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Abstract—Inflammation and pain are major clinical burdens contributing to multiple disorders and limiting the
quality of life of patients. We previously reported that brain electrical stimulation can attenuate joint inflammation
in experimental arthritis. Here, we report that non-aversive electrical stimulation of the locus coeruleus (LC), the
paraventricular hypothalamic nucleus (PVN) or the ventrolateral column of the periaqueductal gray matter (vlPAG)
decreases thermal pain sensitivity, knee inflammation and synovial neutrophilic infiltration in rats with intra-
articular zymosan. We also analyzed the modulation of pain and inflammation during aversive neuronal stimula-
tion, which produces defensive behavioral responses such as freezing immobility to avoid predator detection.
Electrical stimulation with higher intensity to induce freezing immobility in rats further reduces pain but not
inflammation. However, tonic immobility further reduces pain, knee inflammation and synovial neutrophilic infil-
tration in guinea pigs. The duration of the tonic immobility increases the control of pain and inflammation. These
results reveal survival behavioral and neuromodulatory mechanisms conserved in different species to control
pain and inflammation in aversive life-threatening conditions. Our results also suggest that activation of the
LC, PVN, or vlPAG by non-invasive methods, such as physical exercise, meditation, psychological interventions
or placebo treatments may reduce pain and joint inflammation in arthritis without inducing motor or behavioral
alterations. � 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Chronic pain is one of the most common disabling factors

contributing to cognitive impairments, morbidity, and

mortality in multiple clinical disorders including arthritis

(Hewlett et al., 2011; Upchurch and Kay, 2012; Boyden

et al., 2016; Castañeda et al., 2016). The best current

treatments for arthritis are based on disease-modifying
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anti-rheumatic drugs (DMARDs) that neutralize inflamma-

tory cytokines such as tumor necrosis factor (TNF) and

thereby reduce inflammation and leucocytes activation

(Ramiro et al., 2011; Upchurch and Kay, 2012). However,

these treatments are very expensive and can induce sev-

ere side effects increasing the risk of infections and

immunosuppression (Inanc and Direskeneli, 2006;

Favalli et al., 2009; Ramiro et al., 2011; Inui and Koike,

2016).

Recent studies on alternative therapies to control

inflammation showed a bidirectional interaction between

nervous and the immune systems (Olofsson et al.,

2012; Torres-Rosas et al., 2014; Bassi et al., 2015,

2017; Ulloa et al., 2017). Electrical nerve stimulation can

represent a promising strategy to control inflammation

without the effects of current pharmacological treatments

(Olofsson et al., 2012; Bassi et al., 2015, 2017; Ulloa and

Deitch, 2009). Clinical and experimental studies indicate

that peripheral or central neural stimulation attenuates
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joint inflammation (Miao et al., 2003; Kox et al., 2014;

Bassi et al., 2015, 2017; Koopman et al., 2016) and pain

sensitivity (Mayer and Liebeskind, 1974; Basbaum and

Fields, 1984; Ren et al., 1988; de Luca et al., 2003;

Busch et al., 2013) in diverse models of experimental

arthritis. We recently reported that electrical stimulation

of brain structures, including the locus coeruleus (LC) or

the paraventricular nucleus (PVN), decreases joint inflam-

mation without affecting rat behavior (Bassi et al., 2017).

Other studies reported that stimulation of these brain

areas can decrease nociception and pain sensitivity

(Panksepp, 1971; Fuchs et al., 1985; West et al., 1993;

Hickey et al., 2014) in aversive defensive responses such

as that displayed by prey during a predator attack (Gallup,

1977; Yardley and Hilton, 1986; Coimbra et al., 2017).

However, it is unknown whether the potential to control

both pain and inflammation is due to different neuronal

stimulation or different networks activation by defensive

mechanisms in aversive conditions. Here, we analyzed

whether neural stimulation of central areas regulating pain

and behavior can modulate nociception and inflammation

in conscious, non-anesthetized animals both in aversive

and non-aversive conditions.
EXPERIMENTAL PROCEDURES

Animal experiments

Eighty eight male Wistar Rattus norvegicus (Rodentia,

Muridae) (250–300 g) and 22 Cavia porcellus (Rodentia,

Caviidae) (400–500 g) were obtained from the main

Animal Facility of the Ribeirão Preto Medical School of

the University of São Paulo, and housed at the animal

facility in plastic cages (four in a cage) under a 12-h

light/dark cycle (lights on at 7am) at 20 �C± 1 �C. The
animals had unrestricted access to food and tap water.

The number of animals used was the minimum required

to ensure reliability of the results, and every effort was

made to minimize animal discomfort. All animals were

anesthetized with a mixture of ketamine and xylazine

(50 mg/kg and 10 mg/kg, respectively) administered into

the right posterior calf muscle through a 30-G needle.

The experimental protocols comply with the

recommendations of the SBNeC (Brazilian Society of

Neuroscience and Behavior), the Ethical Principles of

the National Council for Animal Experimentation Control

(CONCEA) (Protocol 137/2013), the US National

Institutes of Health Guide for The Care and Use of

Laboratory Animals, and the Ethical Guidelines for

Investigations of Experimental Pain in Conscious

Animals (Zimmerman, 1983).
Stereotaxic surgery

Anesthetized rats were placed in a stereotaxic frame

(David Kopf, Tujunga, CA, USA) and underwent surgical

implant of stainless steel bipolar electrodes or a guide

cannula using coordinates extracted from Rat Brain in

Stereotaxic Coordinates Atlas (Paxinos and Watson,

2007). The interaural line served as the reference for each

plane and the upper incisor bar was set at 2.5 mm below

the interaural line, so the skull was horizontal between the
bregma and lambda. LC: anteroposterior = �1.04 mm,

mediolateral = 0.9 mm, dorsoventral = 7.9 mm; PVN: a

nteroposterior = 7.1 mm, mediolateral = 0.2 mm, dorso

ventral = 8.0 mm; ventrolateral PAG column (vlPAG): a

nteroposterior = �0.2 mm, mediolateral = 1.4 mm, dor

soventral = 4.2 mm. After surgery, electrodes or guide-

cannulas were fixed to the skull with acrylic resin and

two stainless steel screws. Then, all animals received

an intramuscular injection (0.2 mL) of antibiotic Pentabió-

tico (0.5 mL/kg, Fort Dodge, Campinas, SP, Brazil), and

analgesic flunixin meglumine (Banamine, 2.5 mg/kg,

Schering-Plough, Cotia, SP, Brazil).
Brain nuclei stimulation in non-anesthetized rats

Seven to ten days after the stereotaxic surgery, the

animals were individually placed in a circular arena (60

cm in diameter and 50 cm high) and the stimulation

cable was connected to the bipolar electrode. Rats were

allowed a 10-min period of free exploration of the

experimental environment. Afterward, the LC, PVN or

vlPAG was electrically stimulated for 2 min with a

square wave stimulator (1M1C, AVS Project, São

Carlos, SP, Brazil) as previously reported: LC: 20 Hz,

1 ms, 100 mA (Kannan et al., 1986); PVN: 20 Hz, 0.5 ms,

50 mA (Jones and Gebhart, 1989); vlPAG: 20 Hz, 1 ms,

50 mA (Fardin et al., 1984). Animals showed no alertness,

freezing, escape behaviors, or seizure during these stim-

ulations. For the tail-flick tests, we first determined the

thermal pain threshold baseline. The animals were then

stimulated and underwent the tail-flick test. Twenty-four

h later, rats were subjected to the same stimulation and

then to the elevated plus-maze test (Fig. 1J). The animals

were re-stimulated for the immunological experiments at

24 h after the behavioral experiment (Fig. 1J). Sham-

stimulated animals (control) did not receive electrical

stimulation.

We also analyzed whether aversive brain stimulation

in non-anesthetized rats induces freezing immobility and

control inflammation. Freezing behavior, also called

‘‘attentive immobility”, is a common adaptive defensive

behavior characterized by physical immobility followed

by neurovegetative responses to avoid predator

detection (Gallup, 1977; Marks, 1987; Roelofs, 2017;

Coimbra et al., 2017; Paschoalin-Maurin et al., 2018).

To induce freezing immobility, rats were placed in the cir-

cular arena (60 cm in diameter and 50 cm high) and after

10-min of free exploration, the PVN, LC, or vlPAG was

electrically stimulated for 2-min intervals with the electrical

intensity beginning at 50 lA and increasing it at intervals

of 10 lA to induce freezing immobility. Freezing behavior

was defined as the production of physical immobility

except for the respiration movements accompanied by

at least two of the following responses: arching back, pilo-

erection, defecation, micturition, exophthalmia and ear

retraction during the period of brain stimulation as previ-

ously reported (Gallup, 1977). Then, the electrical stimu-

lation was immediately stopped and the animals

underwent the tail-flick nociceptive test (Fig. 6B). On the

next day, animals were subjected to the same electrical

stimulation followed by intra-articular injection of zymosan



Fig. 1. A schematic representation of histologically confirmed sites of electrical stimulation

performed inside (circles) or outside (triangles) the (A–C) paraventricular hypothalamic nucleus

(PVN), (D–F) the locus coeruleus (LC), or (G–I) the ventrolateral column of the periaqueductal

gray matter (vlPAG) depicted in modified anagrams of transverse sections of Wistar rats brain,

according to Paxinos and Watson’s atlas (2007). (J) Time course of the experiments in animals

that underwent non-aversive electrical stimulation (ES) of the above-mentioned areas. IA: inter-

aural.
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under anesthesia. Sham-stimulated animals (control) did

not receive electrical stimulation.
Tail-flick test performed in rats

The tail-flick tests were used to analyze the modulation of

pain sensitivity with electrical central stimulation. The tail-

flick test was based on D’Amour and Smith’s (1941)

method. Rats were placed in a restraining tube, with their

tails protruded. Radiant heat was focused on the lower

third section of the tail (Ugo Basile, Varese, Italy). With-

drawal reflex-induced movements of the tail activate a

photocell, turning off both the light and a motor reaction
timer. The light intensity was adjusted

to achieve baseline latencies of 2.5

and 3.5 s (Coimbra et al., 2006,

2017). A maximum latency of 6 s

(i.e., the cut off) was established to

minimize tail damage. The baseline

trial consisted in determining the aver-

age of three individual tests separated

by a 5-min interval. After the determi-

nation of baseline tail-flick latency,

animals underwent stimulation of the

PVN, LC or vlPAG and then the tail-

flick tests. Six other tail-flick latencies

were recorded across the experi-

ments at 5-min intervals.

Behavioral analysis at the elevated
plus-maze test in rats

Twenty-four hours after the tail-flick

test, the animals were re-stimulated

and their behavior was evaluated in

the elevated plus-maze (EPM) test,

a reliable ethological tool to measure

anxiety in rodents (Anseloni and

Brandão, 1997; File et al., 2001).

The elevated plus maze was made

of wood and had two open arms

(50 � 10 cm) perpendicular to two

enclosed arms of the same size with

50-cm-high walls, with the exception

of the central part (10 � 10 cm),

where the arms crossed. The appara-

tus was elevated 50 cm above the

floor (File et al., 2001). The behavior

of the animals was analyzed using a

video camera (Sony Handycam

HDR-CX350, Konan, Minato-ku,

Tokyo, Japan) positioned 100 cm

above the maze. The signal was

relayed to a monitor in another room

via a closed-circuit television camera

to discriminate all behavioral

responses. Luminosity at the level of

the open arms of the elevated plus

maze was 20 lx. A total of 5-min free

exploration of the maze was allowed

to the rats. The maze was thoroughly

cleaned after each test using damp

and dry cloths embed in 5% alcoholic
solution. An arm entry or exit was defined as all four paws

entering into or out of a section, respectively and risk

assessment behaviors were defined by the sum of the fol-

lowing behaviors: when the animal reached the end of the

open arm (end-arm-exploration) or stretched to its full

length with its forepaws, keeping its hind paws in the

same place, and turning back to the anterior position

(stretched-attend posture) or dipped the head below the

level of the maze floor (head dipping) (Anseloni and

Brandão, 1997; File et al., 2001). Twenty-four hours after

the EPM test, the animals were re-stimulated and under-

went the immunological experiments.
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Tonic immobility recordings performed in guinea
pigs

Tonic immobility (TI) is a defensive behavior

characterized by profound motor inactivity, analgesia

and unresponsiveness to external stimuli (Gallup, 1977;

Leite-Panissi et al., 2001). Tonic immobility is considered

the last defensive behavioral resource against predators

within a sequence of defensive responses: freezing,

flight/fight and tonic immobility (Marks, 1987). The induc-

tion of tonic immobility (TI) was attempted in a quiet envi-

ronment under a dim light (30 lx) and by holding the

guinea pig around the thorax with the hands, then quickly

inverting and pressing its back against a padded V-

shaped plywood (25 cm long � 15 cm high) proportionally

to the resistance offered by the animal during the restrain-

ing maneuver (Leite-Panissi et al., 2001). When the gui-

nea pig stopped moving, the experimenter slowly

withdrew his hand and the duration of the TI behavior

was counted. A TI behavior was considered to be finished

when the upright position is reassumed. Immediately after

the return to the upright position, the guinea pigs were

anesthetized and underwent the immunological experi-

ments (Fig. 8A).
Zymosan-induced arthritis

Zymosan suspension (100 mg in 50 ml) in sterile

physiological saline (0.9% NaCl; vehicle) was injected

into the femorotibial joint (intra-articular; i.a.) of both

knees of rats and guinea pigs under isoflurane

anesthesia (1.5%) through a 30-G needle (Keystone

et al., 1977; Gegout et al., 1994). Six hours later, the ani-

mals were killed by decapitation and the following inflam-

matory parameters were evaluated. Joint diameter: the

knee was flexed in 30 degrees and tissue thickness was

measured by measuring joint width through a digital cal-

liper. The result was depicted in millimeters (mm). Knee
neutrophil recruitment: immediately after the joint mea-

surements, the knees were opened by a surgical incision

to expose the synovial cavity. The synovial fluids were

carefully washed 3 times with PBS with EDTA (1 mM)

by a micropipette in a total volume of 250 ml. The aliquots

of the resulting washes were then diluted in Turk solution

(1:5) and leukocytes were counted with the aid of a Neu-

bauer chamber and an optical microscope (400�). Differ-

ential cell counts were stained with hematoxylin–eosin

and also counted under a light microscope. The number

of differentiated cells was calculated by the percentage

found in the total number of cells (100 cells in total)

(Bassi et al., 2015, 2017). According to ethical bounds,

we avoided knee inflammation for more than 48 h.

Results were expressed as the mean ± SEM of the

number of neutrophils per knee joint.
Brain histology

We first confirmed that the electrode tip was implanted

into the LC, PVN or vlPAG with histological analyses. At

the end of the experiments, the animals were

anesthetized and perfused with 0.1 M phosphate-

buffered saline (PBS, pH 7.4) followed by 4%
paraformaldehyde and 1 mM potassium ferrocyanide in

PBS. A direct current of 1 mA was applied through the

tip of the electrodes for 10 s to allow the identification of

the stimulation site by Prussian blue reaction. The

encephalon was removed and immersed in

paraformaldehyde/potassium ferrocyanide solution for

5 h and then stored in 40% sucrose in 0.1 M PBS for

cryoprotection for 48 h. Serial 40-lm brain sections

were cut using a cryostat (Leica, Wetzlar, Germany),

thaw-mounted on gelatinized slides and stained with

hematoxylin–eosin technique in order to localize the

sites of microinjection with reference to Paxinos and

Watson’s Rat Brain in Stereotaxic Coordinates Atlas

(2007).
Statistical analysis

The investigators were blinded to the conditions.

Normality and homogeneity in the sampled distributions

were confirmed with Shapiro–Wilk’s test of normality

and the Bartlett‘s test of homogeneity of variances.

Statistical analyses were performed using Prism 6.0

(GraphPad) software. Neutrophil recruitment to the knee

joint and behavioral data were statistically analyzed by a

one-way analysis of variance (ANOVA) followed by

Tukey’s multiple comparison post hoc test. The time

course results of the knee joint diameter and the

experimental score were analyzed with the repeated

measures ANOVA followed by Bonferroni’s post hoc

test. Tail-flick latencies were analyzed by repeated

measures ANOVA. The group factor refers to

treatments, and the condition factor refers to the time

before and after tail-flick latency recordings.

Relationships between neutrophil migration, joint edema

and tonic immobility time were examined by Spearman’s

rank-order correlation. The experimental sample n refers

to the sample size and number of animals per

experimental group and is indicated inside each graph

bar. Data are expressed as mean + standard error of

mean (S.E.M.). Differences were considered statistically

significant when P < 0.05.
RESULTS

Non-aversive stimulation of the LC, PVN or vlPAG
increases thermal pain threshold in conscious rats

First, histological analyses confirmed that the electrode

tips were functional (Prussian blue technique) and

located inside the paraventricular nucleus of the

hypothalamus (PVN, Fig. 1A–C), locus coeruleus (LC,

Fig. 1D–F) or the ventrolateral part of the

periaqueductal gray matter (vlPAG, Fig. 1G–I). Given

that previous studies suggested the PVN, LC and

vlPAG can modulate nociception (Sandberg and Segal,

1978; Fardin et al., 1984; Yirmiya et al., 1990), we ana-

lyzed whether electrical stimulation of these structures

increases thermal pain threshold in the tail-flick test. Elec-

trical stimulation of the PVN (20 Hz, 1 ms, 50 mA) (Jones
and Gebhart, 1989), LC (20 Hz, 1 ms, 100 mA) (Kannan
et al., 1986) or vlPAG: (20 Hz, 1 ms, 50 mA) (Fardin

et al., 1984) increases thermal pain threshold for up to
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20 min post-stimulation (Figs. 2A, 3A, 4A). Repeated

measures ANOVAs revealed significant effects of treat-

ment (PVN: F3,153 = 6.2; LC: F3,171 = 12.54; vlPAG:

F3,126 = 6.55; p � 0.0001 for all groups), time (PVN:

F8,153 = 1.02; LC: F8,171 = 2.3; vlPAG: F8,126 = 1.85;

p � 0.0001 for all groups) and a significant interaction

between treatment and time (PVN: F24,153 = 1.79; LC:

F24,171 = 2.18; vlPAG: F24,126 = 1.67; p � 0.0001 for all

groups). Post-hoc pairwise comparisons indicated that

the analgesic effects peaked right at the end of the

stimulation, falling down to basal levels within 20 min

post-stimulation.
Fig. 2. PVN stimulation (20 Hz, 0.5 ms, 50 mA) on rat behavior and joint infl

course of tail-flick latencies during each 5-min period across the baseline per

min) and up to 30 min after electrical stimulation of the PVN; Mean (+SEM) n

the (B) open and (C) closed arms of the elevated plus maze, (D) percentage

open arms, and (E) risk assessment behaviors in rats immediately after the sti

(F) Joint diameter and (G) neutrophilic infiltration into the knee synovia 6 h a

followed by intra-articular zymosan. Data are expressed as mean ± S.E.M. T

edema were analyzed though repeated measures ANOVA with Bonferr

Elevated plus-maze test and neutrophilic infiltration were analyzed through

followed by Tukey’s multiple comparison test. ***p< 0.001 from the control gro

is shown at the bottom of the graph.
In the elevated plus-maze test, one-way ANOVA tests

did not reveal any significant effects of the electrical

stimulation of the PVN, LC or vlPAG on the frequency

of open arm entries (PVN: F3,17 = 0.55, p= 0.65; LC:

F3,20 = 0.6, p= 0.62; vlPAG: F3,15 = 0.36, p= 0.77),

time spent (PVN: F3,17 = 0.41, p= 0.74; LC: F3,20 =

0.16, p = 0.91; vlPAG: F3,15 = 0.34, p= 0.79) and

number of entries into the closed arms (PVN: F3,17 =

1.22, p = 0.33; LC: F3,20 = 0.61, p= 0.61; vlPAG:

F3,15 = 0.25, p = 0.85) (Figs. 2B–D, 3B–D, 4B–D). For

the risk assessment behaviors, the one-way ANOVA

statistical test did not reveal any significant effect of the

PVN, LC, or vlPAG stimulation (PVN: F3,17 = 1.68, p =
ammation. (A) Time

iod (�10, �5, and 0

umber of entries into

of time spent in the

mulation of the PVN;

fter PVN stimulation

ail-flick test and joint

oni’s post hoc test.

a one-way ANOVA

up. The sample size
0.20; LC: F3,20 = 1.70, p= 0.19;

vlPAG: F3,15 = 0.37, p= 0.77)

(Figs. 2E, 3E, 4E) on the EPM test.

These results indicate that central

electrical stimulation of the PVN, LC

or vlPAG in conscious rats

decreases nociception without

inducing behavioral or motor

alterations.

Non-aversive stimulation of the LC,
PVN or vlPAG reduces joint
inflammation in conscious rats

Next, we analyzed whether central

stimulation of these nociceptive

structures in non-anesthetized rats

can control join inflammation in

zymosan-induced arthritis (Bassi

et al., 2017). First, we analyzed

whether central neural stimulation

modulates inflammation in non-

anesthetized rats. For the joint

edema, multiple comparison ANOVA

tests revealed significant effects of

PVN, LC, or vlPAG stimulation

depending on treatment (PVN: F3,76

= 18.43, LC: F3,88 = 32.46, vlPAG:

F3,68 = 16.51; p � 0.0001 for all

groups as compared to control group

without stimulation), time (PVN:

F1,76 = 376.8, LC: F1,88 = 563.1,

vlPAG: F1,68 = 279.5; p � 0.0001 for

all groups), and there was a signifi-

cant correlation between treatment

and time (PVN: F3,76 = 11.51; LC:

F3,88 = 23.37; vlPAG: F3,68 = 12.83;

p � 0.0001 for all groups). Post-hoc

pairwise analyses indicated that these

differences were attributable to the

groups with stimulation inside the

LC, PVN, or vlPAG (Figs. 2F, 3F,

4F). Stimulation of the PVN, LC or

vlPAG in non-anesthetized rats signif-

icantly reduces neutrophilic infiltration

into the knee joint as shown by the

one-way ANOVA tests (PVN: F3,38

= 41.41; LC: F3,44 = 44.19; vlPAG:

F3,34 = 54.05; p � 0.0001 for all



Fig. 3. LC stimulation (20 Hz, 1 ms, 100 mA) on rat behavior and joint inflammation. (A) Time

course of tail-flick latencies during each 5-min period across the baseline period (�10, �5, and 0

min) and up to 30 min after electrical stimulation of the LC; Mean (+SEM) number of entries into

the (B) open and (C) closed arms of the elevated plus maze, (D) percentage of time spent in the

open arms, and (E) risk assessment behaviors in rats immediately after the stimulation of the LC;

(F) Joint diameter and (G) neutrophilic infiltration into the knee synovia 6 h after LC stimulation

followed by intra-articular zymosan. Data are expressed as mean ± S.E.M. ***p< 0.001 from the

control group. Data are expressed as mean ± S.E.M. Tail-flick test and joint edema were

analyzed though repeated measures ANOVA followed by Bonferroni’s post hoc test. Elevated

plus-maze test and neutrophilic infiltration were analyzed through a one-way ANOVA followed by

Tukey’s multiple comparison test. ***p < 0.001 from the control group. The sample size is shown

at the bottom of the graph.
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groups). Post-hoc analyses showed that these differ-

ences were attributable to the groups with stimulation

inside the LC, PVN, or vlPAG (Figs. 2G, 3G, 4G).

Together, these results indicate that stimulation of the

PVN, LC or vlPAG in non-anesthetized rats attenuates

both pain sensitivity and joint inflammation without induc-

ing anxiety or motor alterations.
Non-aversive stimulation of the LC,
PVN or vlPAG produces similar
effects on immunity and pain
perception

Next, we evaluated whether

stimulation of the LC, PVN or vlPAG

induces similar effects in

inflammation and the tail-flick test.

For the tail-flick test, the two-way

repeated measures ANOVA tests

revealed significant effects depending

on the treatment (F3,288 = 146.1,

p � 0.0001), time (F8,288 = 179.3,

p � 0.0001), and treatment � time

interaction (F24,288 = 32.46, p �
0.0001). However, these differences

were only significant at 10 (PVN vs.

LC) and 20 (PVN vs. LC, and LC vs.

vlPAG) minutes. Considering the

anti-edema effect, the two-way

repeated measures ANOVAs also

revealed significant effects of

treatment (F3,68 = 24.31, p � 0.0001),

time (F1,68 = 282.8, p � 0.0001),

and treatment � time interaction

(F3,68 = 29.51, p � 0.0001). Post-hoc

pairwise comparisons indicated that

these differences were not

attributable to LC, PVN, or vlPAG

stimulation (Fig. 5B). One-way

ANOVAs also revealed significant

effects of the stimulation on the

neutrophilic infiltration (F3,68 = 71.93,

p � 0.0001), but no significant

differences were found among the

stimulated groups (Fig. 5C). These

results indicate that stimulation of the

LC, PVN or vlPAG induces similar

anti-inflammatory and analgesic

effects.
Aversive stimulation of the LC, PVN
or vlPAG reduces both nociception
and joint inflammation in
conscious rats

Next, we evaluated whether the

analgesic and anti-inflammatory

effects of brain stimulation could be

physiological defensive responses

against aversive threatening stimuli.

Thus, we analyzed the electrical

parameters needed to induce

aversive freezing immobility in non-

anesthetized, conscious animals.
Freezing immobility, also called ‘‘attentive immobility”, is

an innate adaptive defensive behavior characterized by

profound motor immobility to avoid predator detection in

life-threatening conditions (Marks, 1987; Roelofs, 2017).

Animals were allowed 10-min free exploration of the circu-



Fig. 4. lPAG stimulation (20 Hz, 1 ms, 50 mA) on rat behavior and joint inflammation. (A) Time

course of tail-flick latencies during each 5-min period across the baseline period (�10, �5, and 0

min) and up to 30 min after electrical stimulation of the vlPAG; Mean (+SEM) number of entries

into the (B) open and (C) closed arms of the elevated plus maze, (D) percentage of time spent in

the open arms, and (E) risk assessment behaviors in rats immediately after the stimulation of the

vlPAG; (F) Joint diameter and (G) neutrophilic infiltration into the knee synovia 6 h after vlPAG

stimulation followed by intra-articular zymosan. Data are expressed as mean ± S.E.M. Tail-flick

test and joint edema were analyzed though repeated measures ANOVA followed by Bonferroni’s

post hoc test. Elevated plus maze test and neutrophilic infiltration were analyzed through a one-

way ANOVA followed by Tukey’s multiple comparison test. ***p < 0.001 from the control group.

The sample size is shown at the bottom of the graph.
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lar arena. Then, the PVN, LC or vlPAG was electrically

stimulated at 20-min intervals with 50 lA as starting elec-

trical current. Then, the electrical current was increased

by intervals of 10 lA until the induction of freezing immo-

bility. Freezing threshold is defined as the electrical cur-

rent needed in the specific brain structure to induce

freezing immobility. The average freezing threshold stim-

ulation for LC and vIPAG (279 lA and 220 lA, respec-
tively) was statistically similar and lower than that

required for PVN stimulation (410 lA) (Fig. 6A). These

results concur with previous studies showing the direct

involvement of LC and PAG in the innate survival

responses while hypothalamic structures coordinate
goal-oriented behaviors (Markgraf

et al., 1991; Motta et al., 2009;

LeDoux, 2012; Ullah et al., 2015,

2017).

Next, we analyzed whether the

stimulations needed to induce

freezing immobility affects

nociception and pain sensitivity

(Fig. 6B). Similar to non-aversive

stimulation, repeated measures

ANOVA revealed that aversive

stimulation of the PVN, LC or vIPAG

also attenuates pain sensitivity

depending on the treatment (PVN:

F8,72 = 45.16; LC: F8,72 = 24.29;

vIPAG: F8,72 = 40.89; p � 0.0001 for

all groups), time (PVN: F1,72 =

385.4; LC: F1,72 = 146.5; vlPAG:

F8,72 = 269.1, p � 0.0001 for all

groups), and there was a significant

correlation between treatment and

time (PVN: F8,72 = 57.77; LC: F8,72

= 19.35; vlPAG: F8,72 = 35.74, p �
0.0001 for all groups). Post-hoc

pairwise comparisons indicated that

these effects were attributable to all

groups and lasted up to 20 min after

the stimulation (Fig. 6C, F, I). Next,

we analyzed whether these

stimulations also attenuate joint

inflammation. The next day, the

animals underwent the same

electrical stimulation used above to

induce freezing immobility. Then, the

animals were anesthetized and

subjected to intra-articular injection

of zymosan, and six hours later

inflammation was assessed as

determined above (Fig. 6B).

Aversive stimulation of the PVN, LC,

or vlPAG attenuates knee

inflammation. For the articular

edema, multiple comparison ANOVA

tests revealed significant effects of

PVN, LC, or vlPAG stimulation on

treatment (PVN: F1,28 = 17.76, p <

0.0002; LC: F1,28 = 6.67, p < 0.014;

vlPAG: F1,28 = 13.21, p= 0.001),

time (PVN: F1,28 = 134.9; LC: F1,28
= 190.3; vlPAG: F1,28 = 131.3; p � 0.0001 for all

groups), and interaction between treatment and time

(PVN: F1,28 = 8.57, p= 0.0067; LC: F1,28 = 9.94,

p= 0.0038; vlPAG: F1,28 = 19.33, p= 0.0001). Post-

hoc pairwise analyses indicated that aversive electrical

stimulation of these nuclei significantly reduced joint

inflammation (Fig. 6D, G, J). Likewise, Student’s t-test
revealed that aversive electrical stimulation of PVN, LC,

or vlPAG also attenuates neutrophilic infiltration into

the synovial capsule (PVN: t1,14 = 13.00, p = 0.0067;

LC: t1,14 = 13/15, p = 0.0038; vlPAG: t1,14 = 18.09,

p � 0.0001 for all groups as compared to control without



Fig. 5. Analysis of the pain response and inflammatory parameters

among the PVN-, LC-, and vlPAG-stimulated (ES) groups. Compar-

ison of the (A) time course of tail-flick latencies, (B) joint edema and

(C) neutrophilic infiltration into the knee synovia in animals that

underwent electrical stimulation of the PVN, LC, or vlPAG. The

control group is the sum of all control animals from PVN, LC, and

vlPAG groups. Data are expressed as mean ± S.E.M. Tail-flick test

and joint edema were analyzed though repeated measures ANOVA

followed by Bonferroni’s post hoc test. Neutrophilic infiltration was

analyzed through a one-way ANOVA followed by Tukey’s multiple

comparison test. ***, ###, $$$: p< 0.001. *: Compared between

PVN, LC, and vlPAG groups and the control group. #: Compared

between LC and PVN groups. $: Compared between LC and vlPAG

groups. The sample size is shown at the bottom of the graph.
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stimulation) (Fig. 6E, H, K). These results show that

central stimulation of the PVN, LC, or vlPAG to induce

aversive life-threatening challenges includes

neuromodulation of both nociception and inflammation.

Aversive brain stimulation further reduces
nociception but not joint inflammation in conscious
rats

We next compared whether the aversive life-threatening

stimulations could further decrease nociception and
inflammation as compared to neutral stimuli. Previous

animals’ data were placed in either aversive or non-

aversive stimulation procedures. Both aversive and non-

aversive brain stimulation significantly reduces

nociception in the tail-flick tests, as revealed by the

multiple comparisons ANOVA on the treatment (F1,30 =

21.35), time (F8,240 = 313.16) and there is a significant

correlation of treatment and time (F8,240 = 5.02) (p �
0.0001 for all groups as compared to control without

stimulation). Post-hoc pairwise analyses indicated that

aversive encephalic stimulation was more effective than

non-aversive encephalic stimulation in reducing

nociception for up to 20 min after the stimulation

(Fig. 7A). Likewise, multiple comparisons ANOVA

revealed that both aversive and non-aversive encephalic

stimulation significantly reduces neutrophilic infiltration

(F2,109 = 191.3, p � 0.0001). However, post hoc

pairwise analyses showed no significant difference

between the aversive and non-aversive-stimulated

groups (Fig. 7B). These results show that aversive

encephalic stimulation further reduces nociception but

not joint inflammation in conscious rats.
Tonic immobility in guinea pigs attenuates
inflammation in experimental arthritis

To determine whether these neuronal stimulations during

life-threatening conditions can control inflammation and

nociception are physiological mechanisms conserved in

different species, we studied whether tonic immobility

(TI) in guinea pigs controls inflammation to intra-articular

zymosan (Fig. 8A). Tonic immobility is a well-known

innate defensive behavior that causes immobility and

unconditioned fear-induced analgesia in guinea pigs and

in other species (e.g., confrontation with predators)

(Gallup, 1977; Leite-Panissi et al., 2001; Moskowitz,

2004). In our study, Spearman’s correlation tests indicate

that tonic immobility significantly reduces both joint inflam-

mation (r= �0.58; Fig. 8B) and neutrophil migration

(r = �0.57; Fig. 8C) in guinea pigs challenged with

intra-articular zymosan. Our previous studies showed that

2-min stimulation of peripheral or central neural networks

reduces joint inflammation (Bassi et al., 2015, 2017).

Thus, we investigated whether 2 min of tonic immobility

can reduce knee inflammation in guinea pigs challenged

with intra-articular zymosan (Fig. 8D). Considering joint

inflammation edema, multiple comparison ANOVA also

revealed significant effects of 2 min of tonic immobility

on treatment (F2,62 = 16.82), time (F1,62 = 292.1) and

there was a significant correlation of treatment and time

(F2,62 = 19.04) (p � 0.0001 for all groups). Post-hoc pair-

wise analyses indicated that these differences occurred

between control (no-TI) and TI, and sham-TI and TI

groups (Fig. 8E). Likewise, multiple comparison ANOVA

revealed significant effects of 2 min of tonic immobility

on neutrophilic infiltration (F2,30 = 11.17, p = 0.0002).

Post-hoc pairwise analyses showed significant reduction

in the TI group (TI � 2 min) when compared to the non-

TI group, but this effect was not statistically significant

when sham-TI (TI < 2 min) (Fig. 8F).
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Fig. 7. Analysis of the pain response (A) and neutrophilic infiltration

(B) between animals that underwent aversive (freezing) or non-

aversive (non-freezing) stimulation (ES) groups. Data are expressed

as mean ± SEM. *p< 0.05; **p< 0.01; ***p< 0.001. Tail-flick test

was analyzed though repeated measures ANOVA followed by

Bonferroni’s post hoc test. Neutrophilic infiltration was analyzed

through a one-way ANOVA followed by Tukey’s multiple comparison

test. The sample size is shown at the bottom of the graph.
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DISCUSSION

Our present results reveal a new physiological link

between neural stimulation and neural control of

inflammation and pain that may be harnessed for

treating inflammatory disorders such as arthritis. Our
Fig. 6. Aversive stimulation of the PVN, LC or vlPAG on rat behavior and join

stimulation of the PVN, LC, or vlPAG. The sample size is shown at the bottom

that underwent aversive electrical stimulation (ES) of the above mentioned are

the baseline period (�10, �5, and 0 min) and up to 30 min after aversive ele

Aversive stimulation of the PVN, LC, or vlPAG decreases joint edema (D, G

expressed as mean ± SEM. ***p < 0.001. Tail-flick test and joint edema

Bonferroni’s post hoc test. Neutrophilic infiltration was analyzed with a one-w

3

results indicate that brain stimulation in non-aversive

neutral conditions activates neuromodulatory

mechanisms that attenuate both inflammation and pain.

When brain stimulation is intensified to produce

defensive behavioral responses, similar to that produced

in aversive life-threatening conditions such as freezing

immobility, it further reduced pain but not inflammation.

These results suggest that nociception and inflammation

are regulated through different neuromodulatory

mechanisms.

Our present results are consistent with previous

studies showing that peripheral (Miao et al., 2003; Bassi

et al., 2015, 2017; Koopman et al., 2016; Abe et al.,

2017) and central stimulation of the PVN or LC decreases

joint inflammation in experimental arthritis (Bassi et al.,

2017). Our current results concur with both clinical and

experimental studies showing that stimulation of the LC

(Jones and Gebhart, 1986; Levine et al., 1990; West

et al., 1993; Hickey et al., 2014), PVN (Jones and

Gebhart, 1989; Yirmiya et al., 1990; Condés-Lara et al.,

2008), or vlPAG (de Luca et al., 2003; Yang et al.,

2007) produces analgesia. The hypothalamus is a dien-

cephalic structure that coordinates homeostatic systems

such as the body temperature, thirst, hunger, sleep, auto-

nomic function, and emotional activity, while the LC is a

nucleus in the pons involved with physiological responses

to stress, panic and anti-nociception induced by aversive

stimuli (Levine et al., 1990; West et al., 1993; Hickey

et al., 2014). The PAG is a strategic interface between

the hypothalamus and LC that integrates behavioral

responses to internal (e.g.: pain) and external (e.g.:

threat) stressors (Fardin et al., 1984; Bandler and

Depaulis, 1991; Carrive, 1993; Millan, 2002). The central

position of these brain structures can explain the anal-

gesic and anti-inflammatory effects induced by PVN, LC,

or vlPAG stimulation. In fact, the PAG is considered an

important pain processing center in which electrical and

chemical stimulation produces analgesia (Reynolds,

1969; Basbaum and Fields, 1984; Fardin et al., 1984;

Bandler and Depaulis, 1991; Behbehani, 1995; Coimbra

et al., 2006). Furthermore, the potential of PVN and LC

to induce analgesia involves the activation of neural path-

ways connecting the PAG and the spinal cord (Yang

et al., 2007; Condés-Lara et al., 2008; Martı́nez-

Lorenzana et al., 2008). Since the tail-flick response is a

spinal reflex, our data concur with Miao et al. (2003)

showing that stimulation of pain modulation systems

under PAG control reduced bradykinin-induced plasma

extravasation through the activation of lower brainstem

structures, possibly between the LC and the spinal cord

(Miao et al., 2003; Jänig and Green, 2014).

We recently showed that electrical stimulation of the

PVN or LC decreases knee inflammation (Bassi et al.,
t inflammation. (A) Freezing threshold (lA) produced by the electrical

of the graph. (B) Time course of the experiments carried in animals

as. Time course of tail-flick latencies during each 5-min period across

ctrical stimulation (arrow) of the PVN, LC, or vlPAG in rats (C, F, I).

, J) and neutrophilic infiltration into knee synovia (E, H, K). Data are

were analyzed though repeated measures ANOVA followed by

ay ANOVA followed by Tukey’s multiple comparison test.



Fig. 8. Time course of the experiments carried in guinea pigs that underwent tonic immobility (A).

Spearman’s correlation coefficient between joint edema and tonic immobility (TI) time and (B) joint

neutrophil infiltration and TI time in guinea pigs subjected to TI (n= 12 for each group). (C) TI time

considered for TI-sham (below 2 min) and TI groups (above 2 min) (D). TI response induced in

guinea pigs decreased joint diameter and (E) inhibited neutrophil migration (F) in the articular

synovial fluid. Relationship between neutrophil migration and tonic immobility time were examined

by Spearman’s rank-order correlation. Experimental score and joint diameter data were analyzed

using a two-way ANOVA followed by Bonferroni’s multiple comparison test comparing individual

time point. Neutrophilic infiltration data were analyzed using a one-way ANOVA followed by

Tukey’s multiple comparison test. Data are expressed as mean + SEM (E) and ± SEM (CD).
*p< 0.05; **p< 0.01; ***p < 0.001. The sample size is shown at the bottom of the graph.
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2017), and other groups also showed that stimulation of

these nuclei can also reduce nociception (Jones and

Gebhart, 1989; Levine et al., 1990; Yirmiya et al., 1990;

West et al., 1993; Condés-Lara et al., 2008; Hickey

et al., 2014; Jones and Gebhart, 1986). However, our

study is the first report showing that LC, PVN, or vlPAG

stimulation reduces both inflammation and nociception

in the same animals under the same behavioral condi-

tions. Noteworthy, these effects were achieved with
low-intensity stimulation that did not

induce motor or behavioral alter-

ations. These results are significant

for two reasons: first because low-

intensity non-invasive stimulation can

be clinically used to control pain and

inflammation without inducing motor

or behavioral alterations. Second,

physiological mechanisms such as

physical exercise, meditation, psy-

chological interventions or placebo

treatments can induce a low-intensity

stimulation able to modulate nocicep-

tion and inflammation (Ulloa and

Deitch 2009; Foley and Kirschbaum,

2010; Kaptchuk et al., 2010; Kox

et al., 2012, 2014; Scheef et al.,

2012; Singleton et al., 2014; Craggs

et al., 2014; Middendorp et al., 2015;

Sevel et al., 2015; Grech et al., 2016).

Freezing behavior is a reversible

innate limbic reaction in response to

life-threatening stimuli that includes

behavioral motor immobility, to avoid

predator detection but it also

includes autonomic modifications

and neuromodulatory mechanisms to

prepare the body for a potential

attack (Arduino and Gould, 1984;

Leite-Panissi et al., 2001; Korte

et al., 2005; Coimbra et al., 2017;

Paschoalin-Maurin et al., 2018). It is

proposed that tonic immobility can

increase the chances of escaping by

making the predator believe that its

prey is dead (Gallup, 1977; Arduino

and Gould, 1984; Korte et al., 2005).

On the other hand, the behavioral

mechanism also induces strong anal-

gesia, decreases responses to exter-

nal stimuli and lack of motor activity

to prevent reflex movements induced

by painful stimuli (e.g., predator

attack) (Klemm, 1971; Gallup, 1977;

Fanselow and Sigmundi, 1986). Pre-

vious studies showed that defensive

behaviors and analgesia are elicited

by increasing the intensity of the elec-

trical stimulation of the vlPAG, PVN,

and LC (Bandler and Depaulis, 1991;

Markgraf et al., 1991; Monnikes

et al., 1992; Randich and Gebhart,

1992; Carrive, 1993; Ossipov et al.,
2010). Higher electrical stimulation of the LC, PVN, or

vlPAG induces freezing immobility in rats; it produces

greater analgesia than that produced by lower intensity

(neutral) stimulation. This higher electrical stimulation

also reduces inflammation, but this effect was statistically

similar to that produced with lower intensity (neutral) stim-

ulation. This anti-inflammatory effect induced by aversive

stimuli in rats was also found by inducing tonic immobility
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in guinea pigs. Actually, both freezing immobility induced

by aversive brain stimulation in rats and tonic immobility in

guinea pigs simulate life-threatening conditions with a

strong analgesia. Our current results suggest that the

control of inflammation is another behavioral expression

conserved through different species during life-

threatening situations.

Recent studies showed that TI behavior increases the

neural activity in the PAG (Vieira et al., 2011) and is

dependent on vlPAG mechanisms (Monassi et al., 1994;

Leite-Panissi et al., 2001). Thus, both inflammation and

pain control are part of the innate behavioral defense

repertoire to aversive, life-threatening, stimuli. Notewor-

thy, TI in animals is related with the gradual activation of

different brain structures involved with neurovegetative,

motor, and cognitive responses (Carli, 1968; Klemm,

1971; Leite-Panissi et al., 2001; Leite-Panissi and

Menescal-de-Oliveira, 2002; Vieira et al., 2011). Thus,

the progressive anti-inflammatory effect induced during

TI in guinea pigs can be due to the gradual and cumula-

tive stimulation of different brain areas controlling pain

and inflammation, such as the LC, PVN, and PAG.

To date, defensive behaviors like TI are mostly

characterized by analgesia, motor immobility (Gallup,

1977; Leite-Panissi et al., 2001; Moskowitz, 2004) and

freezing responses (Marks, 1987; Roelofs, 2017). Our

present results show that the physiological networks

involved in defensive behaviors also modulate the

immune system. As constant injuries caused by immobil-

ity or escaping strategies can increase cytokine produc-

tion (as observed in endotoxemia) and impair cognitive

and motor performance, we hypothesized that neuronal

control of inflammation improves survival during life-

threatening situations because inflammatory factors: (a)

increase body energy expenditure by injured tissues; (b)

redirect blood flow to non-essential organs such as the

gastro-intestinal system; (c) increase nociceptive neurons

activity (hyperalgesia); and (d) increase the production of

cytokines, such as TNF-a and IL-6, that impair cognitive

and physical performance (Aubert et al., 1997; Bassi

et al., 2011; Dantzer, 2006; Hart, 1988; Elenkov and

Chrousos, 2006). Collectively, these mechanisms of neu-

romodulation are activated to preserve body integrity and

to improve survival in life-threatening situations.
CONCLUSION

Neutral stimulation of the PVN, LC or vlPAG attenuates

joint inflammation and pain sensitivity. Furthermore,

freezing immobility induced by aversive stimulation of

these brain structures further increases analgesia, but

not inflammation. Similar effects were also observed

after inducing tonic immobility in guinea pigs. Our

results suggest that defensive behaviors in aversive

events include neuromodulatory mechanisms of

inflammation and pain conserved through different

species to improve survival in life-threatening events.
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