effect of MG, even after its discontinuation was
also observed, suggesting its utility for preventing the progression
from early to late phases of CPIP. Possibly, protective effects
against inflammation and vascular abnormalities by repeated
treatment with MG from early stages could explicate this result.
MG restored the redox balance and decreased IL-1f protein
concentration in the ipsilateral paw muscles of CPIP rats. This
ability of MG to increase the total antioxidant capacity and GSH,
normalize MDA, and reduce a serum level of IL-1f was also
previously reported in a gastric ulcer I/R model (Mahmoud-
Awny et al,, 2015). The rise of pro-inflammatory cytokines has
been considered causative of the imbalance between endothelial
NO and ET-1 in CRPS, which in turn inhibits eNOS activity
and accelerates the transcription of preproendothelin-1 (Patel
et al., 2002; Groeneweg et al, 2006). On the other hand,
in smooth muscle, cytokines stimulate inducible nitric oxide
synthase (iNOS) transcription, which promotes the formation
of NO. Subsequently, its combination with superoxide form
ONOO™ increases oxidative damage and endothelial dysfunction
(Alonso and Radomski, 2003). ET-1 and ONOO™ also contribute
to hyperalgesia in these conditions (Millecamps et al., 2010;
Salvemini et al, 2011). In the present study, a reduction of
local production of nitrites was observed. MG could restore
the physiological balance between endothelial constitutive and
inducible NOS in CPIP rats since this xanthone prevented tumor
necrosis factor a (TNFa) or IL-1-induced NF-kB activation
(Leiro et al.,, 2004). MG decreases iNOS mRNA and iNOS
protein levels in inflammatory peritoneal macrophages, as well
as TNFa, NO, and ROS production in several studies (Garcia
et al., 2002; Garrido et al., 2004). MG also inhibits IL-1f and
iNOS expression in vascular smooth muscle cells (Beltran et al.,
2004), besides enhanced eNOS, while reducing iNOS in the serum
of rats under gastric I/R insult (Mahmoud-Awny et al., 2015).
Inflammatory mechanisms associated with deep tissue nociceptor
sensitization and ectopic discharge in sensory fibers could initiate
and maintain central sensitization in CPIP (Coderre and Bennett,
2010). Several cytokines including IL-1, IL-6, and TNFa have
been found in the spinal cord fluid, serum, and peripheral tissues
of CRPS patients (Alexander et al., 2005). TNFa and IL-f have
been implicated in mechanical hyperalgesia, as well as inducing
long-term potentiation in the spinal dorsal horn via NF-kB in
nerve-injured rats (Lin et al., 2007). Pro-inflammatory cytokines
and ROS may induce glutamatergic dysfunction for inhibiting
glial cells’ ability to remove glutamate from the synaptic cleft
(De Leo et al., 2006). Here, 13 days after I/R injury, an inversed
correlation between paw-withdrawal threshold and spinal IL-18
protein was observed, while previously the role of muscle and
spinal NF-kB in the development of mechanical allodynia in a
CPIP model was demonstrated (de Mos et al., 2009). Further
non-specific modulators of NF-kB including steroids used as a
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reference in this study have been useful in animals and CRPS
patients (Bianchi et al., 2006). Hence, the anti-allodynic effect
of MG could be correlated with the inhibition of spinal IL-1f
production.

CONCLUSION

The present results suggest that MG displays a transient anti-
allodynic effect in CPIP model and any potential favorable
interaction with agents that block sympathetic vasoconstriction
or enhanced NO-dependent vasodilatation, opioids, and TCA,
possibly by additive/or supra-additive mechanisms. However,
an isobolographic analysis should be performed to define a
functional interaction between them. This effect appears to be
at least partially attributable to the opioid and o adrenergic
receptors. Its long-term anti-allodynic effect was related to the
spinal and peripheral IL-1f decrease and resorting of redox status
in the affected limb, suggesting that MG may be useful in CRPS-I
patients with clinical relevance in both SMP and SIP.
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Chile, * Centre de Psychiatrie et Neurosciences, INSERM UMR 894, Paris, France

Intrathecal administration of brain derived neurotrophic factor (BDNF) induces long-
term potentiation (LTP) and generates long-lasting central sensitization in spinal cord
thus mimicking chronic pain, but the relevance of these observations to chronic pain
mechanisms is uncertain. Since C-fiber activation by a high-frequency subcutaneous
electrical stimulation (SES) protocol causes spinal release of BDNF and induces spinal
cord LTP, we propose that application of such protocol would be a sufficient condition
for generating long-lasting BDNF-mediated central sensitization. Results showed that
application of burst-like SES to rat toes produced (i) rapid induction of hyperalgesia
that lasted for more than 3 weeks, (i) early increase of C-reflex activity followed by
increased wind-up scores lasting for more than 1 week, and (iii) early increase followed
by late decrease in BDNF protein levels and phosphorylated TrkB that lasted for more
than 1 week. These changes were prevented by the TrkB antagonist cyclotraxin-B
administered shortly before SES, while hyperalgesia was reversed by cyclotraxin-B
administered 3 days after SES. Results suggest that mechanisms underlying central
sensitization first involve BDNF release of probably neuronal origin, followed by brief
increased expression of likely glial BDNF and pTrkB that could switch early phase
sensitization into late one.

Keywords: subcutaneous electrical stimulation, hyperalgesia, C-reflex, windup, brain-derived neurotrophic
factor, cyclotraxin-B

INTRODUCTION

Chronic pain is characterized by its persistence in time even when the primary cause had already
been resolved. It is causally related to a phenomenon called central sensitization characterized by
hyperalgesia, allodynia, and expansion of receptive field, which mainly results, among other factors,
from long-lasting increases in efficacy of synaptic communication between nociceptive afferent
fibers and some specific dorsal neurons, termed long-term potentiation (LTP) (Latremoliere
and Woolf, 2009; Sandkiihler, 2009). LTP can typically be induced in some synapses of the
hippocampus (Bliss and Lomo, 1973), cerebral cortex (Artola and Singer, 1987) or spinal cord
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dorsal (Randicetal., 1993) horn by applying high-frequency
electrical stimulation (e.g., 50-100 Hz) to corresponding
presynaptic neurons. During persistent pain, LTP is assumed
to be generated in dorsal horn synapses by a barrage of action
potentials triggered from the injured peripheral tissue, which
travels via nociceptive afferent C-fibers (Sandkiihler, 2009).
The increase in synaptic efficacy that defines the LTP process
results from changes in phosphorylation and expression of some
molecules in the spinal cord dorsal horn, as well as from the
remodeling of specific neuronal circuits there (Latremoliere and
Woolf, 2009; Sandkiihler, 2009). In this context, inflammatory,
neuropathic and other forms of chronic pain, are causally
related to upregulation of a variety of pronociceptive mediators
produced by neurons and glial cells in the spinal cord, i.e.,
glutamate (Kawamata and Omote, 1996; And6 and Sperlagh,
2013), ATP (Cui et al.,, 2014), cytokines (Whitehead et al., 2010),
neurotrophins (Coull et al., 2005), which are accompanied by
complex changes in dorsal horn expression of the corresponding
receptors, i.e., glutamate, purinergic, cytokine, and BDNF
receptors (Latremoliere and Woolf, 2009). In turn, intrathecal
injection of these mediators to naive animals can induce a
behavioral pain response, but only the intrathecal injection of
the neurotrophin BDNF and ATP has been found to produce a
significant hyperalgesic status that is maintained for several weeks
(Nakagawa et al., 2007; Constandil et al., 2011; Marcos et al,,
2017).

The understanding of the specific role of each pronociceptive
mediator in the initiation and maintenance of chronic pain is
hindered by the fact that all the animal models used in chronic
pain research produce variable degrees of peripheral tissue
damage, which prevents the collection of reliable molecular,
structural, functional, and behavioral information from the very
beginning of pain elicitation, which is critical to differentiate
the spinal mechanisms that initiate chronic pain (e.g., early
LTP) from those involved in its maintenance (e.g., late LTP).
Therefore, development of new experimental pain models of
chronic pain devoid of peripheral lesion is a real need today. Here
we propose the development of a new model of chronic pain in
rat, devoid of peripheral lesion, based on the induction of spinal
cord central sensitization by means of the application of a high-
frequency subcutaneous electrical stimulation (SES) protocol
to a rat hind paw, strong enough for activating nociceptive
C-fibers, and to take advantage from this model to study the
participation of BDNF in the initial stages of chronic pain.
For this purpose, we conducted a long-term evaluation of the
hyperalgesia developed in rats submitted to different burst-like
SES protocols, as well as of the changes produced in nociceptive
transmission properties in the spinal cord, using paw pressure
testing and C-fiber-mediated reflex recording, respectively. By
utilizing these experimental paradigms, we studied the effect of
i.t. administration of the highly potent and selective allosteric
TrkB antagonist cyclotraxin-B (CTX-B) (Cazorla et al., 2010),
in order to give insights on the participation of the BDNF
neurotrophin on the early and/or late neuroplastic mechanisms
underlying spinal cord sensitization. Finally, the ability of burst-
like SES to overexpress BDNF levels and to phosphorylate TrkB
in lumbar spinal cord, as well as the susceptibility of these

changes to CTX-B administration, were also studied using ELISA
methods. The rats used were additionally studied regarding the
potential capacity of high-frequency SES to produce peripheral
lesion at the site of application, which is the main unwanted
factor of experimental chronic pain models existing today during
exploration of central sensitization mechanisms.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (200-220 g) were purchased
from the Animal Facility Centre of the Faculty of Medicine,
University of Chile, and maintained in a controlled environment
(12 h light/dark cycles and ambient temperature of 22°C) with
food and water freely available. The animals were housed 3
to 4 per cage on a wood chip litter. All efforts were made to
minimize the number of animals used. The experiments were
performed in agreement with the Guide for the Care and Use of
Laboratory Animals of NIH (National Research Council, 2011),
Pain and Laboratory Animals: Publication Practices for Better
Data Reproducibility and Better Animal Welfare (Carbone and
Austin, 2016), and were approved by the local institutional
Bioethics Committee of the University of Santiago of Chile (C-
589). To perform the determinations required in the study, all
the investigators were blinded to the experimental conditions.
To determine the number of required rats, we use G*Power 3
Software (Faul et al., 2007) for conducting sample size power
analysis.

High-Frequency Subcutaneous Electrical
Stimulation (SES)

The rats were anesthetized with 2.5% isoflurane/97.5% O,
(Sigma, St. Louis, MO, United States) employing a latex
diaphragm-modified rodent facemask, and stimulated electrically
with high-frequency SES through a pair of steel electrodes
subcutaneously placed in the fourth and fifth toes of the right
hind paw. Three different high-frequency SES protocols were
initially used: Protocol 1: 1-s pulse trains applied every 10 s
during a 3-min period, each train composed by rectangular
pulses of 1 ms and 7 mA intensity, at 100 Hz; this current
intensity is slightly over the threshold current required for
subcutaneous activation of C-fibers as calculated from the
C-reflex study (see below); Protocol 2: similar to protocol 1,
but applied during 20 min; Protocol 3: similar to protocol 1,
but repeating the high-frequency SES after a 10-min interval.
This last protocol produced reliable hyperalgesia beginning 1 h
after SES application and lasting for more than 21 days, and
was selected to be used for the remainder of the study (SES
group). To explore the specificity of the hyperalgesic response
to pulse frequency and current intensity used in protocol 3,
two other pulse frequencies of 50 and 10 Hz were tested while
maintaining the 7-mA current (50 Hz 7 mA and 10 Hz 7 mA
groups); in addition, two other constant currents of 5 and 3 mA
were tested but now maintaining the original 100 Hz frequency
(100 Hz 5 mA and 100 Hz 3 mA groups). All the variants
of the high-frequency SES utilized were generated with a S88
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Grass stimulator, associated to a SIU5 Grass stimulus isolator
unit and to a CCU1 Grass constant current unit (all from Astro-
Med, Inc., West Warwick, RI, United States). Control rats were
also anesthetized and the electrodes subcutaneously inserted into
the toes, but no electrical stimulation was applied (SES-sham
group). Once the different SES or SES-sham protocols were
applied, the stimulating electrodes utilized for that purpose were
removed.

Mechanical Nociception Test

The paw pressure test was used to evaluate the threshold for
mechanical nociception in SES-treated and SES-sham rats. The
test consisted of the progressive application of a uniformly
increasing pressure over the right hind paw using an Analgesy
Meter (Ugo Basile, Italy), until a withdrawal reflex come on.
To avoid injury, a cut-off value of 480 g was used. The
mechanical nociception was evaluated before applying the high-
frequency SES protocol, and 1 h and 1, 3, 7, 14, and 21 days
post-SES protocol. Because induction of hyperalgesia in one
paw sometimes leads to bilateral hyperalgesia, the mechanical
thresholds of the paw ipsilateral and contralateral to the SES
protocol were initially evaluated. Because no significant changes
were found in the mechanical threshold in the contralateral
leg, only the ipsilateral leg was tested for the remaining of the
study.

Protein Extraction and Quantification of
BDNF and pTrk-B

L3-L5 spinal cord segments extracted were kept on ice,
homogenized (Tissue Tearor model 985370, Biospec Products,
Inc., United Kingdom) in lysis buffer (9803S, Cell Signaling
Technology, Danvers, MA, United States) containing 1x sodium
orthovanadate and 1x Roche complete protease inhibitor
cocktail, and centrifuged at 7000 rpm (Hettich, universal model
320R, Tuttlingen, Germany) at 4°C for 15 min. The protein
concentration was determined by the bicinchoninic acid method
(BCA) using the kit BCA Protein Assay through a colorimetric
reaction quantified in an FC multiskan ELISA reader (Thermo
Fisher Scientific, Barrington, IL, United States). BSA curve was
used as a standard to quantify the total protein concentration.
Measurements were made at an absorbance of 562 nm.

Quantification of BDNF and pTrk-B was performed by ELISA
according to manufacturer specifications. BDNF protein was
quantified using the ELISA E,,x Immunoassay System (Promega,
Madison, WI, United States), while for quantifying pTrkB the
ELISA test PathScan® Phospho-TrkB (panTyr) (Cell Signaling
Technology, Danvers, MA, United States) was used. In our
experience, BDNF concentrations determined with ELISA are in
a similar range to those detected by Western blot method.

C-Reflex and Wind-Up Recording

The electromyographic (EMG) activity associated to the hind
limb-flexion nociceptive reflex evoked by activation of C fibers
of the sural nerve (C-reflex) was studied by using the method
described by Falinower et al. (1994). All the procedures were
performed on rats anesthetized with 0.8% isoflurane/99.2% O,

and placed on a homoeothermic blanket system (37 £ 0.5°C).
Briefly, a pair of uncoated platinum low profile needle electrodes
was inserted subcutaneously into the lateral part of the third
and fourth toes. The electrical stimuli, consisting of single
rectangular shocks of 1-ms duration with 2-time the current
intensity required to elicit a threshold C-reflex, were delivered
at 0.1 Hz from a Grass stimulator S11 associated with a
SIU5 Grass stimulus isolator unit and to a CCU1l Grass
constant current unit. The EMG responses were recorded via
another pair of platinum electrodes inserted through the skin
into the ipsilateral biceps femoris muscle. The responses were
amplified with a Grass P511 preamplifier (Astro-Med, Inc.,
West Warwick, RI, United States), and digitized at 4 KHz
and integrated into a 150-450 ms post-stimulus time window
using a PowerLab 2/20 (ADInstruments, Castle Hill, NSW,
Australia) connected to a IMAC computer (Apple INC, CA,
United States). Plotting integrated C-reflex responses versus
increasing stimulus intensities allowed detecting the C-fiber
threshold current intensity in naive rats (6.5 = 0.3 mA) by linear
regression procedure. C-reflex data was recorded as averages
of 15 consecutive windows of integrated C-reflex (stimulation
at 0.1 Hz, 2 x threshold current intensity). To study the
potentiation of C-reflexes to repetitive stimulation, known as
wind-up, the stimulating frequency was incremented to 1 Hz
while maintaining the 2 x threshold current intensity. The
wind-up was evaluated by using data only from the first
seven consecutive windows, which show incremental trend, and
calculated as the slope of the regression line fitted to these seven-
point data. CTX-B or saline was i.t. injected prior to applying
the high-frequency SES or the sham protocol and the C-reflex
and wind-up followed for 30, 60, 90, and 120 min. Afterward,
the stimulating and recording electrodes were removed and
the rat returned to its cage. Seven days after, C-reflex and
wind-up studies were repeated on the same animals, and
thereafter the rats were sacrificed by means of an overdose of
isoflurane.

Inhibition of TrkB Receptor

CTX-B, manufactured as Tat-cyclotraxin-B (Bio S & T, Montreal,
QC, Canada), was dissolved in saline and administered
intrathecally as a single dose of 40 jug/kg, in a 10 pl volume. CTX-
B was administered preventively, 90 min before the application of
the high-frequency SES protocol (n = 6), and curatively 3 days
after application of high-frequency SES (n = 6), according to
Constandil et al. (2012). Both groups were evaluated daily for
7 days. On day 7, after the last algesimetric measurement, the
animals were sacrificed by an overdose of anesthesia and the
lumbar spinal cord (L3-L5 segments) was removed for proteins
analysis.

Evaluation of Safety of the
High-Frequency SES Protocols in

Animals

To study whether the SES protocols produce or not inflammation
in the rats right hind paw, increase in volume, flushing,
temperature were determined in the hind paw prior and 10
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and 60 min after the application of the high-frequency SES
protocols, by means of Vernier caliper, visual inspection and
a contact thermistor thermometer applied on the skin surface
of the paw, respectively. In addition, plasma extravasation of
Evans blue dye in the stimulated hind paw was also determined
using a modification of the technique described by Gonzalez
et al. (2005). Briefly, 50 mg/kg of Evans blue dye was injected
into a tail vein of the rat 10 min before application of SES to
the hind paw, and serial images of the paw were recorded with
a Sony WX500 digital camera prior and 10 and 60 min after
the application of the high-frequency SES protocol. Extravasated
dye was evaluated through change in light reflectance (8 bit
0-255 scale) by measuring the mean value of pixels included
in a 5 mm x 5 mm square region of the dorsomedial
part of the stimulated hind paw, by using the Fiji image
processing package (Laboratory for Optical and Computational
Instrumentation, University of Wisconsin-Madison, Madison,
WI, United States).

Data Analysis

The results were expressed as means £ SEM and analyzed with
the statistical software GraphPad Prism 6.0 (GraphPad Software
Inc., San Diego, CA, United States). To assess the time-course of
changes induced by the high-frequency SES protocol, analyses
were performed by comparing pre and post-treatment scores
using the Kruskal-Wallis test followed by the post hoc Dunn’s
multiple comparisons test. Non-parametric statistics was chosen
because animal groups were composed by six rats, a sample size
that usually not allows to demonstrate a Gaussian distribution of
data group. The GraphPad Prism 6.0 was used to calculate area
under curves and slopes of linear regression fitting in the wind-up
study. In all comparisons, statistical significance was established
atp < 0.05.

RESULTS

High-Frequency SES Induced

Long-Lasting Hyperalgesia in the Rat

As shown in Figure 1, the SES-sham group exhibited no
significant change in the paw pressure threshold during the
21 days of the study, indicating that the mere subcutaneous
insertion of the stimulating electrodes under the skin of toes does
not significantly modify the nociceptive threshold to subsequent
mechanical nociceptive testing of rats. In contrast, all groups
receiving high frequency SES showed a significant decrease of the
paw pressure threshold during variable time intervals, depending
on the protocol used. In the group receiving the SES protocol 1
(3-min stimulation, 7 mA, 100 Hz), the paw pressure threshold
decreased on day 3 post-stimulation and remained significantly
decreased until day 10, as compared to the basal value obtained
prior to electrical stimulation (Figure 1A). In the group receiving
the SES protocol 2 (20-min stimulation, 7 mA, 100 Hz), the
paw pressure threshold remained significantly decreased since
day 1 post-stimulation until day 3, compared to the basal value
(Figure 1A); the experiment was stopped on day 3 and the rats
(n = 2) euthanized because the paw showed an electrical burn
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FIGURE 1 | Paw pressure threshold of rats submitted to different
high-frequency SES protocols. (A) SES-sham protocol and three high
frequency protocols. Protocol 1: 100 Hz, 7 mA, 3 min; Protocol 2: 100 Hz,

7 mA, 20 min; Protocol 3 (SES): 100 Hz, 7 mA, 3 min*2. (B) SES-sham
protocol and 10 Hz, 7 mA; 100 Hz, 50 Hz, 7 mA and 7 mA (SES).

(C) SES-sham protocol and 3 mA, 100 Hz; 5 mA, 100 Hz and 7 mA, 100 Hz
(SES). Values are mean + SEM (n = 6 rats per group). Asterisks indicate a
significant intragroup difference (*p < 0.05) when post-SES values were
compared with the pre-SES score at time zero (Kruskal-Wallis test followed by
the post hoc Dunn’s multiple comparisons test).

injury. In the group stimulated with protocol 3 (2 x 3-min
stimulation, 7 mA, 100 Hz), the paw pressure threshold decreased
since 1 h post-SES until to the end of the experiment on day
21 post-SES (Figure 1A). Animals subjected to this protocol
(SES group) showed no visible injury in the area stimulated.
Furthermore, none of the signs associated with inflammation
(increase in volume, flushing, increased temperature, and plasma
extravasation) were observed in the hind paw of these animals
10 min or 1 h post-SES (Table 1). However, we cannot totally rule
out that there has been some subtle alteration in the stimulated
paw of the SES group that was not detected by our inflammatory
assays.
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TABLE 1 | Inflammatory parameters measured in animals submitted to the
high-frequency SES protocol.

Stimulated hind Previous SES Ten minutes One hour
paw post-SES post-SES
Temperature (°C) 31.1+0.8 31.31 + 0.6 31.5+0.5
Skin color Normal Normal Normal
Hind paw 49+1.0 48+ 21 48+26
thickness (mm)

Plasma 83.7 £ 6.3 92.1+84 87.9+8.3
extravasation

Values are mean + SEM (n = 6 rats per group). No significant differences between
previous basal and 10 min or 1 h post-SES values were found (Kruskal-Wallis test).

Reduction in SES frequency to 50 or 10 Hz (but maintaining
the 7-mA current intensity) resulted in a less lasting effect of SES,
since in these conditions the decrease in mechanical nociceptive
threshold only lasted for 7 days (Figure 1B). Alternatively,
reduction of SES current intensity to 5 or 3 mA (but maintaining
the 100-Hz frequency of stimulation) led to a decrease of the
mechanical nociceptive threshold that lasted for only 3 days
(Figure 1C).

High-Frequency SES Induced Biphasic
Effects in BDNF Expression and TrkB
Phosphorylation in Rat Lumbar Spinal

Cord

The high-frequency SES applied to the hind paw modified in a
biphasic manner the BDNF concentration in the lumbar spinal
cord. Initially, at 6 h post-stimulation, the BDNF expression
level increased by 42% with respect to the basal level. At 12 and
24 h post-SES the BDNF levels were similar to the basal one,
whereas at days 3 and 7 post-stimulation the BDNF expression
levels were significantly lower (around 50% decrease) than the
basal level (Figure 2A). The concentration of pTrkB in lumbar
segments of the spinal cord also presented a biphasic variation,
but with a phase shift of the peak of 6 h. Indeed, pTrkB levels
were significantly higher 12 h after SES stimuli, while showing
a significant decrease 3 and 7 days after the electrical stimuli
compared to the basal measure prior to SES (Figure 2B).

Intrathecal Cyclotraxin-B Prevented and
Reversed Mechanical Hyperalgesia and
the Late Decrease in Lumbar Spinal Cord
Expression Levels of BDNF and pTrkB

Induced by High-Frequency SES

CTX-B, administered i.t. 90 min before SES, prevented the
decrease in paw pressure threshold produced by the SES while
saline did not (Figure 3A). In agreement, in animals receiving
pre-SES injection of CTX-B, the expression levels of BDNF
(Figure 4A) and pTrk-B (Figure 4B) found in lumbar spinal
segments on day 7 post-SES were not significantly different to
those found in SES-sham animals. CTX-B administered i.t. 3 days
post-SES significantly reverted the decrease in paw pressure
threshold produced by the high-frequency SES protocol, the

paw withdrawal threshold on day 7 being returned to the pre-
SES score (Figure 3B). Intrathecal CTX-B, given on day 3
post-SES, prevented the late decrease in BDNF and pTrk-B
expressions, as on day 7 post-SES these animals did not show
significant differences in expression levels of the transcripts with
respect to corresponding levels found in the SES-sham group
(Figures 4A,B, respectively).

High-Frequency SES Induced Differential
Short- and Long-Term Increments of
Nociceptive Transmission in Rat Spinal

Cord: Preventive Effect of CTX-B

Animals subjected to the high-frequency SES protocol showed
increased integrated C-reflex activity 60 min following SES,
as related to the pre-SES baseline value, which attained
statistical significance upon 120 min post-SES (Figure 5A).
In these animals, the integrated C-reflex responses returned
to basal values 7 days after application of the SES protocol.
No significant changes were observed in the time-course
of the C-reflex response in animals subjected to the SES-
sham protocol (Figure 5A). Since C-reflex responses, unlike
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FIGURE 2 | Expression levels of BDNF (A) and pTrkB (B) in the L3-L5
laminae of dorsal lumbar spinal cord of rats submitted to the high-frequency
SES protocol. Values are means + SEM (n = 6 rats per group). BDNF and
pTrkB were measured with ELISA test. The BDNF was expressed as pg
BDNF/mg protein due to the absorbance was compared with a concentration
reference curve, while that for pTrkB we have a not a reference curve.
Asterisks show a significant difference (*p < 0.05) respect to time zero (black
bar) (Kruskal-Wallis test followed by the post hoc Dunn’s multiple
comparisons test).
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induced-hyperalgesia, as revealed by paw pressure thresholds. (A) CTX-B or
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pre-SES), (B) CTX-B or saline was administered 3 days after SES (CTX-B
SES-sham and CTX-B post-SES). Values are means + SEM (n = 6 rats per
group). Asterisks indicate a significant intragroup difference (*p < 0.05) when
post-SES scores were compared with the pre-SES score (time 0)
(Kruskal-Wallis test followed by the post hoc Dunn’s multiple comparisons
test).

mechanical hyperalgesia, returned spontaneously to basal values
7 days after application of the SES protocol, the antagonistic effect
of CTX-B administered post-SES on the integrated C-reflex was
not tested.

Wind-up scores did not change along the 210-min period
of recording after applying the high-frequency SES protocol,
as related to baseline scores obtained prior to SES application.
However, on day 7 after SES, wind-up activity was significantly
increased with respect to pre-SES scores (Figure 5B), which is
indicative of a late neuroplastic event. No significant changes
were observed throughout the experiment in C-reflex wind-
up scores from animals subjected to the sham-SES protocol
(Figure 5B).

Administration of CTX-B 90 min before the application of the
high-frequency SES protocol prevented the increase in C-reflex
activity elicited by SES (Figure 5A). CTX-B administered prior
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FIGURE 4 | Antagonistic effects of CTX-B upon high-frequency SES
induced-decreased in the expression levels of both BDNF (A) and pTrkB (B)
on day 7 after SES. Values are means + SEM (n = 6 rats per group). Asterisks
indicate a significant intergroup difference (*p < 0.05, Kruskal-Wallis test
followed by the post hoc Dunn’s multiple comparisons test).

to SES also prevented the late increase of wind-up scores
(Figure 5B).

DISCUSSION

We found that application of a high-frequency SES protocol,
strong enough to activate C-fibers in the nociceptive afferent
pathway, is a sufficient condition for generating long-lasting
central sensitization in naive animals, as revealed by (i) rapid
induction of hyperalgesia that lasted for more than 3 weeks,
(ii) early increase of integrated C-reflex activity followed by
increased wind-up scores lasting for more than 1 week, and (iii)
early increase in the levels of BDNF protein and phosphorylated
TrkB, followed by late decreased levels of both molecular
markers that lasted for more than 1 week. All these changes
were prevented by intraperitoneal administration of CTX-B
before SES, and intrathecal injection of CTX-B 3 days after
SES also was effective to reverse the hyperalgesia induced.
The SES protocol used did not generate noticeable injury in
peripheral tissue, as revealed by unchanged values either in
volume, flushing, temperature, or plasma extravasation of the
stimulated hind paw.
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Nociceptive sensitization induced by peripheral electric
stimulation was first demonstrated by Woolf and Wall (1986),
who showed that low frequency (2 Hz) conditioning electrical
stimuli at an intensity sufficient to activate C-afferent fibers
result in a short-term (3 h) heterosynaptic facilitation of the
flexor motoneuronal response in anesthetized decerebrate spinal
rat. Later, other authors showed that low-frequency electric
stimulation (10 Hz) of peripheral C-fibers evoked a longer (48 h)
but still short, central sensitization to mechanical stimuli in
awake behaving rats (Hathway et al., 2009). Thus, low-frequency
stimulation of peripheral C-fibers does not mimic the temporal
profile of pain observed in most animal models of chronic pain,
which persists quite stable for more than 15 days. Here, we
showed that a 3-min series of high-frequency electric stimulation
at 100 Hz, applied at 7 mA to the rat hind paw, which is slightly
over the threshold current required for subcutaneous activation
of C-fibers, produced heterotopic mechanical hyperalgesia that
persisted for 1 week. Moreover, upon repetition of the series
10 min after, the hyperalgesic status was prolonged for at least
3 weeks. Such an enduring hyperalgesia is quite similar to that
found in preclinical models of chronic pain, at least in terms of
time-course and stability of the central sensitization process. In
humans, repeated electrical stimulation of the skin with trains
of 100 Hz at 10-20 x individual detection threshold, which
supposedly targeted peptidergic C-fibers, produced a gradual
increase in both the homotopic and heterotopic pain, which

persisted for about 200 min (Klein et al., 2004), thus providing
a link between the present results and clinical observations
concerning the hyperalgesic effect of high-frequency stimulation
protocols. Central sensitization can also be triggered by natural
stimuli applied to the skin such as mechanical, thermal, or
by irritating reactive chemicals, but also by a variety of
mediators released in injured tissue, such as ATP, cytokines,
and neurotrophins (Sandkiihler, 2009). However, the major
advantages of electrical stimulation over any other types of
stimulation are brevity and strict control in time of stimulus
onset, cut-off, frequency, pulse pattern, and duty cycle, as well
as the absence of peripheral injury and associated peripheral
sensitization phenomena. It is worthy to note that in spite of no
plasma extravasation and edema were observed in the stimulated
hind paw during the course of the present experiments, there
is older data showing that antidromically activated C afferents
could lead to peripheral release of neuropeptides that could
result in vasodilation and plasma extravasation in the skin (Gee
et al,, 1997; Hathway et al., 2009), which are key components
of neurogenic inflammation. Nevertheless, it has been reported
that unlike neurogenic inflammation produced by capsaicin,
mustard oil or histamine, antidromic electrical stimulation of
C-fibers did not evoke spontaneous activity in the polymodal
fibers tested nor did it markedly affect their mechanical and
thermal excitability in periods of up to 1 h after stimulation
(Reeh et al., 1986), thereby indicating absence of peripheral
sensitization. Further, the literature shows that the time-course of
symptoms (vasodilation, plasma extravasation, or edema) for the
electrically evoked, C-fiber mediated neurogenic inflammation
did not last for more than 1 h (Gee et al., 1997; Nakagawa et al.,
2007; Hathway et al., 2009) and, therefore, they can be ruled out
as factors involved in the more lasting central effects produced by
the SES protocol.

Ying et al. (2006) generated bilateral mechanical allodynia
in the rat hind paw by using a pair of stainless-steel hooks
for direct electrical stimulation of the exposed sciatic nerve
with 30 Volt pulses (100 Hz, 20 trains of 2 s duration at 10 s
intervals). Without proper control of the stimulating current
intensity, this procedure may provide a very strong current that
will flow through across the entire nerve and, as discussed by
Ying et al. (2006), a slight degeneration of some myelinated and
unmyelinated fibers in the sciatic nerve was observed under an
electronic microscope which might lead to activate peri-sciatic
immune cells. As reported elsewhere, bilateral allodynia can be
created in rats by microinjection of immune activators around
one healthy sciatic nerve, where intense immune activation
produces bilateral allodynia, while low level immune activation
produces allodynia only in the microinjected side (Milligan et al.,
2003). In some initial experiments, we also included testing of the
mechanical threshold of the hind paw contralateral to the applied
SES. Unlike the ipsilateral hind paw, no hyperalgesia could be
demonstrated in the contralateral one (results not shown).

Central sensitization in the spinal cord has been linked to
immediate-onset, transcription-independent, NMDA receptor-
mediated mechanisms, such as LTP (Sandkiihler, 2009), and
afterward maintained by a late-onset, transcription-dependent
mechanism that include ERK signaling to the nucleus and
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subsequent phosphorylation of CREB, with increased expression
of early genes codifying for c-fos, COX;, and the neurotrophin
BDNE as well as for other late response genes (Latremoliere
and Woolf, 2009). In the spinal cord, early-phase LTP could
be rapidly induced (within minutes) as an activity-dependent
regulated process virtually by any type of high-frequency
burst-like stimulation at C-fiber intensity, without requiring
of protein synthesis (Sandkiihler, 2009). The reduced paw
pressure threshold and the increased C-reflex activity detected
1 to 2 h following SES, short before BDNF and pTrkB
upregulation, are most likely the behavioral consequence of the
development of an early-onset, activity-dependent, LTP-based,
central sensitization process. Furthermore, since the changes
induced by SES in paw pressure threshold and C-reflex activity
were prevented by administration of CTX-B, a drug that is
unable to modify the nociceptive thresholds in normal non-
sensitized mice (Constandil et al., 2012), it is likely that the
whole process was triggered by the release of BDNF from
primary afferents due to SES. This interpretation is supported
by the following observations: (i) high-frequency SES, but
not low-frequency SES, of afferent sensory nerves at C-fiber
intensity causes spinal release of BDNF (Lever et al, 2001);
(ii) intrathecal injection of BDNF produces CTX-B-sensitive
enduring mechanical hyperalgesia in rats, which imitates that
induced by high-frequency SES (M'Dahoma et al., 2015); (iii)
full-length TrkB receptors were present at somato-dendritic
membranes of lamina II neurons in the rat and mouse dorsal
horn (Salio et al., 2005); (iv) binding of BDNF to the TrkB
receptor regulates neural response and synaptic function in the
dorsal horn output neurons through a variety of neuroplasticity
mechanisms, including increased phosphorylation of NMDA
receptor subunits NR1 (Slack et al, 2004; Liu et al., 2015)
and NR2B (Peng et al, 2012; Ding et al, 2015; Li et al,
2017); (v) activation of NMDA receptors downstream to TrkB
signaling is essential for behavioral expression of the mechanical
hyperalgesia induced by intrathecal BDNF (Marcos et al., 2017).
It is then conceivable that BDNF released by C-fibers during SES
application rapidly facilitates the induction of NMDA-dependent
early-phase LTP in the spinal cord thereby leading to central
sensitization, as reflected by the lower paw pressure threshold and
the increased C-reflex activity. This effect in spinal cord parallels
BDNF-dependent postsynaptic LTP induced in the hippocampus
either by long-lasting high-frequency (Chen et al., 1999) or by
repeated theta burst (Kang et al., 1997) presynaptic stimulation,
but unlike spinal cord, in the hippocampus the origin of BDNF is
most likely of postsynaptic origin (Edelmann et al., 2015).
Unlike paw pressure threshold and C-reflex activity, spinal
wind-up was not modified soon after the administration of SES,
perhaps because BDNF-mediated phosphorylation of NMDA
receptors in the postsynaptic density did not provide the extra-
calcium current required to significantly increase wind-up.
Alternatively, failure of SES to rapidly potentiate wind-up could
be intrinsic to the experimental design, since wind-up is a form of
reversible homosynaptic potentiation, i.e., the synapses activated
by the conditioning and test inputs should be the same (Jeftinija
and Urban, 1994). In fact, because the high frequency SES (the
conditioning stimulus) was applied with electrodes placed in

the fourth and fifth toes while wind-up (the tested response)
was induced by low-frequency stimulation of the third and
fourth toes, it is likely that the SES-activated synapses (and
the corresponding phosphorylated NMDA receptors by BDNF
release) were different to those tested for wind-up responsiveness.
Nevertheless, once late, transcription-dependent plasticity has
likely been developed, which entails widespread trafficking of new
proteins to specific targets in the whole neuron, thereby including
synapses to be tested for wind-up, the wind-up scores increased
(e.g., 1 week after SES stimulation), as occurs in monoarthritis
(Constandil et al., 2009) and neuropathic (D’Mello et al., 2011)
chronic pain models.

High-frequency SES increased the expression levels of BDNF
protein and pTrkB in lumbar spinal cord tissue, an effect that
lasted around 6 to 12 h. Previous work demonstrated that sciatic
nerve electrical stimulation (20 Hz at C-fiber strength) led to
increased BDNF mRNA and TrkB mRNA expressions in rat
dorsal root ganglion and dorsal horn, respectively, 2 h after
stimulation (Mannion et al, 1999). Because these changes in
expression of BDNF and TrkB transcripts occurred a few hours
after the triggering of the hyperalgesia, these signal pathways
appear relevant to the maintenance of central sensitization
rather than its induction. The higher expression of BDNF
protein observed 3-6 h after applying the SES protocol probably
represents induction of BDNF in microglia, as indeed occurs in
neuropathic pain models (Coull et al., 2005). Actually, in the
rat and mouse dorsal horn the neuronal BDNF expression is
restricted to primary afferent terminals which occurs mainly in
laminae I and II, where BDNF is stored in synaptic vesicles (Salio
et al., 2005; Merighi et al., 2008), and therefore the large bulk of
BDNF protein we measured in the dorsal horn likely correspond
to microglial BDNF transcripts. This rather late production of
BDNF in spinal cord microglia could result from microglial
activators, such as ATP and fractalkine (CX3CL1), which are
released from stimulated primary afferent neurons in naive and
hyperalgesic animals (for review see Taves et al, 2013) and
activate microglia via the corresponding P2X, TrkB, and CX3CR1
receptors and the associated downstream p38 MAPK pathway
(Gong et al,, 2009; Trang et al., 2009; Zhuang et al., 2007). It has
been shown that microglial derived BDNF contributes to pain
hypersensitivity through phosphorylation of the NMDA receptor
subunits NR1 via ERK and PKC (Slack et al., 2004) and NR2B
via Fyn kinase (Li et al., 2017), and also through the disinhibition
of nociceptive processing in the dorsal horn via downregulation
of the KT-CI~ cotransporter KCC2 (Ferrini and De Koninck,
2013). Finally, BDNF also triggers long-term neuronal plasticity
in the brain, and possibly in the spinal cord, via the activation
of TrkB-ERK-CREB cascade, thereby signaling for a multitude
of proteins involved in protein synthesis-dependent late-phase
LTP (Minichiello, 2009). Thus, the activity-dependent increases
of spinal BDNF and TrkB are temporally and functionally well
positioned to switch early-phase LTP in the spinal cord into
late-phase LTP.

Of note, 3 and 7 days after SES application, the expression
levels of both BDNF protein and pTrkB in lumbar spinal
cord tissue were found to be decreased below the pre-SES
levels, as measured by ELISA method. Unexpectedly, i.t. CTX-B
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administered 3 days after SES application, normalized the
decreased expression of both transcripts, when tested by ELISA
on the day 7 post-SES. This suggests that decreased BDNF and
pTrkB expressions are the result of an active BDNF-mediated,
negative feedback process, which can be removed by CTX-B. In
this regard, BDNF-stimulated internalization of TrkB receptors
via rapid ubiquitination and degradation has been recently shown
(Proenca et al., 2016), but BDNF-mediated BDNF autoregulation
has never been reported. Instead, BDNF-positive feedback loops
mediating transcriptional BDNF upregulation in cortical neurons
(Tuvikene et al., 2016) and in microglia (Zhang et al., 2014)
have been proposed. Also intriguing is that CTX-B administered
3 days after SES, reverted the already established sensitization
process despite the fact that at this time-point the spinal cord
BDNF and pTrkB levels were lower than the baseline pre-
SES levels. This argues for two complementary hypotheses: (i)
once created, the central sensitization process is maintained
by a BDNF-dependent mechanism, likely of microglial origin,
and (ii) the reduced BDNF/TrkB signaling observed 3 days
after SES is sufficient for maintaining the already installed
sensitization process. Support for these assumptions could be
found in the observation that during chronic pain BDNF can
overexpress NR2B-containing spinal NMDA receptors either
via non-genomic SHP2/PSD-95/NR2B signaling (Ding et al.,
2015) or by promoting CREB-mediated transcription of NR2B
subunit (Liang et al., 2016). In this context, it is conceivable
that the normal (or even reduced) BDNEF/TrkB signaling in
spinal cord, which usually do not correlate with hyperalgesia
in healthy animals, in sensitized ones could lead to significant
phosphorylation of the overexpressed NR2B-containing NMDA
receptor population, thereby contributing to the maintenance
of the sensitization process. If so, the concomitant hyperalgesia
should be sensitive to TrkB receptor blockade by CTX-B, in spite
of the reduced level of BDNF/TtkB signaling at this time-point.
An alternative, but not necessarily contradictory, explanation is
that the relevant factor for BDNF-induced neuroplastic effects
in spinal cord (like LTP or spinal sensitization) is not the level
of BDNF/pTrkB-like immunoreactivity, as assessed by ELISA
or Western blotting, but the amount of microglial released
BDNF that may bound TrkB receptors. Unfortunately, detection
of released BDNF in micro dialysates from animal brains has
proven to be extremely difficult because of its low concentration,
i.e, at the sub-nanogram/ml level (however, see Yoo et al,
2016).

Finally, we cannot discard that some degree of sensitization
in primary afferents could be due to unknown modifications
induced by the SES protocol within the DRG. Indeed, electrical
activation of A delta and C-fibers has been shown to increase
pERK in dorsal root ganglion neurons (Dai et al, 2002).
However, whether enhanced ERK signaling in nociceptive
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Cardiac fibroblasts (CFs) contribute to theinflammatory response to tissue damage,
secreting both pro- and anti-inflammatory cytokines and chemokines. Interferon beta
(IFN-B) induces the phosphorylation of signal transducer and activator of transcription
(STAT) proteins through the activation of its own receptor, modulating the secretion
of cytokines and chemokines which regulate inflammation. However, the role of IFN-8
and STAT proteins in modulating the inflammatory response of CF remains unknown.
CF were isolated from adult male rats and subsequently stimulated with IFN-g to
evaluate the participation of STAT proteins in secreting chemokines, cytokines, cell
adhesion proteins expression and in their capacity to recruit neutrophils. In addition,
in CF in which the TRL4 receptor was pre-activated, the effect of INF-B on the
aforementioned responses was also evaluated. Cardiac fibroblasts stimulation with IFN-
B showed an increase in STAT1, STAT2, and STAT3 phosphorylation. IFN-f stimulation
through STAT1 activation increased proinflammatory chemokines MCP-1 and IP-10
secretion, whereas IFN-f induced activation of STAT3 increased cytokine secretion of
anti-inflammatory IL-10. Moreover, in TLR4-activated CF, IFN-B through STAT2 and/or
STATS3, produced an anti-inflammatory effect, reducing pro-IL-18, TNF-«, IL-6, MCP-
1, and IP-10 secretion; and decreasing neutrophil recruitment by decreasing ICAM-1
and VCAM-1 expression. Altogether, our results indicate that IFN-B exerts both pro-
inflammatory and anti-inflammatory effects in non-stimulated CF, through differential
activation of STAT proteins. When CF were previously treated with an inflammatory agent
such as TLR-4 activation, IFN-B effects were predominantly anti-inflammatory.

Keywords: IFN-g (interferon g), cardiac fibroblast, STAT, proinflammatory, anti-infammatory

INTRODUCTION

The classical role of cardiac fibroblasts (CFs) is extracellular matrix (ECM) protein homeostasis.
However, CF can also act as “sentinel” cells, detecting changes in chemical and mechanical signals
in the heart and stimulating an appropriate response (Frangogiannis, 2007; Van Linthout et al.,
2014; Diaz-Araya et al,, 2015). Immediately after tissue damage, CF contribute to the inflammation
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necessary for repair, secreting pro-inflammatory cytokines, such
as tumor necrosis factor alpha (TNF-a) and interleukin 1
beta (IL-1pB), as well as pro-inflammatory chemokines, such as
monocyte chemoattractant protein 1 (MCP-1) and interleukin-
8 (Kukielka et al., 1995). However, CF also secrete inhibitory
mediators capable of suppressing pro-inflammatory signals, such
as interleukin-10 (IL-10) and transforming growth factor beta
(TGF-B) (Dewald et al., 2005; Nahrendorf et al., 2007; Turner
et al., 2009, 2010). Finally, CF express intercellular and vascular
adhesion molecules (ICAM-1, VCAM-1, and E-selectin) to
recruit immune cells (Kacimi et al., 1998; Turner et al., 2011).

Interferon beta (IFN-B) is a cytokine produced by innate
immune cells, including macrophages and dendritic cells, as
well as non-immune cells, such as fibroblasts and epithelial
cells (Ivashkiv and Donlin, 2014). IFN-B elicits a wide range
of effects, including anti-inflammatory and pro-inflammatory
responses, and also regulates the development and activation
of virtually all innate and adaptive immune effector cells.
IFN-B has a variety of documented effects on immune cells;
for instance, IFN-f modulates TNF-a and IL-10 expression
in peripheral blood mononuclear cells (Rudick et al,
1996; Coclet-Ninin et al., 1997), reduces TNF-a expression
in monocytes (Jungo et al, 2001), and increases IL-10
expression in dendritic cells (Yen et al, 2015). However,
the effects of IFN-B on non-immune cells such as CF remain
unknown.

The cellular effects of IFN-B are mediated through the
JAK/STAT signaling pathway and vary according to context
and cell phenotype (Darnell et al, 1994; Ihle, 1995; Chen
et al., 2004). Interferon type I receptor (IFNAR)activation by
IFN-B induces signal transducer and activator of transcription
(STAT) protein phosphorylation, and the canonical IFN-f
signaling pathway can activate the formation of p-STAT1/p-
STAT2 heterodimers that bind to interferon regulator factor
9. The activated proteins then translocate to the nucleus,
activating the transcription of inflammatory genes known as
interferon-stimulated response elements (Platanias, 2005). In
contrast, the formation of p-STAT1 and/or p-STAT3 homodimers
inhibits the activation of p-STAT1/p-STAT2 heterodimer-
dependent genes, suppressing the inflammatory properties
of IFN-B (Ivashkiv and Donlin, 2014; Lopez de Padilla
and Niewold, 2016). Whereas, recent studies have provided
significant insight into the roles of activated STAT2 and STAT3
proteins in modulating inflammation, especially in immune
and vascular cells (Szelag et al, 2016). STAT3 modulates
proliferation, differentiation, survival, oxidative stress, and
metabolism in cardiomyocytes, fibroblasts, endothelial cells,
progenitor cells, and various inflammatory cells (O’Shea and
Murray, 2008; Haghikia et al., 2014). However, the effects of STAT
protein activation by IFN-f on modulation of inflammatory
response in CF are unclear. In this work, we sought to
study the effects of IFN-B on CF pro-inflammatory (MCP-
1, IL-1B, TNF-a and IP-10 secretion; VCAM-1 and ICAM-1
expression) and anti-inflammatory effects (IL-10 secretion); and
the involvement of STAT pathway in mediating these actions.
Furthermore, we hypothesized that these effects could be greatly
influenced by inflammatory activation of CF, for which we

stimulated CF TLR4 receptor, a well-studied receptor involved in
pro-inflammatory fibroblast functions, with lipopolysaccharide
(LPS), a TLR4 specific agonist, to promote CF inflammatory
environment.

MATERIALS AND METHODS

Materials

Fetal bovine serum (FBS), trypsin/EDTA and prestained
molecular weight marker were purchased from Merck
(Darmstadt, Germany). Enhanced chemiluminescence (ECL)
reagent was acquired from PerkinElmer Life Sciences (Boston,
MA, United States). Sterile plastic material was purchased from
CoStar (Corning Costar, NJ, United States). Mouse primary
antibodies for ICAM-1, and VCAM-1 were purchased from
Abcam (Cambridge, MA, United States). Rabbit GAPDH was
acquired from Calbiochem (Darmstadt, Germany). Anti-RP1
PE Mouse anti-rat granulocytes was purchased from BD
Biosciences (Franklin Lakes, NJ, United States). Fluorescent-
conjugated goat anti-mouse IgG (H+L) secondary antibodies,
Alexa Fluor 488 and 555 and Opti-MEM® were purchased
from Thermo Fisher Scientific (Waltham, MA, United States).
HRP-conjugated antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, United States). The primary
antibodies for p-Statl, p-Stat2, and p-Stat3 were purchased
from Cell Signaling Technology (Boston, MA, United States).
Anti- Statl, Stat2 and Stat3 were obtained from Santa Cruz
Biotechnology (Dallas, TX, United States). Ficoll Histopaque-
1083 was purchased from Sigma-Aldrich (St. Louis, MO,
United States). Multiplex kit (RECYTMAG 65K/MILLIPLEX
MAP Rat Cytokine/Chemokine Magnetic Bead Panel) and
TGF-p1 were purchased from Merck-Millipore (Tamecula,
CA, United States). Lipofectamine® 2000 was purchased from
Invitrogen (Carlsbad, CA, United States). Transwellfilename
plates (#3422) were purchased from Corning (New York, NY,
United States). The Silencer® against Statl, Stat2, Stat3 and
Scramble siRNA (negative control Silencer®) were obtained from
Life Technologies. InvivoGen LPS-EB Ultrapure (InvivoGen
tlrl-pelps, from E. coli O111:B4) was extracted through successive
hydrolysis steps and purified by phenol-TEA-DOC extraction;
according to InvivoGen, this LPS is specific for TLR4 activation.
Collagenase type II was purchased from InvivoGen (San Diego,
CA, United States).

Animals

Male adult Sprague Dawley rats were obtained from the animal
breeding facility of the Faculty of Chemical and Pharmaceutical
Sciences at the University of Chile. The animals were housed
in cages (12-h light/dark cycles) with access to rat chow and
water ad libitum. All studies were performed in compliance with
the NIH Guide for the Care and Use of Laboratory Animals,
updated in 2011', and experimental protocols were approved by
our Institutional Ethics Review Committee.

Thttps://grants.nih.gov/grants/olaw/guide- for-the-care-and-use- of-laboratory-
animals.pdf
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Cell Culture and Treatments

Cardiac fibroblast were isolated from adult Sprague Dawley
Rats (3-4 weeks old) using enzymatic digestion, as previously
described (Humeres et al., 2016). Briefly, rats were anesthetized
by ketamine/xylazine injection and their hearts extracted in an
aseptic environment. Atria were removed and ventricles cut
into small pieces (1-2 mm) for later collagenase II digestion.
The digestion yield was separated by 10-min centrifugation
at 1000 rpm. The pellet was resuspended in 10 ml of
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) supplemented with 10% FBS and antibiotics
(100 pg/ml streptomycin and 100 units/ml penicillin) and
cultured in a humid atmosphere at 5% CO,/95% O, and
37°C until confluence (5 days). The purity of the CF
population was assessed with several markers. CF showed
positive staining for vimentin (Santa Cruz Biotechnology,
Santa Cruz, CA, United States) and were negative against
sarcomeric actin and desmin (Sigma-Aldrich, St. Louis, MO,
United States).

Cells from passage 1 were used for all experiments,
and they were maintained in DMEM F12 for 18 h until
experiments were performed. CF were pre-treated with IFN-
B (500 U/mL) for 30 to 120 min, and LPS (1 pg/mL) was
used as inflammatory stimulus. For experiments involved with
JAK/STAT inhibition, CF were incubated with Ruxolitinib (JAK
inhibitor, 500 nM), or transfected with Statl, Stat2, and Stat3
siRNAs (100 ng/mL) for 8 h previous Ruxolitinib, IFN-f or LPS
incubation.

Isolation of Neutrophils From Bone

Marrow

For neutrophils isolation from bone marrow, we used cell
sorting by flow cytometry fluorescence strategy (FACS) (BD
FACSAria™ III, BD Biosciences) using RP-1 antibody as specific
marker for rat neutrophils (Skrajnar et al., 2009). The femur
and tibia were extracted from both extremities of the rats,
and the epiphysis was excised at the level of the metaphysis
of both bone types. The bone marrow is then removed by
infusion of DMEM/F12 medium by means of a 25G-wide syringe
onto a 100 mm Petri dish. The leukocyte and erythrocyte rich
cell suspension was then centrifuged at 300 g for 10 min at
room temperature. The erythrocytes present in the suspension
were then lysed with 0.83% ammonium chloride (NH4CI) for
7 min and the remaining suspension was washed twice with
tissue storage solution (MACS) (2 mM EDTA, 0.5% BSA)
and incubated with phycoerythrin (PE) conjugated anti RP-1
antibody at a concentration of 0.5 ul anti-RP-1 per 1 x 10°
cells in 100 pl of total volume for 30 min, avoiding light. The
leukocyte suspension is then washed twice with MACS medium
and assayed by Cell Sorting (Beckson-Dickinson FACS flow
and sorting cytometer). Approximately 20% of cells isolated
were identified as RP-1 + cells (neutrophils). The sorted
population consisted of 98% RP-1 positive neutrophils (less
than 1-2% monocytes/lymphocytes) and a 99% in viability.
Purified neutrophils were centrifuged and pooled for further
experiments.

STATs Knockdown

FC were plated in 35 mm to 80% confluency and serum starved
overnight. A solution of 4 uL Lipofectamine® + 100 uL Opti-
MEM® and 5 uL siRNA (Silencer®) + 100 ul Opti-MEM®
was incubated for 15 min at room temperature, mixed and
further incubated for 15 min. CF were treated with the siRNA
preparation for 8 h at 37°C, media replaced DMEM F12 for
additional 24 h and lastly ce