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Water immersion is widely used in physiotherapy and
might relieve pain, probably by activating several distinct
somatosensory modalities, including tactile, pressure,
and thermal sensations. However, the endogenous mech-
anisms behind this effect remain poorly understood. This
study examined whether warm water immersion therapy
(WWIT) produces an antiallodynic effect in a model of
localized inflammation and whether peripheral opioid,
cannabinoid, and adenosine receptors are involved in this
effect. Mice were injected with complete Freund’s adju-
vant (CFA; intraplantar; i.pl.). The withdrawal frequency to
mechanical stimuli (von Frey test) was used to determine
1) the effect of WWIT against CFA-induced allodynia and
2) the effect of i.pl. preadministration of naloxone (a non-
selective opioid receptor antagonist; 5 ug/paw), caffeine
(a nonselective adenosine receptor antagonist; 150 nmol/
paw), 1,3-dipropyl-8-cyclopentylxanthine (DPCPX; a
selective adenosine A; receptor antagonist; 10 nmol/
paw), and AM630 (a selective cannabinoid receptor type
2 antagonist; 4 pg/paw) on the antiallodynic effect of
WWIT against CFA-induced allodynia. Moreover, the influ-
ence of WWIT on paw inflammatory edema was meas-
ured with a digital micrometer. WWIT produced a
significant time-dependent reduction of paw inflamma-
tory allodynia but did not influence paw edema induced
by CFA. Naloxone, caffeine, DPCPX, and AM630 injected
in the right, but not in the left, hind paw significantly
reversed the antiallodynic effect of WWIT. This is the first
study to demonstrate the involvement of peripheral
receptors in the antiallodynic effect of WWIT in a murine
model of persistent inflammatory pain. © 2014 wiley
Periodicals, Inc.

© 2014 Wiley Periodicals, Inc.
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Persistent inflammatory pain occurs in response to
tissue injury and the subsequent inflammatory response.
After inflammation, dramatic alterations in the somatosen-
sory system occur, amplifying responses and increasing
sensitivity to peripheral stimuli, such that pain is now acti-
vated by normally innocuous or low-intensity stimuli
(Woolf and Costigan, 1999). Generally, inflammatory
pain disappears after resolution of the initial tissue injury.
However, in chronic disorders such as rheumatoid arthri-
tis, pain persists for as long as inflammation is active
(Michaud et al., 2007).

Inflammatory pain depends, to some degree, on the
peripheral activation of primary sensory afferent neurons.
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In contrast, a series of endogenous ligands related to inhibi-
tion of sensory transduction of noxious stimuli at the periph-
eral level has been described, including opioid peptides,
endocannabinoids, and purines (adenosine), which act on
different receptors (Carins, 2009). Endogenous opioids have
also been implicated in pain modulation (Rogers and Peter-
son, 2003; Brack et al., 2004). Opioids act via peripheral and
central opioid receptors to produce analgesic effects (Iwasz-
kiewicz et al., 2013; Zeppetella and Davies, 2013). In addi-
tion, endogenous opioids regulate inflammation through
opioid receptors found on immune cells at the site of inflam-
mation (Rogers and Peterson, 2003; Brack et al., 2004). The
endocannabinoid system consists of cannabinoid receptor
type 1 (CB;) and cannabinoid receptor type 2 (CB,), endog-
enous ligands, and their synthesizing/metabolizing enzymes
(Agarwale et al., 2007; Jhaveri et al., 2007). Ibrahim and
coworkers have demonstrated that CB, receptor activation
in keratinocytes, one type of cell that has been reported to
express CB, receptors (Ibrahim et al., 2005) and to contain
endogenous opioid peptides (Cabot et al., 1997), releases
beta-endorphin, which in turn can produce peripheral anti-
nociception by acting upon p-opioid receptors on primary
afferent neurons.

Recently, adenosine receptors have emerged as
attractive potential alternatives for the treatment of
chronic pain. It has been well documented that adenosine
regulates pain transmission in the periphery, and several
agents can alter the extracellular availability of adenosine
and subsequently modulate pain transmission, particularly
by activation of adenosine A; receptors (Sawynok and
Liu, 2003; Sawynok, 2013).

The use of water for medical treatment is probably
as old as mankind. Water immersion (WI) is an approach
to the treatment of chronic disorders, such as rheumatoid
arthritis (O’Hare et al., 1984). The mechanisms by which
warm water immersion therapy (WWIT) reduces inflam-
matory pain are not fully understood. The net benefit is
probably the result of a combination of factors, with
mechanical and thermal effects among the most promi-
nent (Sukenik et al., 1999). The thermal effect, which is
the result of heat, acts in four ways, vasodilatation, gate
control mechanism, elevation of beta-endorphin levels,
and muscle relaxation. The mechanical effect can be
described as hydromechanical stimuli of the water adapted
to the body parts and hydrostatic pressure of water on the
skin (Melzack and Wal, 1965; Perl, 2007).

It is clear that, in immersion with or without exer-
cise, temperature and immersion time are key variables to
obtain the desired effect in the treatment of painful condi-
tions (Bender et al., 2005). Although these treatments are
commonly and ubiquitously used to treat pain, no stand-
ard guidelines have been established, and a target temper-
ature for optimal therapeutic effects has yet to be
identified. This is largely the result of a lack of under-
standing regarding the mechanisms through which
WWIT aftects pain symptoms (Bender et al., 2005;
Fioravanti et al., 2011).

The clinical use of WI, as part of the physical
therapy for chronic pain treatment, requires detailed

knowledge of the peripheral endogenous mechanisms
behind of antiallodynic effects induced by WWIT. The
present study examines 1) the antiallodynic and antiede-
matogenic eftects of WWIT on lower limbs via local
injection in a mouse model of localized inflammation and
2) the potential role of opioid, cannabinoid, and adeno-
sine receptors in the antiallodynic effect WWIT.

MATERIALS AND METHODS

Animals

The experiments were performed after approval of the
protocol (13.006.4.08.1V) by the Institutional Ethics Commit-
tee (blinded) and were carried out in accordance with the cur-
rent guidelines for the care of laboratory animals and the ethical
guidelines for investigations of experimental pain in conscious
animals. Experiments were conducted with male Swiss mice
(25-35 g body weight) housed at 22°C * 2°C under a 12-hr
light—dark cycle (lights on at 6:00 AM), with access to food and
water ad libitum. Animals were acclimatized to the laboratory
for at least 1 hr before testing and were used only once
throughout the experiments. The experiments were carried out
between 8:00 and 11:00 AM.

Drugs

The following substances were used: dimethyl sulfoxide
(DMSO), ethanol, morphine hydrochloride, and N(’—cyclohex—
yladenosine from Merck (Darmstadt, Germany); caffeine and
complete Freund’s adjuvant (CFA) from Sigma (St. Louis,
MO); adenosine, 1,3-dipropyl-8-cyclopentylxanthine
(DPCPX), and naloxone hydrochloride from Tocris Bioscience
(Ellisville, MO); and AM630 and WIN 55,212-2 from Cayman
Chemical (Ann Arbor, MI). DPCPX was dissolved in saline
with DMSO that did not exceed 5% and did not cause any
effect per se. AM630 and WIN 55,212-2 were dissolved,
immediately before use, in DMSO and ethanol, in an amount
that did not exceed final concentrations of 1% and 2.5%,
respectively. Other substances were dissolved in saline. For
drugs delivered by subcutaneous routes, a constant volume of
20 pl/paw was injected. Appropriate vehicle-treated groups
were also assessed simultaneously.

Warm Water (35°C) Immersion Therapy

Animals were placed in a plastic box divided into eight
compartments (170 X 100 mm), filled with 5.5 liters of shallow
(3 cm depth) water at 25°C and 35°C. WWIT consisted of dif-
ferent immersion times: 3, 10, and 30 min at 35°C (acute or
chronic exposition). Appropriate control groups were also
assessed simultaneously. After each immersion session, animals
were gently dried with a cloth towel. Mice in the WWIT and
control groups were exposed to shallow water (~25°C) for 3
min once per day on the first, second, and third days. Mice
were thus acclimated to the new environment.

CFA-Induced Inflammation and Mechanical Allodynia

Mice were injected (intraplantar; i.pl.) with 20 pl 70%
CFA (Mycobacterium tuberculosis) as described by Meotti et al.
(2006), with minor modifications. The sham group received 20
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pl phosphate-buffered saline in the right paw. CFA produced
significant hind paw swelling and hyperalgesia. To assess the
effects of WWIT on CFA-induced chronic inflammatory pain,
animals received WWIT of different durations (3, 10, or 30
min of immersion) 24 hr after i.pl. injection of CFA. Develop-
ment of mechanical allodynia was evaluated at 0, 15, 30, 60,
and 120 min after therapy to verify the time course of WWIT
in reducing mechanical allodynia (Meotti et al., 2006; Martins
et al., 2013a). To investigate the effects of the long-term treat-
ment on mechanical allodynia, WWIT was performed once per
day. Mechanical allodynia was evaluated 30 min after therapy
(time with maximal inhibition observed in the acute treatment)
for 5 consecutive days. Mechanical allodynia was measured in
mice acclimatized to individual clear boxes (9 X 7 X 11 c¢m)
on an elevated wire mesh platform to allow access to the ventral
surface of the hind paws, as previously described (Mazzardo-
Martins et al., 2012; Martins et al., 2013a). The withdrawal
response frequency to 10 applications of 0.4 g of von Frey fila-
ments (Stoelting, Wood Dale, IL) is presented as a percentage
response, with 100% being 10/10 and 0% being 0/10 responses.
An increased number of responses was interpreted as mechani-
cal allodynia. The von Frey filaments of 0.4 g produced a mean
withdrawal frequency of about 10-20%, which is considered an
adequate value for the measurement of mechanical allodynia
(Dutra et al., 2012). All withdrawal latencies were measured
manually.

CFA-Induced Hind Paw Edema in Mice

This experiment was performed as previously described
by Levy (1969). On the fifth day after CFA i.pl. injection, and
after mechanical allodynia evaluation, paw edema was meas-
ured as the difference between paw thickness (in micrometers)
in the different groups, with a digital micrometer. The differ-
ence between the groups indicated the degree of inflamma-
tion; this period for observation of paw edema was chosen to
verify the effect of daily WWIT treatment on edema
formation.

Analysis of Possible Mechanism of Action Peripheral of
WWIT (35°C)

To evaluate some of the peripheral mechanisms by
which  WWIT causes antiallodynia against CFA-induced
chronic inflammatory pain, the animals were treated with
some classic drugs. The doses of the drugs used were selected
based on previous studies (Martins et al., 2012, 2013b; Cidral-
Filho et al., 2014) and also based on previous results from our
laboratory.

Experiment 1: Involvement of Peripheral Opioid
Receptors

To assess the involvement of the opioid system in the
antiallodynic effect of 10 min of WWIT, the animals received
an 1.pl. injection of naloxone (a nonselective opioid receptor
antagonist; 5 Hg/paw) or saline solution (20 pl/paw) in the
right and left hind paws (Martins et al., 2012). After 15 min,
the animals were subjected to WWIT for 10 min. Mechanical
allodynia was evaluated with the von Frey filament test 30 min
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after WWIT. Control animals were subjected to cold water and
were assessed over the same time intervals. Furthermore, mice
were pretreated with an i.pl. injection of saline or naloxone,
and after 15 min received morphine (5 pg/paw) or saline (20
pl/paw). These groups were assessed 30 min after morphine or
saline treatment.

Experiment 2: Involvement of Peripheral
Adenosine A; Receptors

Next, we investigated the involvement of peripheral
adenosine receptors in the antiallodynic effect produced by
10 min of WWIT. The animals received an 1.pl. injection with
20 pl caffeine (a nonselective adenosine receptor antagonist;
150 nmol/paw) or saline solution (20 pl/paw) in the right and
left hind paws. After 15 min, the animals were subjected to
WWIT for 10 min. Mechanical allodynia was evaluated with
the von Frey filament test 30 min after WWIT. Control ani-
mals were subjected to cold water and were assessed over the
same time intervals. Furthermore, mice were pretreated with an
i.pl. injection of saline or caffeine and, after 15 min, received
N°-cyclohexyladenosine (CHA, a selective adenosine A; recep-
tor agonist; 10 pg/paw) or saline (20 pl/paw). These groups
were assessed 30 min after CHA or saline treatment.

To evaluate the involvement of peripheral A;Rs in the
antiallodynic effect of 10 min of WWIT, in another set of
experiments the animals received an i.pl. injection of DPCPX
(a selective adenosine A, receptor antagonist; 10 nmol/paw) or
saline solution (20 pl/paw) in the right hind paw. After 15 min,
the animals were subjected to WWIT for 10 min. Mechanical
allodynia was evaluated with the von Frey filament test 30 min
after WWIT. Control animals were subjected to cold water and
were assessed over the same time intervals. Furthermore, mice
were pretreated with an i.pl. injection of saline or caffeine and,
after 15 min, received CHA (10 pg/paw) or saline (20 pl/paw).
These groups were assessed 30 min after CHA or saline
treatment.

Experiment 3: Involvement of Peripheral CB,

To determine the involvement of peripheral CB,, the
animals received an i.pl. injection of AM630 (a selective CB,
antagonist; 4 pg/paw) or saline solution (20 pl/paw) in the
right and left hind paws. After 15 min, the animals were sub-
jected to WWIT for 10 min. Mechanical allodynia was eval-
uated with the von Frey filament test 30 min after WWIT.
Control animals were subjected to cold water and were assessed
over the same time intervals. Furthermore, mice were pre-
treated with an i.pl. injection of saline or AM630 and, after
15 min, received WIN 55,212-2 (a mixed CB;R/CBsR ago-
nist; 5 pg/paw) or saline (20 pl/paw). These groups were
assessed 30 min after WIN 55,212-2 or saline treatment.

Statistical Analysis

Behavioral testing was analyzed by two-way analysis of
variance for repeated measures, with Bonferroni multiple-
comparisons posttest or one-way analysis of variance following
Student-Newman-Keuls test. Results are presented as mean-
* SEM for each group. P < 0.05 was considered significant.
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Fig. 2. Involvement of peripheral opioid receptors in antiallodynic
effect caused by WWIT. Intraplantar pretreatment with naloxone in
the right paw (5 pg/paw; A) and naloxone in the left paw (5 pg/paw;
B) and morphine in the right paw (5 pg/paw; C). Each point repre-

RESULTS

Antiallodynic Effect of WWIT on Persistent
Inflammatory Pain Model

To evaluate the effects of WWIT on inflammatory
pain, we injected CFA into the paws of mice. The results
depicted in Figure 1A,B show that acute treatment with
10 or 30 min of WWIT at 35°C reduced the mechanical
allodynia induced by the CFA injection. Significant dif-
ferences between groups were observed 15 (P < 0.05), 30
(P<0.05), and 60 min (P < 0.05) after WWIT compared
with the control group. However, 3, 10, or 30 min of
cold (normal) immersion at 25°C had no effect on the
response frequency and was not significantly different
from the control group (Fig. 1B). In addition, the daily
treatment of animals with 10 or 30 min of WWIT at

sents the mean of eight animals; vertical lines show SEM. WWIT,
warm water immersion therapy; T, temperature; RP, right paw; LP,
left paw. *P < 0.05 compared with saline (control) group; "P < 0.05
compared with saline + T 35°C (10 min)-only group.

35°C decreased the mechanical allodynia induced by
CFA when evaluated 30 min after treatment. This effect
was evident until the fifth day of treatment (Fig. 1C).
Nevertheless, 10 or 30 min of WWIT at 35°C had no
effect on CFA-induced edema (data not shown).

Peripheral Opioid Receptor Mediates
Antiallodynic Effect of WWIT

Results presented in Figure 2A,B indicate that the
i.pl. preadministration of naloxone (5 Hg/paw) in the
right, but not in the left, hind paw significantly (P < 0.05)
prevented the acute effect of 10 min of WWIT at 35°C
against mechanical allodynia induced by CFA in mice.
Furthermore, when preadministered in the same dose as
previously described for the right hind paw, naloxone
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Fig. 3. Involvement of the peripheral adenosine receptors in antiallo-
dynic effect caused by WWIT. Intraplantar pretreatment with caffeine
in the right paw (150 nmol/paw; A) and caffeine in the left paw (150
nmol/paw; B) and the antiallodynic effect of WWIT (T 35°C [10°]
and CHA (10 pg/paw; C). DPCPX in the right paw (10 nmol/paw;
D) and DPCPX in the left paw (10 nmol/paw; E) and the antiallo-

significantly (P < 0.05; Fig. 2C) prevented the antiallo-
dynic effect of morphine (5 pg/paw). The administration
of naloxone per se did not affect the animals’ response
frequency.

Peripheral Adenosine Receptors Are Necessary for
the Antiallodynic Effect of WWIT

Results presented in Figure 3A indicate that the 1.pl.
preadministration of caffeine or DPCPX in the right, but
not in the left, hind paw significantly (P < 0.05) prevented
the acute effect of 10 min of WWIT at 35°C on mechani-
cal allodynia induced by CFA in mice (Fig. 3A,B,D,E).
Furthermore, the preadministration of cafteine or DPCPX
in the right hind paw also significantly (P < 0.05; Fig. 3C—
F) prevented the analgesic effect of CHA (10 pg/paw).
The administration of caffeine or DPCPX per se did not
affect the animals’ response frequency.

Peripheral Cannabinoid Receptor Was Involved in
the Antiallodynic Effect of WWIT

Results presented in Figure 4A,B indicate that the
i.pl. preadministration of AM630 in the right, but not in
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dynic eftect of WWIT (T 35°C [10’]) and CHA (10 pg/paw; F).
Each point represents the mean of eight animals; vertical lines show
SEM. WWIT, warm water immersion therapy; T, temperature; RP,
right paw; LP, left paw. *P<0.05 compared with saline + control
group or saline + vehicle group; *P< 0.05 compared with saline + T
35°C (10 min)-only group.

the left, hind paw significantly (P< 0.05) prevented the
acute effect of 10 min of WWIT at 35°C on mechanical
allodynia induced by CFA in mice. Furthermore, the pre-
administration of AM630 in the right hind paw also sig-
nificantly (P < 0.05; Fig. 4C) prevented the analgesic
effect of WIN 55,212-2 (5 pg/paw) injected in the right
hind paw. The administration of AM630 per se did not
affect the animals’ response frequency.

DISCUSSION

Evidence from clinical studies emphasizes the importance
of peripheral drive in maintaining chronic pain. In this
regard, for the majority of chronic pain conditions, there
is now a large body of evidence strongly suggesting that
activity from the periphery is essential not only to initiate
but also to maintain painful symptoms (Richards and
McMahon, 2013). Inflammatory pain depends, to some
degree, on the peripheral activation of primary sensory
afferent neurons. Peripheral nerve endings express a vari-
ety of inhibitory receptors, such as opioid, cannabinoid,
and adenosine receptors, and these receptors are potential
targets for therapy (Richards and McMahon, 2013).
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Fig. 4. Involvement of the peripheral cannabinoid receptors in antial-
lodynic effect caused by WWIT. Intraplantar pretreatment with
AMG630 in the right paw (4 pg/paw; A) and with AM630 in the left
paw (4 pg/paw; B) and the antiallodynic effect of WWIT; pretreat-
ment with AM630 in the right paw (4 pg/paw; C) and the antiallo-
dynic eftect of WIN 55,212-2 (5 pg/paw; C). Each point represents

Given that peripheral antinociception can involve activa-
tion of multiple receptors on sensory neurons, the ability
of WWIT to target several receptors might be of particu-
lar interest. The current data show, for the first time, that
WWIT on lower limbs reduces persistent inflammatory
pain. The data further show the role of the different
peripheral endogenous mechanisms in supporting the
antiallodynic eftect of WWIT.

Clinical Significance of the Persistent
Inflammatory Pain Model

Clinically, chronic inflammatory pain, particularly
that resulting from osteoarthritis or rheumatoid arthritis,
accounts for the largest single population of patients seeking
analgesic therapies. There are several rodent models of
chronic inflammatory pain that are commonly used to sup-
port the development of new therapeutics. Common
rodent experimentally induced arthritis models include
CFA-induced arthritis of the paw (Kruger and Light, 2010)
and monoiodoacetate-induced arthritis of the knee (Ferni-
hough et al., 2004). In these models, pain responses are typ-
ically measured by assessing mechanical and/or thermal
hypersensitivity of a hind paw (Kruger and Light, 2010).

The current study shows evidence that supports the
use of WWIT for the treatment of persistent inflamma-
tory pain and also contributes to the general knowledge
of the endogenous mechanisms underlying this effect,
insofar as it demonstrates that WWIT presents a time-
response analgesic effect in the model of persistent inflam-
matory pain in mice but had no effect on the edema. It is
important to point out that, in the current study, WWIT
presented a time-response analgesic effect that is in agree-
ment with the clinical view, in which the analgesic effect
occurs between 10 and 30 min in warm temperatures
(Wright and Sluka, 2001; Robinson et al., 2002; French
et al., 2006). This observation is of utmost relevance
because the effectiveness of the treatment can be highly

o

Vehicle
(20 uL/paw, RP)

WIN 55212-2
(5 ug/paw, RP)

T 35°C (10')

the mean of eight animals; vertical lines show SEM. WWIT, warm
water immersion therapy; T, temperature; RP, right paw; LP, left
paw. *P<0.05 compared with saline + control group or sali-
ne + vehicle group; *P<0.05 compared with saline + T 35°C (10°)-
only group.

influenced by the correct selection of the duration and
temperature for therapy, as was demonstrated here.

WI 1s widely used in physiotherapy and might even
induce a variety of physiological responses, depending on
physical parameters such as temperature, immersion time,
and hydrostatic pressure (Weston et al., 1987). These
physiological changes have demonstrated therapeutic ben-
efits in individuals with rheumatoid arthritis (Melton-
Rogers et al., 1996). In addition, WI is used as a part of
rehabilitation regimes for respiratory, cardiovascular, and
orthopedic disorders (Sato et al., 2007, 2012a,b; Mara-
botti et al., 2009).

Heat can be applied superficially by application of
moist hot packs, use of infrared light, paraffin wax appli-
cation, or immersion in hot water baths (Robinson et al.,
2002; French et al., 2006). WI might have beneficial
effects on muscle tone, joint mobility, and pain intensity,
supposedly by activating several distinct somatosensory
modalities, including tactile, pressure, and thermal sensa-
tions (Sato et al., 2012a,b).

Some hypotheses have been suggested to explain the
analgesic effect of WWIT; however, none of them has
been entirely elucidated. One of the discussion points sug-
gests that hot stimuli might influence muscle tone and pain
intensity, helping to reduce muscle spasm and to increase
pain threshold in nerve endings (Wright and Sluka, 2001).
Another point of discussion is the “gate theory,” in which
pain relief might be due simply to the temperature and
hydrostatic pressure of water on the skin (Melzack and
Wal, 1965; Perl, 2007). It has also been suggested that
increasing skin temperature or deep tissue temperature
would cause vasodilation in the vessels of damaged tissue
and increase metabolism and blood flow, which in turn
would result in increased removal of inflammatory com-
pounds known to activate and sensitize primary afterent
fibers. This would result in less input being transmitted to
the spinal cord and higher brain centers and, thus, decreased
perception of pain (Wright and Sluka, 2001).
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Another point of discussion is the activation, by
warm water, of the thermotransient receptor potentials
(TRPs), a recently discovered family of ion channels acti-
vated by temperature that are expressed in primary sen-
sory nerve terminals, where they provide information
about thermal changes in the environment (Vay et al.,
2012). The TRPV3 was initially shown to be expressed
only in keratinocytes, but later studies have shown its
expression in sensory neurons (Facer et al., 2007; Freder-
ick et al.,, 2007). As a thermoreceptor, TRPV3 is acti-
vated by temperatures in the warm range of 33-39°C,
with an activation threshold of 33-34°C (Peier et al.,
2002; Xu et al,, 2002). Similarly to TRPV3, a strong
expression for TRPV4 has been found in keratinocytes
(Chung et al., 2003), providing further evidence that
these cells might be involved in sensing warmth. TRPV4
is activated by temperatures in the warm range of 27—
34°C (Chung et al., 2003). TRPV3 is activated by non-
noxious warm temperatures and seems to have an impor-
tant analgesic function that is exploited by traditional
anti-inflammatory preparations. However, there have
been some preliminary indications that TRPV3 might
also contribute to inflammatory heat pain; if this is con-
firmed, then antagonists might be of value (Vay et al.,
2012). These data from the literature allow us to formu-
late the hypothesis that thermal stimuli (35°C) could pro-
foundly desensitize the receptor and that this inactivation
reduces the sensitivity and other ligands and can be used
to reduce pain.

Given these results showing that WI in the condi-
tions evaluated in the present study did not affect CFA-
induced edema, it seems more reasonable to reinforce the
first theory that relates the benefits of WI to the muscles
or sensory nerves. It is worth noting that ourt data dem-
onstrate that WWIT is able to reduce mechanical hyperal-
gesia in a persistent inflammatory pain model and that the
activation of opioid, cannabinoid CB, and adenosine A
peripheral (paw) receptors seems to contribute to the anti-
allodynic eftect of WWIT.

Involvement of the Opioid Receptors in
Antiallodynia by WWIT

Several peripheral endogenous antinociceptive
mechanisms are involved in counteracting inflammatory
hyperalgesia. Most of these involve the release of opioid
peptides (Iwaszkiewicz et al.,, 2013), endocannabinoids
(Agarwal et al., 2007; Jhaveri et al., 2007), or purines
(Sawynok and Liu, 2003; Sawynok, 2013). Opioid recep-
tors are widely expressed in the central and peripheral
nervous systems and in numerous nonneuronal tissues.
Both animal models and human clinical data support the
involvement of peripheral opioid receptors in analgesia,
particularly in inflammation, in which both opioid recep-
tor expression and efficacy are increased (Iwaszkiewicz
et al., 2013). Prior studies show that all three major classes
of opioid receptors (W, 8, and k) are present on peripheral
sensory nerve terminals, both in animals and in humans
(Stein et al., 1989; Stein and Lang, 2009). In a single study
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that used CFA-induced inflammation of the rat paw,
locally acting I, 8, and k opioid receptor-selective ago-
nists delivered antinociception that was dose dependent,
stereospecific, and reversible by receptor-specific antago-
nists (Stein et al,, 1989). Furthermore, K receptor-
selective opioid agonists, when administered subcutane-
ously to the paw, evoked potent dose-dependent increases
in pain thresholds after CFA-induced chronic inflamma-
tion, an effect antagonized by naloxone methiodide
(Binder et al., 2001).

Of note is the fact that preadministration of nalox-
one in the right, but not in the left, hind paw significantly
prevented the effect of 10 min of WWIT against mechan-
ical hyperalgesia induced by CFA in mice when adminis-
tered via i.pl. This result suggests, for the first time, that
the effects of WWIT are mediated, at least in part,
through activation of peripheral opioid receptors. These
previous findings together with the current data lead to
the hypothesis that WWIT produces an opioid form of
analgesia mediated by local peripheral opioid receptors.
Furthermore, our findings are in agreement with studies
examining opioid peptide production in keratinocyte
cells. Recent data have demonstrated the possibility that
normal keratinocytes can produce and secrete a precursor
pro-opiomelanocortin after various stimuli (e.g., ultravio-
let rays, thermal stimuli), which is the common precursor
of various endorphins (Ibrahim et al., 2005; Fioravanti
et al., 2011). This finding allows us to formulate the fasci-
nating hypothesis that thermal stimuli could be used to
condition the skin’s production of opioid peptides, thus
altering pain threshold.

Involvement of the Cannabinoid Receptors in
Antiallodynia by WWIT

Increased sensory sensitivity produced by peripheral
inflammatory processes is an important component of
many pain states. Cannabinoid receptor agonists inhibit
inflammatory hyperalgesia in animal models. Significantly,
peripheral cannabinoid receptors might be capable of
inhibiting inflammatory hyperalgesia, as shown by the
observation that the endogenous cannabinoid receptor
agonist anandamide exhibits antihyperalgesic activity
when injected locally into the inflamed hind paw of the
rat (Richardson, 2000). Two cannabinoid receptor sub-
types, CB; and CB,, have been identified and cloned
(Matsuda et al., 1990; Munro et al., 1993). The cannabi-
noid CB, receptor expression seems to be found predom-
inantly, but not exclusively, in peripheral tissues with
immune functions (Matsuda et al., 1990; Munro et al.,
1993; Galiegue et al., 1995). It has also recently been
found in the brain, on dorsal root ganglion, in the lumbar
spinal cord, on sensory neurons, on microglia, and in
peripheral tissues (Sawynok, 2013). Also of interest are
our current results showing that local (i.pl.) pretreatment
of animals with AM630 (a selective CB, receptor antago-
nist), at a dose that produced no significant effect on
mechanical hyperalgesia in the right, but not in the left,
hind paw, significantly reversed the antihyperalgesic effect



164 Martins et al.

caused by WWIT. Given the present data, we speculate
that the antiallodynic eftect of WWIT is probably linked
to an activation of peripheral CB, receptors.

Involvement of the Adenosine Receptors in
Antiallodynia by WWIT

Adenosine is directly involved in the modulation of
nociceptive activity. Ay receptors in the periphery
recently have been implicated in antinociception pro-
duced by ankle joint mobilization (Martins et al., 2013a),
acupuncture (Goldman et al., 2010), and systemic admin-
istration of acetaminophen (Liu et al., 2013a) and amitrip-
tyline (Liu et al., 2013b). It has been demonstrated that
peripheral administration of A; receptor agonists in the rat
paw blocks mechanical hyperalgesia induced by prosta-
glandin E2 (PGE2; Valério et al., 2009).

This study demonstrates that the inhibition of local
peripheral antiallodynic effect of WWIT by cafteine, a
nonselective adenosine receptor antagonist, does not
determine which subtypes of adenosine receptors are
involved in this effect. However, because DPCPX, a
selective A receptor antagonist, also suppressed the anti-
allodynic effect of WWIT when administered in the
right, but not in the left, hind paw, our results suggest the
participation of A; receptors in the antiallodynic effect of
WWIT. Thus, the antiallodynic eftect of WWIT seems
to be mediated, at least in part, by peripheral A receptors,
inasmuch as it was blocked by local i.pl. injection of the
antagonist.

Interactions Among Opioid, Cannabinoid, and
Adenosine Receptors in Antiallodynia by WWIT

A recent study by Ibrahim and coworkers (2005)
investigated the mechanism through which CB, cannabi-
noid receptor-selective agonists are able to inhibit inflam-
matory pain responses. The authors demonstrated that
CB, receptor activation in keratinocytes, one type of cell
that has been reported to express CB, receptors (Casa-
nova et al., 2003) and to contain endogenous opioid pep-
tides (Cabot et al., 1997), releases beta-endorphin, which
in turn can produce peripheral antinociception by acting
upon W opioid receptors on primary afferent neurons.
This mechanism allows for the local release of endoge-
nous opioids limited to sites where CB, receptors are
present (Ibrahim et al., 2005).

Furthermore, it has been shown that cannabinoids,
such as A9-tetrahydrocannabinol (THC) and morphine,
produce a synergistic interaction in arthritic rats (Cox
et al.,, 2007). Early studies in rats by Ghosh and Bhatta-
charya (1979) demonstrated the enhancement of mor-
phine by an extract of Cannabis indica, and the potency of
codeine and morphine given orally were shown to be
enhanced by orally administered A9-THC and A6-THC
in mice. Although the antinociceptive interactions of
opioid receptor/agonists with CB receptor/agonists
peripheral have been widely investigated (Ibrahim et al.,
2005; Cox et al., 2007; Welch, 2009), the interactions of

adenosine receptor/agonists with CB receptor/agonists
are not well established.

An interesting study examined the interactions
among L opioid, a2-adrenergic, and adenosine A; ago-
nists peripherally administered. Antinociception was
determined by assessing the degree of inhibition of
PGE2-induced mechanical hyperalgesia by using the
Randall-Selitto paw-withdrawal test. These findings sug-
gest that all three receptors are located on the same pri-
mary afferent nociceptors. Although any of the agonists
administered alone produce antinociception, the authors
found that p opioid, adenosine A, and a2 receptors
might not act independently to produce antinociception
but rather might require the physical presence of the
other receptors to produce antinociception by any one
agonist (Aley and Levine, 1997). Therefore, we speculate
that any one endogenous molecule could mediate the
antiallodynic the effect of WWIT and that this effect
could require the physical presence of more than one
receptor.

CONCLUSIONS

In summary, our data show that WWIT produces local
peripheral antihyperalgesic effects in an experimental
model of persistent inflammatory pain. Its antihyperalgesic
effect is mediated, at least in part, through peripheral
opioid, adenosine (A;), and cannabinoid (CB,) receptors.
These findings could contribute to a better understanding
of the mechanism of the peripheral antiallodynic effect of
WWIT. WWIT is certainly not a cure for arthritis, but it
should be considered as an additional nonpharmacological
treatment option in an existing treatment plan.

REFERENCES

Agarwal N, Pacher P, Tegeder I, Amaya F, Constantin CE, Brenner GJ,
Rubino T, Michalski CW, Marsicano G, Monory K, Mackie K,
Marian C, Batkai S, Parolaro D, Fischer MJ, Reeh P, Kunos G, Kress
M, Lutz B, Woolf CJ, Kuner R. 2007. Cannabinoids mediate analgesia
largely via peripheral type 1 cannabinoid receptors in nociceptors. Nat
Neurosci 10:870-879.

Aley KO, Levine JD. 1997. Multiple receptors involved in peripheral
alpha 2, mu, and Al antinociception, tolerance, and withdrawal.
J Neurosci 2:735-744.

Bender T, Karagtille Z, Bélint GP, Gutenbrunner C, Balint PV, Sukenik
S. 2005. Hydrotherapy, balneotherapy, and spa treatment in pain man-
agement. Rheumatol Int 25:220—4.

Binder W, Machelska H, Mousa S, Schmitt T, Riviére PJ, Junien JL,
Stein C, Schafer M. 2001. Analgesic and anti-inflammatory effects of
two novel kappa-opioid peptides. Anesthesiology 94:1034—1044.

Brack A, Rittner HL, Machelska H, Beschmann K, Sitte N, Schifer M,
Stein C. 2004. Mobilization of opioid-containing polymorphonuclear
cells by hematopoietic growth factors and influence on inflammatory
pain. Anesthesiology 100:149-157.

Cabot PJ, Carter L, Gaiddon C, Zhang Q, Schafer M, Loeffler JP, Stein
C. 1997. Immune cell-derived beta-endorphin. Production, release, and
control of inflammatory pain in rats. ] Clin Invest 100:142-148.

Carins BE, editor. 2009. Cairns peripheral receptor targets for analgesia:
novel approaches to pain management. Hoboken, NJ: John Wiley &
Sons. p 549.

Journal of Neuroscience Research



Warm Water Immersion Therapy Reduces Persistent Pain

Casanova ML, Blizquez C, Martinez-Palacio J, Villanueva C, Fernindez-
Acenero MJ, Huffman JW, Jorcano JL, Guzman M. 2003. Inhibition of
skin tumor growth and angiogenesis in vivo by activation of cannabi-
noid receptors. J Clin Invest 111:43-50.

Chung MK, Lee H, Caterina MJ. 2003. Warm temperatures activate
TRPV4 in mouse 308 keratinocytes. ] Biol Chem 278:32037-32046.
Cidral-Filho FJ, Mazzardo-Martins L, Martins DF, Santos AR. 2014.
Light-emitting diode therapy induces analgesia in a mouse model of
postoperative pain through activation of peripheral opioid receptors and

the L-arginine/nitric oxide pathway. Lasers Med Sci 2:695-702.

Cox ML, Haller VL, Welch SP. 2007. The antinociceptive effect of
Delta9-tetrahydrocannabinol in the arthritic rat involves the CB, canna-
binoid receptor. Eur ] Pharmacol 3:50-56.

Dutra RC, Simao da Silva KA, Bento AF, Marcon R, Paszcuk AF,
Meotti FC, Pianowski LF, Calixto JB. 2012. Euphol, a tetracyclic tri-
terpene, produces antinociceptive effects in inflammatory and neuro-
pathic  pain:  the  involvement  of  cannabinoid  system.
Neuropharmacology 63:593-605.

Facer P, Casula MA, Smith GD, Benham CD, Chessell IP, Bountra C,
Sinisi M, Birch R, Anand P. 2007. Differential expression of the capsai-
cin receptor TRPV1 and related novel receptors TRPV3, TRPV4 and
TRPMS in normal human tissues and changes in traumatic and diabetic
neuropathy. BMC Neurol 7:11.

Fernihough J, Gentry C, Malcangio M, Fox A, Rediske J, Pellas T, Kidd
B, Bevan S, Winter J. 2004. Pain related behaviour in two models of
osteoarthritis in the rat knee. Pain 112:83-93.

Fioravanti A, Cantarini L, Guidelli GM, Galeazzi M. 2011. Mechanisms
of action of spa therapies in rheumatic diseases: what scientific evidence
is there? Rheumatol Int 31:1-8.

Frederick J, Buck ME, Matson DJ, Cortright DN. 2007. Increased
TRPA1, TRPMS, and TRPV2 expression in dorsal root ganglia by
nerve injury. Biochem Biophys Res Commun 358:1058—1064.

French SD, Cameron M, Walker BF, Reggars JW, Esterman AJ. 2006. A
Cochrane review of superficial heat or cold for low back pain. Spine
31:998-1006.

Galiegue S, Mary S, Marchand ], Dussossoy D, Carriere D, Carayon P,
Bouaboula M, Shire D, Le Fur G, Casellas P. 1995. Expression of cen-
tral and peripheral cannabinoid receptors in human immune tissues and
leukocyte subpopulations. Eur J Biochem 232:54-61.

Ghosh P, Bhattacharya SK. 1979. Cannabis-induced potentiation of mor-
phine analgesia in rat-role of brain monoamines. Indian ] Med Res 70:
275-280.

Goldman N, Chen M, Fujita T, Xu Q, Peng W, Liu W, Jensen TK, Pei
Y, Wang F, Han X, Chen JF, Schnermann J, Takano T, Bekar L, Tieu
K, Nedergaard M. 2010. Adenosine Al receptors mediate local antino-
ciceptive effects of acupuncture. Nat Neurosci 13:883-889.

Ibrahim MM, Porreca F, Lai J, Albrecht PJ, Rice FL, Khodorova A,
Davar G, Makriyannis A, Vanderah TW, Mata HP, Malan TP, Jr.
2005. CB; cannabinoid receptor activation produces antinociception by
stimulating peripheral release of endogenous opioids. Proc Natl Acad
Sci U S A 102:3093-3098.

Iwaszkiewicz KS, Schneider JJ, Hua S. 2013. Targeting peripheral opioid
receptors to promote analgesic and anti-inflammatory actions. Front
Pharmacol 4:132.

Jhavert MD, Sagar DR, Elmes SJ, Kendall DA, Chapman V. 2007. Can-
nabinoid CB2 receptor-mediated anti-nociception in models of acute
and chronic pain. Mol Neurobiol 36:26-35.

Kruger L, Light AR, editors. 2010. Translational pain research: from
mouse to man. Boca Raton, FL: CRC Press. http://www.ncbi.nlm.
nih.gov/books/NBK57269/.

Levy L. 1969. Carrageenan paw edema in the mouse. Life Sci 8:601—
606.

Liu J, Reid AR, Sawynok J. 2013a. Antinociception by systemically-
administered acetaminophen (paracetamol) involves spinal serotonin 5-

Journal of Neuroscience Research

165

HT7 and adenosine A1l receptors, as well as peripheral adenosine Al
receptors. Neurosci Lett 536:64—68.

Liu J, Reid AR, Sawynok J. 2013b. Spinal serotonin 5-HT7 and adeno-
sine Al receptors, as well as peripheral adenosine Al receptors, are
involved in antinociception by systemically administered amitriptyline.
Eur J Pharmacol 698:213-219.

Marabotti C, Scalzini A, Cialoni D, Passera M, L’Abbate A, Remo B.
2009. Cardiac changes induced by immersion and breath-hold diving in
humans. J Appl Physiol 106:293-297.

Martins  DF, Bobinski F, Mazzardo-Martins L, Cidral-Filho FJ,
Nascimento FP, Gadotti VM, Santos AR. 2012. Ankle joint mobiliza-
tion decreases hypersensitivity by activation of peripheral opioid recep-
tors in a mouse model of postoperative pain. Pain Med 13:1049-1058.

Martins DF, Mazzardo-Martins L, Cidral-Filho FJ, Stramosk ], Santos
AR. 2013a. Ankle joint mobilization affects postoperative pain through
peripheral and central adenosine A1 receptors. Phys Ther 93:401-412.

Martins DF, Mazzardo-Martins L, Cidral-Filho FJ, Gadotti VM, Santos
AR. 2013b. Peripheral and spinal activation of cannabinoid receptors
by joint mobilization alleviates postoperative pain in mice. Neuro-
science 255:110-121.

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. 1990.
Structure of a cannabinoid receptor and functional expression of the
cloned ¢cDNA. Nature 346:561-564.

Mazzardo-Martins L, Martins DF, Stramosk ], Cidral-Filho FJ, Santos
AR. 2012. Glycogen synthase kinase 3-specific inhibitor AR-A014418
decreases neuropathic pain in mice: evidence for the mechanisms of
action. Neuroscience 226:411-420.

Melton-Rogers S, Hunter G, Walter J, Harrison P. 1996. Cardiorespira-
tory responses of patients with rheumatoid arthritis during bicycle riding
and running in water. Phys Ther 76:1058-1065.

Melzack R, Wall PD. 1965. Pain mechanism: a new theory. Science
150:971-979.

Meotti FC, Missau FC, Ferreira J, Pizzolatti MG, Mizuzaki C, Nogueira
CW, Santos AR. 2006. Antiallodynic property of flavonoid myricitrin
in models of persistent inflammatory and neuropathic pain in mice.
Biochem Pharmacol 72:1707-1713.

Michaud K, Bombardier C, Emery P. 2007. Quality of life in patients
with rheumatoid arthritis: does abatacept make a difference? Clin Exp
Rheumatol 25:S35-S45.

Munro S, Thomas KL, Abu-Shaar M. 1993. Molecular characterization
of a peripheral receptor for cannabinoids. Nature 365:61-65.

O’Hare JP, Heywood A, Dodds P, Corral RJM, Dieppe P. 1984. Water
immersion in rheumatoid arthritis. Br ] Rheumatol 23:117-118.

Peier AM, Mogqrich A, Hergarden AC, Reeve AJ, Andersson DA, Story
GM, Earley TJ, Dragoni I, McIntyre P, Bevan S, Patapoutian A. 2002.
A TRP channel that senses cold stimuli and menthol. Cell 108:705—
715.

Perl ER. 2007. Ideas about pain, a historical view. Nat Rev Neurosci 8:
71-80.

Richards N, McMahon SB. 2013. Targeting novel peripheral mediators
for the treatment of chronic pain. Br J Anaesth 111:46-51.

Richardson JD. 2000. Cannabinoids modulate pain by multiple mecha-
nisms of action. J Pain 1:2-14.

Robinson V, Brosseau L, Casimiro L, Judd M, Shea B, Wells G,
Tugwell P. 2002. Thermotherapy for treating rheumatoid arthritis.
Cochrane Database Syst Rev 2:CD002826.

Rogers TJ, Peterson PK. 2003. Opioid G protein-coupled receptors: sig-
nals at the crossroads of inflammation. Trends Immunol 24:116-121.

Sato D, Kaneda K, Wakabayashi H, Nomura T. 2007. The water exer-
cise improves health related quality of life of frail elderly people at day
service facility. Qual Life Res 16:1577-1585.

Sato D, Onishi H, Yamashiro K, Iwabe T, Shimoyama Y, Maruyama A.
2012a. Water immersion to the femur level affects cerebral cortical


http://www.ncbi.nlm.nih.gov/books/NBK57269/
http://www.ncbi.nlm.nih.gov/books/NBK57269/

166 Martins et al.

activity in humans: functional near-infrared spectroscopy study. Brain
Topogr 25:220-227.

Sato D, Yamashiro K, Onishi H, Shimoyama Y, Yoshida T, Maruyama
A. 2012b. The effect of water immersion on short-latency somatosen-
sory evoked potentials in human. BMC Neurosci 13:13.

Sawynok, J. 2013. Adenosine and pain. In: Masino S, Boison D, editors.
Adenosine a key link between metabolism and central nervous system
activity. New York: Springer. p 343-360.

Sawynok J, Liu X]J. 2003. Adenosine in the spinal cord and periphery:
release and regulation of pain. Prog Neurobiol 69:313-340.

Stein C, Lang LJ. 2009. Peripheral mechanisms of opioid analgesia. Curr
Opin Pharmacol 9:3-8.

Stein C, Millan MJ, Shippenberg TS, Peter K, Herz A. 1989. Peripheral
opioid receptors mediating antinociception in inflammation. Evidence
for involvement of mu, delta and kappa receptors. J Pharmacol Exp
Ther 248:1269-1275.

Sukenik S, Flusser D, Abu-Shakra M. 1999. The role of SPA therapy in
various rheumatic diseases. Rheum Dis North Am 25:883-897.

Valério DA, Ferreira FI, Cunha TM, Alves-Filho JC, Lima FO, De
Oliveira JR, Ferreira SH, Cunha FQ, Queiroz RH, Verri WA, Jr.
2009. Fructose-1,6-bisphosphate reduces inflammatory pain-like behav-

iour in mice: role of adenosine acting on Al receptors. Br ] Pharmacol
158:558-568.

Vay L, Gu C, McNaughton PA. 2012. The thermo-TRP ion channel
family: properties and therapeutic implications. Br J Pharmacol 4:787—
801.

Welch SP. 2009. Interaction of the cannabinoid and opioid systems in
the modulation of nociception. Int Rev Psychiatry 2:143-151.

Weston CFM, O’Hare JP, Evans JM, Corrall RJ. 1987. Haemodynamic
changes in man during immersion in water at different temperatures.
Clin Sci 73:613-616.

Woolf CJ, Costigan M. 1999. Transcriptional and posttranslational plas-
ticity and the generation of inflammatory pain. Proc Natl Acad Sci U S
A 14:7723-7730.

Wright A, Sluka KA. 2001. Nonpharmacological treatments for musculo-
skeletal pain. Clin ] Pain 17:33—46.

Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge
P, Lilly J, Silos-Santiago I, Xie Y, DiStefano PS, Curtis R, Clapham
DE. 2002. TRPV3 is a calcium-permeable temperature-sensitive cation
channel. Nature 418:181-186.

Zeppetella G, Davies AN. 2013. Opioids for the management of break-
through pain in cancer patients. Cochrane Database Syst Rev 10:
CDO004311.

Journal of Neuroscience Research



