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Sustained Suppression of Hyperalgesia during Latent
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Many chronic pain disorders alternate between bouts of pain and periods of remission. The latent sensitization model reproduces this in
rodents by showing that the apparent recovery (“remission”) from inflammatory or neuropathic pain can be reversed by opioid antagonists. Therefore, this remission represents an opioid receptor-mediated suppression of a sustained hyperalgesic state. To identify the
receptors involved, we induced latent sensitization in mice and rats by injecting complete Freund’s adjuvant (CFA) in the hindpaw. In WT
mice, responses to mechanical stimulation returned to baseline 3 weeks after CFA. In -opioid receptor (MOR) knock-out (KO) mice,
responses did not return to baseline but partially recovered from peak hyperalgesia. Antagonists of ␣2A-adrenergic and ␦-opioid receptors reinstated hyperalgesia in WT mice and abolished the partial recovery from hyperalgesia in MOR KO mice. In rats, antagonists of ␣2A
adrenergic and -, ␦-, and -opioid receptors reinstated hyperalgesia during remission from CFA-induced hyperalgesia. Therefore, these
four receptors suppress hyperalgesia in latent sensitization. We further demonstrated that suppression of hyperalgesia by MORs was due
to their constitutive activity because of the following: (1) CFA-induced hyperalgesia was reinstated by the MOR inverse agonist naltrexone
(NTX), but not by its neutral antagonist 6␤-naltrexol; (2) pro-enkephalin, pro-opiomelanocortin, and pro-dynorphin KO mice showed
recovery from hyperalgesia and reinstatement by NTX; (3) there was no MOR internalization during remission; (4) MORs immunoprecipitated from the spinal cord during remission had increased Ser 375 phosphorylation; and (5) electrophysiology recordings from dorsal
root ganglion neurons collected during remission showed constitutive MOR inhibition of calcium channels.
Key words: adrenergic receptor; constitutive activity; hyperalgesia; kappa-opioid receptor; latent sensitization; mu-opioid receptor

Significance Statement
Chronic pain causes extreme suffering to millions of people, but its mechanisms remain to be unraveled. Latent sensitization is a
phenomenon studied in rodents that has many key features of chronic pain: it is initiated by a variety of noxious stimuli, has
indefinite duration, and pain appears in episodes that can be triggered by stress. Here, we show that, during latent sensitization,
there is a sustained state of pain hypersensitivity that is continuously suppressed by the activation of -, ␦-, and -opioid
receptors and by adrenergic ␣2A receptors in the spinal cord. Furthermore, we show that the activation of -opioid receptors is not
due to the release of endogenous opioids, but rather to its ligand-independent constitutive activity.

Latent sensitization is a physiological phenomenon that displays
key features of chronic pain disorders: indefinite duration and

episodic presentation (Taylor and Corder, 2014). It can be initiated by a wide variety of noxious stimuli, including paw incision
(Li et al., 2001; Richebé et al., 2005; Rivat et al., 2007; Campillo et
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al., 2011), paw inflammation with complete Freund’s adjuvant
(CFA) (Corder et al., 2013) or carrageenan (Bessière et al., 2007;
Le Roy et al., 2011), and nerve injury (Solway et al., 2011). These
stimuli lead to a period of hyperalgesia ranging from several days
(Li et al., 2001) to months (Yalcin et al., 2011), after which the
animal enters a state of susceptibility to pain (“remission”) when
hyperalgesia can be reinstated by opioid receptor antagonists that
normally have no effect (Campillo et al., 2011; Corder et al.,
2013). This indicates that hyperalgesia is still present during remission, but is suppressed by a compensatory activation of opioid receptors. Remarkably, reinstatement by opioid antagonists
can be repeated any number of times over a period of at least 5
months (Campillo et al., 2011; Corder et al., 2013), suggesting
that both the hyperalgesia and the opioid compensatory response
last indefinitely. A recent study indicates that latent sensitization
takes place in humans (Pereira et al., 2015).
Latent sensitization may be similar to hyperalgesic priming, a
phenomenon elicited by injecting interleukin-6 or carrageenan in
the paw of an animal, after which injections in the same paw of inflammatory compounds such as prostaglandin E2, 5-hydroxytriptamine, or
adenosine produce prolonged hyperalgesia (Aley et al., 2000; Parada et
al., 2005; Wang et al., 2013; Kim et al., 2015).
The type of opioid receptor that suppresses hyperalgesia during the remission phase of latent sensitization remains unclear.
One study showed that the -opioid receptor (KOR) antagonist
nor-binaltorphimine (nor-BNI) reinstated the hyperalgesia
(Campillo et al., 2011), whereas another study showed that hyperalgesia can be reinstated by the selective -opioid receptor
(MOR) antagonist CTOP (Corder et al., 2013). The involvement
of other receptors known to produce analgesia at the spinal cord,
such as ␣2A adrenergic receptors (␣2ARs) (Stone et al., 1997;
Pertovaara, 2006), has not been explored. Another important
issue is whether the anti-hyperalgesia produced by MORs in latent sensitization is caused by the sustained release of opioid
peptides (Le Roy et al., 2011) or by agonist-independent, constitutive activity of MORs (Connor and Traynor, 2010; Corder et
al., 2013), a phenomenon previously observed in ␤-arrestin
knock-out (KO) mice (Walwyn et al., 2007; Lam et al., 2011).
In this study, we used MOR KO mice to assess the contribution of MORs to anti-hyperalgesia during the remission phase of
latent sensitization. The involvement of ␦-opioid receptors
(DORs), KORs, and ␣2ARs was examined using selective antagonists in mice and rats. MOR constitutive activity was investigated
by using a MOR inverse agonist and a neutral antagonist; in mice
lacking pro-enkephalin (pENK), pro-opiomelanocortin (pOMC),
and pro-dynorphin (pDYN); by studying its internalization and
phosphorylation in the spinal cord, and with patch-clamp recordings from dorsal root ganglion (DRG) neurons.

Materials and Methods
Animals. All animal procedures were approved by the Animal Research
Committee of University of California–Los Angeles (UCLA) and the
Institutional Animal Care and Use Committee of the Veteran Affairs
Greater Los Angeles Healthcare System and conformed to National Institutes of Health guidelines. Efforts were made to minimize the number
of animals used and their suffering. Adult male WT mice were C57BL/6J
(Jackson Laboratories). Male or female mice lacking MORs (MOR KO)
(Matthes et al., 1996), pre-pro-enkephalin (pENK KO) (König et al.,
1996), pro-opiomelanocortin (pOMC KO) (Rubinstein et al., 1996), and
pre-pro-dynorphin (pDYN KO) (Sharifi et al., 2001) and their WT littermates and were bred from heterozygotes matings of fully backcrossed
C56BL/6J mice by the Animal Breeding Core of the Center for the Study
of Opioid Receptors and Drugs of Abuse, UCLA. Rats were male adult
(2– 4 months old) Sprague Dawley (Harlan Laboratories). Additional
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rats and mice were used to prepare spinal cord slices and DRG neuron
cultures. Rats were given an antibiotic (enrofloxacin) and an analgesic
(carprofen) twice daily for 3 d after surgical procedures.
Chemicals. BRL44408 and naltrexone (NTX) were from Tocris Bioscience. Amastatin, captopril, CFA, [D-Ala 2, N-MePhe 4, Gly-ol]enkephalin (DAMGO), naltrindole, nor-BNI, phosphoramidon, and
common reagents were from Sigma-Aldrich. 6␤-naltrexol and JDTic
were from the National Institute on Drug Abuse Drug Supply Program.
CFA injections. CFA was injected undiluted in a volume of 5 l for
mice and 50 l for rats. One hindpaw was injected subcutaneously using
a 50 l Hamilton syringe and a 26 G needle. The needle was inserted at an
oblique angle from the heel in the middle of the paw near the base of the
third toe. It was held in place for 15 s and then gently withdrawn.
Mechanical hyperalgesia measures. In mice, mechanical allodynia was
assessed using the up-down method (Chaplan et al., 1994). After 7 d of
habituation to the tester and the testing room, mice were habituated for
30 min over 3 consecutive days to acrylic enclosures on an elevated metal
grid (10 ⫻ 10 ⫻ 12 cm W ⫻ D ⫻ H; IITC Life Sciences). A set of
calibrated plastic von Frey filaments (Touch-Test; North Coast Medical)
was then used to measure allodynia using the up-down method and the
data were analyzed by the Dixon algorithm (Dixon, 1965) to obtain the
50% paw withdrawal threshold (PWT).
In rats, mechanical allodynia was measured by the two-out-of-three
method (Kingery et al., 2000; Michot et al., 2012; Jarahi et al., 2014). Rats
were habituated for periods of 30 min for 3 d to acrylic enclosures on an
elevated metal grid (10 ⫻ 20 ⫻ 12 cm W ⫻ D ⫻ H; IITC Life Sciences).
A series of von Frey filaments were applied in ascending order (TouchTest, 0.8, 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10, 15 g) to the plantar surface of the
hindpaw for a maximum period of 3 s. A withdrawal response was
counted only if the hindpaw was completely removed from the customized platform. Each filament was applied three times and the minimal
value that caused at least two responses was recorded as the PWT. The
15 g filament was taken as cutoff threshold.
Intrathecal catheters and injections. Rats were implanted with chronic
intrathecal catheters under isoflurane (2– 4%) anesthesia (Størkson et al.,
1996). After cutting the skin and muscle, a 20 G needle was inserted
between the L5 and L6 vertebrae to puncture the dura mater. The needle
was removed and the catheter (20 mm of PE-5 tube heat fused to 150 mm
of PE-10 tube) was inserted into the subdural space and pushed rostrally
to terminate over L5–L6. The PE-10 end of the catheter was tunneled
under the skin and externalized over the head. The skin was sutured and
the catheter was flushed with 10 l of saline and sealed. Rats were housed
separately and used 5–7 d after surgery. The presence of motor weakness
or signs of paresis was established as the criterion for immediate euthanasia, but this did not occur in any of the rats. Intrathecal injection
volume was 10 l of injectate plus 10 l of saline flush. Solutions were
preloaded into a PE-10 tube and delivered within 1 min. The position of
the catheter was examined postmortem and the following exclusion criteria were used: (1) loss of the catheter, (2) termination of the catheter
inside the spinal cord, or (3) occlusion of the catheter tip.
Immunoprecipitation and Western blots. The L4 –S1 spinal cord segments were quickly isolated and frozen on dry ice. Frozen tissues
(⬃70 –90 mg) were thawed in ice-cold homogenization buffer containing the following (in mM): 300 sucrose, 25 Tris-HCl, pH 7.5, 10 Na ⫹glycerophosphate, and 1 EDTA supplemented with protease inhibitors
(complete protease inhibitor mixture;, Roche Diagnostics) and phosphatase inhibitors (10 mM NaF and Phosphatase Inhibitor Cocktail 2; SigmaAldrich). After homogenization with a Teflon-glass homogenizer,
extracts were centrifuged at 5000 ⫻ g for 5 min at 4°C. The pellet was
resuspended in ice-cold immunoprecipitation buffer containing 50 mM
Tris-HCl, pH 7.5, 50 mM NaCl, and 1% NP-40 supplemented with proteinase and phosphatase inhibitors. The extract was briefly sonicated and
set on ice for 10 min before centrifugation at 18,000 ⫻ g for 75 min at 4°C.
The supernatant was precleared by incubating for 1 h with MagnaBind
Protein A/G beads (Pierce) at 4°C with mixing. The supernatant was
collected, 5 g of anti-MOR antibody (ab134054; Abcam) was added,
and the mixture was incubated at 4°C overnight with continuous mixing.
The next day MagnaBind Protein A/G beads were added and the extracts
incubated for 2 h 4°C. The MagnaBind beads were collected, washed 4
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buffer (NuPAGE; Invitrogen) containing 10
MOR KO CFA
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mM DTT. Equal portions (25%) of the immu2.5
noprecipitates were electrophoresed on 3– 8%
NuPAGE Tris-acetate SDS gels (Invitrogen)
2.0
and proteins transferred to PVDF membranes.
Blots were blocked with 5% BSA in Tris1.5
buffered saline containing 0.05% Tween 20 and
probed with antibodies to MOR (RA10104; NeuB
C
D
E
romics), p-Ser 375-MOR (pMOR, RA18001;
1.0
Neuromics) and p-Tyr 416-Src family kinase
†*
(pSFK, 2101; Cell Signaling Technology). Blots
0.5
***
*
were developed using peroxidase-conjugated,
***
††
***
***
***
†††
†††
†††
***
light-chain-specific mouse monoclonal anti*** *** ***
rabbit IgG (Jackson ImmunoResearch Laborato0.0 ***
ries) and ECL detection reagents (GE Healthcare
-5
0
5 10 15 20 25 30 35 40 45 50 55
Biosciences). Bands and intensities of pMOR and
days
pSFK were expressed relative to that of total immunoprecipitated MOR.
B NTX
C 6β -naltrexol
D BRL44408
Immunohistochemistry. Spinal cord sections
2.5
2.5
2.5
were labeled for MORs as described previously
(Song and Marvizón, 2003b; Chen et al., 2007;
2.0
2.0
2.0
Chen et al., 2008; Chen and Marvizón, 2009).
Rats were killed with pentobarbital (100 mg/
1.5
1.5
1.5
kg) and fixed immediately by aortic perfusion
of 100 ml phosphate buffer (0.1 M sodium
*
*
1.0
1.0
1.0
phosphate, pH 7.4) containing 0.01% heparin,
followed by 400 ml of ice-cold fixative (4%
*** ***
***
0.5
0.5
0.5
paraformaldehyde, 0.18% picric acid in phosphate buffer). Spinal segments C2, T10, and L4
***
***
*
0.0
0.0
0.0
***
(located based on root identification) were
0 20 40 60 24 h
0
20 40 60 24 h
0 20 40 60 24 h
postfixed, cryoprotected in 20% sucrose, emtime, min
time, min
time, min
bedded in Tissue-Tek (Sakura Finetek USA),
and frozen on dry ice. Free-floating transversal
E Naltrindole
F Naltrindole
sections (25 m thick) were cut with a cryostat.
2.5
2.5
Sections were washed twice with PBS and twice
with PBS containing 0.5% Triton X-100,
2.0
2.0
0.01% thimerosal (PBS/Triton) and 5% normal goat serum (Jackson ImmunoResearch).
1.5
1.5
Sections were incubated overnight in PBS/
Triton with a MOR antiserum (1:6000) raised
1.0
1.0
***
against amino acids 384 –398 of rat MOR-1
**
***
(ImmunoStar), which has been characterized
***
*
0.5
0.5
previously (Arvidsson et al., 1995; Spike et al.,
*
2002). After 3 washes with PBS, sections were in*** **
0.0
* *
0.0
cubated for 2 h with Alexa Fluor 488 goat anti0 20 40 60 24 h
0 20 40 60 24 h
rabbit IgG secondary antibody (1:2000;
time, min
time,
min
Invitrogen). After four more washes, sections
were mounted in Prolong Gold (Invitrogen). All
incubations and washes were done at room Figure 1. Latent sensitization in MOR KO mice and effect of receptor antagonists. MOR KO mice (MOR KO CFA, n ⫽ 8) or their WT
littermates were injected with 5 l CFA (WT CFA, n ⫽ 9) or 5 l of saline (WT saline, n ⫽ 3) in the hindpaw. A, Responses to von
temperature.
MOR internalization. MOR internalization Frey hairs were tested on the days indicated. Short-term responses to drugs are not shown. Holm-Sidak’s post hoc tests: *p ⬍ 0.05,
was measured as described previously (Song and ***p ⬍ 0.001 compared with WT saline; †p ⬍ 0.05, ††p ⬍ 0.01, †††p ⬍ 0.001 compared with WT CFA. B, On day 34, the MOR
Marvizón, 2003a, 2005; Song and Marvizón, inverse agonist NTX (3 mg/kg) was injected subcutaneously and von Frey responses tested every 20 min and at 24 h. C, On day 41,
2003b; Chen and Marvizón, 2009). MOR neu- the MOR neutral antagonist 6␤-naltrexol (10 mg/kg) was injected subcutaneously. D, On day 48, the ␣2AR antagonist BRL44408
rons with or without internalization were (1 mg/kg) was injected subcutaneously. E, On day 55, the DOR antagonist naltrindole (3 mg/kg) was injected subcutaneously. F,
counted using an objective of 63⫻ (numerical aper- New groups of WT mice were injected with 5 l CFA (n ⫽ 14) or saline (n ⫽ 6) in the hindpaw and on day 29 with naltrindole (3
ture 1.40) and a Zeiss Axio-Imager A1 microscope. mg/kg, s.c.). Holm-Sidak’s post hoc tests (for B–F ): *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001 compared with 0 min.
Somata with ⬎5 MOR-immunoreactive endosomes were considered to have internalization.
and the emission window was 500 –560 nm. The pinhole was 1.0 Airy
An endosome was defined as a small region of bright MOR staining sepaunit: 37.7 m for 10⫻ and 50.7 m for 63⫻. Images were acquired as
rated from the cell surface. Counting was done blind to the treatment. Four
stacks of sections of 1024 ⫻ 1024 pixels, spaced 5.89 m for 10⫻ and 0.38
ipsilateral half-sections and four contralateral half-sections were counted for
m for 63⫻ (determined using the Nyquist formula). Images of the
each spinal segment, counting all MOR neurons in laminas I–II.
entire dorsal horn obtained with the 10⫻ objective were used to show the
Confocal microscopy and image processing. Confocal images were aclocation of the neurons imaged with the 63⫻ objective. Imaris 6.1.5
quired using a Zeiss LSM 710 confocal microscope with objectives of 10⫻
software (Bitplane) was used to crop the 63⫻ images and select one
and 63⫻ oil (numerical apertures 0.3 and 1.4, respectively). The Alexa
optical section through the center of the cell. Adobe Photoshop 5.5 was
used to assemble the multipanel figures.
Fluor 488 fluorophore was excited by the 488 nm line of an argon laser
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Table 1. Two-way ANOVA of the data shown in Figure 1 (MOR KO mice)
Row

Figure

Experiment

1

1A

MOR KO mice (CFA)

2

1A

MOR KO mice (baseline)

3

1B

MOR KO mice (NTX)

4

1C

MOR KO mice (6␤-naltrexol)

5

1D

MOR KO mice (BRL 44408)

6

1E

MOR KO mice (naltrindole)

7

1F

WT mice (naltrindole)

n

WT saline: 3
WT CFA: 9
KO CFA: 8

WT saline: 6
WT CFA: 14

Variable 1

Variable 2

Interaction

Subject matching

Time (CFA)
p ⬍ 0.0001
F(12,204) ⫽ 14.4
Time
p ⫽ 0.43
F(2,34) ⫽ 0.86
Time (NTX)
p ⬍ 0.0001
F(4,64) ⫽ 8.35
Time (6␤-naltrexol)
p ⫽ 0.17
F(4,68) ⫽ 1.65
Time (BRL44408)
p ⬍ 0.0001
F(4,68) ⫽ 13.9
Time (naltrindole)
p ⬍ 0.0001
F(4,68) ⫽ 9.28
Time (naltrindole)
p ⫽ 0.0002
F(4,72) ⫽ 14.4

Group
p ⬍ 0.0001
F(2,17) ⫽ 43.8
Group
p ⫽ 0.25
F(2,17) ⫽ 1.5
Group
p ⬍ 0.0001
F(2,16) ⫽ 46.8
Group
p ⫽ 0.0023
F(2,17) ⫽ 8.85
Group
p ⬍ 0.0001
F(2,17) ⫽ 65.0
Group
p ⫽ 0.0069
F(2,17) ⫽ 6.75
Group
p ⫽ 0.39
F(1,18) ⫽ 0.79

p ⬍ 0.0001
F(24,204) ⫽ 4.2

p ⫽ 0.001
F(17,204) ⫽ 2.5

p ⫽ 0.18
F(4,34) ⫽ 1.7

p ⫽ 0.044
F(17,34) ⫽ 1.98

p ⬍ 0.0001
F(8,64) ⫽ 8.4

p ⫽ 0.001
F(16,64) ⫽ 2.58

p ⫽ 0.80
F(8,68) ⫽ 0.56

p ⬍ 0.0001
F(17,68) ⫽ 21.7

p ⬍ 0.0001
F(8,68) ⫽ 6.2

p ⫽ 0.0265
F(17,68) ⫽ 1.96

p ⫽ 0.19
F(8,68) ⫽ 1.45

p ⬍ 0.0001
F(17,68) ⫽ 0.45

p ⫽ 0.11
F(4,72) ⫽ 2.0

p ⫽ 0.0002
F(18,72) ⫽ 3.26

Each panel in Figure 1 (indicated in the second column) was analyzed independently by two-way ANOVA. In row 2, “baseline” refers to data obtained before the CFA injection. In the fourth column, n is the number of animals in the experiment.
In the fifth and sixth columns, the variable is identified first: “time” refers to the time after the injection of the compound in parentheses; “group” is the animal group according to genotype and treatment. Subscript numbers in the F ratio
are the degrees of freedom and the residual.

DRG preparation. Constitutive MOR activity was studied in dissociated
L4 –L6 DRG neurons (Walwyn et al., 2007) from saline-injected or CFAinjected adult mice. DRG were collected in complete saline solution (CSS)
containing the following (in mM): NaCl 137, KCl 5.3, MgCl2 1, sorbitol 25,
HEPES 10, CaCl2 3) and incubated in collagenase (1.25 U of high thermolysin; Roche) with 250 nM EDTA for 20 min at 32°C, transferred to fresh CSS
containing collagenase (1.25 U of medium thermolysin; Roche) with 250 nM
EDTA and 0.25 U papain (Roche) and incubated for 10 min at 32°C. After 2
washes and physical trituration through a series of graded Pasteur pipettes,
the cells were spun (1000 rpm, 3 min) and plated in Neurobasal/B27/Glumax/Antibiotic/Antimycotic (Life Technologies) supplemented with 10
ng/ml NGF (Life Technologies). All recordings were performed 40 – 48 h
after plating.
Patch-clamp recordings. Recordings were made from small- to mediumsized DRG neurons (30 –70 pF) under whole-cell voltage-clamp conditions
as described previously (Walwyn et al., 2007; Lam et al., 2011). The cells were
perfused with an external solution containing 10 mM CaCl2, 130 mM tetraethyl ammonium chloride, 5 mM HEPES, 25 mM D-glucose, and 0.2 M
tetrodotoxin at pH 7.35 (Sigma-Aldrich). The patch electrode was filled with
an internal solution composed of 105 mM CsCl, 40 mM HEPES, 5 mM
D-glucose, 2.5 mM MgCl2, 10 mM EGTA, 2 mM Mg-ATP, and 0.5 mM GTP at
pH 7.2 (Sigma-Aldrich). Episodic recordings were obtained using an Axopatch 200B patch-clamp amplifier set at a gain of 1.0, ␤ ⫽ 0.1, and 2 kHz
filter, and a Nidaq digitizer (NI USB-6221; National Instruments). Capacitance and series resistance were corrected; series resistance was compensated
by 80 –90% and included a 10 s lag. Leak currents were subtracted using a
P/6 protocol. Recorded signals were acquired and analyzed using winWCP
software (University of Strathclyde, Glasgow, Scotland).
Data analysis. Data were analyzed using Prism 6 and 7 (GraphPad
Software) and are expressed as mean ⫾ SEM. Statistical significance was
set at 0.05. Statistical analyses consisted in most cases of repeatedmeasures two-way ANOVA followed by Holm-Sidak’s post hoc tests.
Experiments with one variable were analyzed by t test or one-way
ANOVA, as appropriate.

Results
MOR KO mice do not fully recover from hyperalgesia in CFAinduced latent sensitization
Mice injected with CFA in the hindpaw develop mechanical hyperalgesia in the affected paw lasting for ⬃3 weeks. Paw withdrawal responses then return to baseline, but the hyperalgesia can

be temporarily reinstated by the MOR inverse agonist NTX
(Corder et al., 2013). This suggests that this remission from hyperalgesia is not a return to normal physiological conditions, but
rather a compensatory mechanism mediated by the sustained
activation of MORs. This hypothesis predicts that mice lacking
MORs (MOR KO) will not recover from CFA-induced hyperalgesia. We tested this by injecting MOR KO mice (n ⫽ 8) with 5 l
CFA subcutaneously in the hindpaw. Control groups were littermate WT mice injected in the hindpaw with the same volume of
CFA (n ⫽ 9) or saline (n ⫽ 3). The CFA-injected WT and MOR
KO mice, but not the saline-injected mice, developed mechanical
hyperalgesia of the injected paw (Fig. 1A, statistical analysis in
Table 1, row 1). In the WT mice, paw withdrawal responses returned to baseline by day 20. However, in the MOR KO mice, the
responses recovered initially, but stayed below 50% of baseline
for up to 55 d after CFA, when all mice were killed. Baseline
values, measured on days ⫺4, ⫺1, and 0 before CFA, were not
significantly different between the three groups of mice (Table 1,
row 2). These results demonstrate that MOR activation contributes to the suppression of hyperalgesia during the remission
phase of latent sensitization.
MOR constitutive activity in latent sensitization: effects of a
MOR inverse agonist and a MOR neutral antagonist in mice
We investigated whether the continuous activation of MORs during the
remission phase of latent sensitization is caused by sustained release of
opioid peptides or by MOR constitutive activity. MOR activation by
opioids should be blocked by both the MOR inverse agonist NTX and
the MOR neutral antagonist 6␤-naltrexol, whereas MOR constitutive
activity should be blocked by NTX but not by 6␤-naltrexol. In addition,
the MOR specificity of NTX and 6␤-naltrexol could be established by
their lack of effect on MOR KO mice.
NTX (3 mg/kg, s.c.) was injected in the three groups of mice in
Figure 1 on day 34 after CFA. In the CFA-injected WT mice, NTX
produced a robust reinstatement of the hyperalgesia that had
largely dissipated by 24 h (Fig. 1B, statistics in Table 1, row 3). In
the saline-injected mice, NTX had no effect, confirming that the
hyperalgesic effect of NTX requires previous sensitization by
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Adrenergic ␣2ARs suppress hyperalgesia in
latent sensitization in mice
The fact that MOR KO mice showed a partial
recovery from hyperalgesia (Fig. 1A) suggests
that receptors other that MORs contribute to
the suppression of hyperalgesia during the remissionphaseoflatentsensitization.Descendingnoradrenergicpathwaysproduceanalgesia
by acting on ␣2 receptors in the dorsal horn
(Yaksh, 1985; Pertovaara, 2006), which are
mainly ␣2ARs located in primary afferent terminals (Stone et al., 1998; Chen et al., 2008).
Therefore, we hypothesized that ␣2ARs contribute to suppressing hyperalgesia in latent
sensitization and predicted that an ␣2AR antagonist would produce reinstatement during
the remission phase.
To test this hypothesis in mice, the
three groups of mice in the experiment
shown in Figure 1 were injected with the
selective ␣2AR antagonist BRL44408 (1
mg/kg, s.c.) (Li and Eisenach, 2001;
Nazarian et al., 2008) on day 48 after
CFA. In the CFA-injected WT mice,
BRL44408 produced robust reinstatement that lasted for ⬍24 h (Fig. 1D, Table 1, row 5). In the MOR KO mice,
BRL44408 also produced reinstatement,
inducing a degree of hyperalgesia similar to that measured immediately after
CFA. BRL44408 had no effect in salineinjected mice, showing that its pronociceptive effect did not occur in the
absence of the sensitizing effect of CFA.
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CFA. In the MOR KO mice, NTX also had
no effect, showing that reinstatement by
NTX is due to MOR inhibition.
6␤-Naltrexol (10 mg/kg, s.c.) was injected to these three groups of mice on day
42 after CFA. 6␤-Naltrexol did not reinstate hyperalgesia in the MOR KO mice or
in the saline-injected controls (Fig. 1C,
statistics in Table 1, row 4). In the CFAinjected WT mice, 6␤-naltrexol produced
a slight hyperalgesia at 40 min, but this
effect was negligible compared with the
reinstatement produced by NTX (Fig.
1B).
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Figure 2. Effect of a MOR inverse agonist and neutral antagonist in rats with CFA-induced latent sensitization. Saline-injected
controls. A, PWTs of rats (n ⫽ 6) implanted with intrathecal catheters and injected in the hindpaw with 50 l of CFA subcutaneously. B, On day 30, the rats received intrathecal NTX (2.6 nmol), a MOR inverse agonist. C, On day 38, the MOR neutral antagonist
6␤-naltrexol (8.7 nmol) was injected intrathecally. D, On day 45, NTX (2.6 nmol) plus 6␤-naltrexol (8.7 nmol) were injected
intrathecally. Holm-Sidak’s post hoc tests of two-way ANOVA: *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001 compared with baseline (0
d or 0 min). E, PWTs of rats (n ⫽ 8) with intrathecal catheters that were injected in the hindpaw with 50 l of saline subcutaneously. F, On day 32, the saline-injected rats (n ⫽ 8) received intrathecal NTX (2.6 nmol).

Effect of the DOR antagonist naltrindole in mice
Because DORs are present in the spinal cord and produce analgesia
(Marvizón,2009),itispossiblethattheycontributetothesuppressionof
hyperalgesia in latent sensitization. We investigated the involvement of
DORs by determining whether the DOR antagonist naltrindole produces reinstatement of hyperalgesia in mice with CFA-induced
latent sensitization. The three groups of mice in the experiment
shown in Figure 1 were injected with naltrindole (3 mg/kg, s.c.)
on day 55 after CFA. In the CFA-injected WT and MOR KO mice,
naltrindole reinstated hyperalgesia (Fig. 1E, Table 1, row 6).
However, in the saline-injected mice, we observed a highly variable effect and a trend toward hyperalgesia. The effect of naltrindole
was studied after sequential injections of three other drugs, NTX,

6␤-naltrexol, and BRL44408, and multiple testing with von Frey
filaments over a period of almost 2 months, which could have sensitized the mice. To rule out interference from other drugs and prolonged testing, we studied additional groups of WT mice injected in
the hindpaw with CFA (n ⫽ 14) or saline (n ⫽ 6), and with naltrindole (3 mg/kg, s.c.) 29 d later. Naltrindole induced substantial hyperalgesia in the CFA-injected mice (Fig. 1F, Table 1, row 7). In the
saline-injected mice, naltrindole again produced a variable effect,
with clear hyperalgesia at the 60 min time point (Fig. 1F).
Effects of the MOR inverse agonist and MOR neutral
antagonist in rats
The effects of NTX and 6␤-naltrexol were further investigated
in rats. We administered these compounds intrathecally to
assess whether the MORs that suppress hyperalgesia during
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Table 2. Two-way ANOVA of the data shown in Figure 2 (NTX and 6␤-naltrexol)
Row

Figure

Experiment

n

Variable 1

Variable 2

Interaction

Subject matching

1

2A

CFA

6

p ⫽ 0.001
F(10,90) ⫽ 7.88

2B

CFA (NTX)

6

p ⫽ 0.15
F(6,60) ⫽ 1.6

p ⬍ 0.0001
F(10,60) ⫽ 6.45

3

2C

CFA (6␤-naltrexol)

6

p ⫽ 0.89
F(6,60) ⫽ 0.38

p ⬍ 0.0001
F(10,60) ⫽ 5.68

4

2D

CFA (NTX ⫹ 6␤-naltrexol)

6

p ⫽ 0.999
F(6,60) ⫽ 0.04

p ⬍ 0.0001
F(10,60) ⫽ 14.6

5

2E

Saline

8

p ⫽ 0.50
F(7,98) ⫽ 0.91

p ⬍ 0.0001
F(14,98) ⫽ 10.3

6

2F

Saline (NTX)

8

Side
p ⫽ 0.0096
F(1,10) ⫽ 10.21
Side
p ⫽ 0.25
F(1,10) ⫽ 1.5
Side
p ⫽ 0.24
F(1,10) ⫽ 1.5
Side
p ⫽ 0.81
F(1,10) ⫽ 0.06
Side
p ⫽ 0.97
F(1,14) ⫽ 0.002
Side
p ⫽ 0.29
F(1,14) ⫽ 1.2

p ⬍ 0.0001
F(9,90) ⫽ 7.8

2

Time (CFA)
p ⬍ 0.0001
F(9,90) ⫽ 8.98
Time (NTX)
p ⬍ 0.0001
F(6,60) ⫽ 40
Time (6␤-naltrexol)
p ⫽ 0063
F(9,90) ⫽ 3.37
Time (NTX ⫹ 6␤-naltrexol)
p ⫽ 0.42
F(9,90) ⫽ 1.02
Time (saline)
p ⫽ 0.066
F(7,98) ⫽ 1.97
Time (NTX)
p ⫽ 0.87
F(6,84) ⫽ 0.42

p ⫽ 0.95
F(6,84) ⫽ 0.28

p ⬍ 0.0001
F(14,84) ⫽ 7.08

Each panel in Figure 2 (indicated in the second column) was analyzed independently by two-way ANOVA. In the fourth column, n is the number of animals in the experiment. In the fifth and sixth columns, the variable is identified first: “time”
refers to the time after the injection of the compound in parentheses; “side” is ipsilateral versus contralateral paw. Subscript numbers in the F ratio are the degrees of freedom and the residual.
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Figure 3. Effect of the ␣2AR antagonist BRL44408 in rats with CFA-induced latent sensitization. A, PWTs of rats (n ⫽ 9) implanted with intrathecal catheters and injected in the hindpaw with
50 l of CFA subcutaneously. B, On day 30, 6 of the rats received 0.3 nmol BRL44408 (␣2AR antagonist) intrathecally. C, On day 40, all rats (n ⫽ 9) received 3 nmol BRL44408 intrathecally.
Holm-Sidak’s post hoc tests of two-way ANOVA: *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001 compared with baseline (0 d or 0 min). D, PWTs of rats (n ⫽ 8) with intrathecal catheters that were injected
in the hindpaw with 50 l of saline subcutaneously. E, On day 31, the saline-injected rats (n ⫽ 8) received intrathecal BRL-44408 (3 nmol).

latent sensitization are in the spinal cord. Rats (n ⫽ 6) were
implanted with intrathecal catheters terminating at the lumbar spinal cord and, 5 d later, were injected with 50 l of CFA
in 1 hindpaw. Robust mechanical hyperalgesia occurred in the
ipsilateral hindpaw and lasted 21 d (Fig. 2A, statistics in Table
2, row 1).

NTX (1 g or 2.6 nmol) injected intrathecally on day 30 after
CFA reinstated hyperalgesia for 2 h in both the ipsilateral and
contralateral hindpaws (Fig. 2B, statistics in Table 2, row 2).
6␤-Naltrexol (3 g or 8.7 nmol) injected intrathecally on day
38 after CFA produced little hyperalgesia (Fig. 2C); a two-way
ANOVA revealed a significant effect of time (Table 2, row 3), but
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Table 3. Two-way ANOVA of the data shown in Figure 3 (BRL44408) and Figure 4 (naltrindole)
Row

Figure

Experiment

n

Variable 1

Variable 2

Interaction

Subject matching

1

3A

CFA

9

p ⬍ 0.0001
F(16,112) ⫽ 7.30

3B

CFA, BRL44408 0.3 nmol

6

p ⫽ 0.75
F(5,50) ⫽ 0.53

p ⬍ 0.0001
F(10,50) ⫽ 6.25

3

3C

CFA, BRL44408 3 nmol

9

p ⫽ 0.17
F(5,80) ⫽ 1.60

p ⬍ 0.0001
F(16,80) ⫽ 3.88

4

3D

saline

8

p ⫽ 0.92
F(7,98) ⫽ 0.36

p ⬍ 0.0001
F(14,98) ⫽ 13.1

5

3E

saline (BRL 44408)

8

p ⫽ 0.73
F(6,84) ⫽ 0.60

p ⬍ 0.0001
F(14,84) ⫽ 12.1

6

4A

CFA

11

p ⬍ 0.0001
F(7,140) ⫽ 21.1

p ⬍ 0.0001
F(20,140) ⫽ 12.8

7

4B

CFA, naltrindole i.th.

11

p ⫽ 0.87
F(5,100 ⫽ 0.36

p ⫽ 0.0007
F(20,100 ⫽ 2.66

8

4C

CFA, naltrindole s.c.

8

p ⫽ 0.14
F(5,70) ⫽ 1.72

p ⬍ 0.0001
F(14,70) ⫽ 8.34

9

4D

saline

8

p ⫽ 0.30
F(7,98) ⫽ 1.22

p ⬍ 0.0001
F(14,98) ⫽ 7.66

10

4E

saline, naltrindole s.c.

8

Side
p ⬍ 0.0001
F(1,16) ⫽ 30.49
Side
p ⫽ 0.93
F(1,10) ⫽ 0.007
Side
p ⫽ 0.25
F(1,16) ⫽ 1.43
Side
p ⫽ 0.78
F(1,14) ⫽ 0.08
Side
p ⫽ 0.72
F(1,14) ⫽ 0.14
Side
p ⫽ 0.0001
F(1,20) ⫽ 22.94
Side
p ⫽ 0.22
F(1,20) ⫽ 1.60
Side
p ⫽ 0.97
F(1,14) ⫽ 0.0017
Side
p ⫽ 0.71
F(1,14) ⫽ 0.15
Side
p ⫽ 0.022
F(1,14) ⫽ 6.6

p ⬍ 0.0001
F(7,112) ⫽ 18.10

2

Time (CFA)
p ⬍ 0.0001
F(7,112) ⫽ 18.66
Time (BRL44408)
p ⫽ 0.0064
F(5,50) ⫽ 3.69
Time (BRL44408)
p ⬍ 0.0001
F(5,80) ⫽ 19.34
Time (saline)
p ⫽ 0.018
F(7,98) ⫽ 2.56
Time (BRL44408)
p ⫽ 0.033
F(6,84) ⫽ 2.42
Time (CFA)
p ⬍ 0.0001
F(7,140) ⫽ 23.15
Time (naltrindole)
p ⫽ 0.0088
F(5,100) ⫽ 3.28
Time (naltrindole)
p ⫽ 0.0033
F(5,70) ⫽ 3.93
Time (saline)
p ⫽ 0.0001
F(7,98) ⫽ 4.7
Time (naltrindole)
p ⫽ 0.49
F(5,70) ⫽ 0.89

p ⫽ 0.75
F(5,70) ⫽ 0.53

p ⫽ 0.006
F(14,70) ⫽ 2.51

Each panel in Figure 3 or 4 (indicated in the second column) was analyzed independently by two-way ANOVA. In the fourth column, n is the number of animals in the experiment. In the fifth and sixth columns, the variable is identified first:
“time” refers to the time after the injection of the compound in parentheses; “side” is ipsilateral versus contralateral paw. Subscript numbers in the F ratio are the degrees of freedom and the residual.

the Holm-Sidak’s post hoc test did not reveal significant effects at
any of the time points.
A stringent test for MOR constitutive activity is that the neutral antagonist 6␤-naltrexol should block the effect of the inverse
agonist NTX. Accordingly, NTX and 6␤-naltrexol (2.6 and 8.7
nmol, respectively) were coinjected intrathecally to these rats on
day 45 after CFA and no reinstatement of hyperalgesia was observed (Fig. 2D, Table 2, row 4).
Implanting chronic intrathecal catheters involves surgery,
which could induce latent sensitization (Rivat et al., 2007;
Campillo et al., 2011). To control for this possibility and to confirm that intrathecal NTX does not reinstate hyperalgesia in the
absence of CFA-induced inflammation, we studied a control
group of rats (n ⫽ 8) implanted with intrathecal catheters and
injected in one hindpaw with saline (50 l) instead of CFA. These
rats did not develop mechanical hyperalgesia in the ipsilateral or
contralateral hindpaws after the saline injection (Fig. 2E, Table 2,
row 5). NTX (2.6 nmol intrathecally) did not produce any effect
in these rats (Fig. 2F, Table 2, row 6).
Adrenergic ␣2ARs suppress hyperalgesia in latent
sensitization in rats
The hypothesis that ␣2ARs suppress hyperalgesia during latent
sensitization was also tested in rats. In addition, BRL44408 was
administered intrathecally to determine whether the targeted
␣2ARs are in the spinal cord. Rats (n ⫽ 9) were implanted with
intrathecal catheters terminating at the lumbar spinal cord (L4 –
L5) and injected with CFA (50 l, s.c.) in 1 hindpaw. This resulted
in hyperalgesia in the ipsilateral but not the contralateral paw
(Fig. 3A, Table 3, row 1). On day 30, 6 of the rats received an

intrathecal injection of 0.3 nmol BRL44408 (0.1 g), which produced hyperalgesia in both paws at 15 min (Fig. 3B, Table 3, row
2). On day 40, all 9 rats received intrathecal BRL44408 at the
higher dose of 3 nmol (1 g), which produced robust hyperalgesia in both paws for ⬎2 h (Fig. 3C, Table 3, row 3). No differences
were noted between the rats that received 2 injections of
BRL44408 (0.3 nmol followed by 3 nmol) and the other rats.
To confirm that BRL44408 does not reinstate hyperalgesia in
the absence of CFA-induced inflammation, we studied rats (n ⫽
8) injected in 1 hindpaw with saline (50 l). These rats did not
develop mechanical hyperalgesia in the ipsilateral or contralateral
hindpaws (Fig. 3D), although atypical hypoalgesia at day 28 resulted in a statistically significant effect of the variable “time”
( p ⫽ 0.018; Table 3, row 4). In these saline-injected rats, BR44408
(3 nmol intrathecal; Fig. 3E) did not produce the marked hyperalgesic effect found in the CFA-injected rats. However, there was
a small but statistically significant ( p ⫽ 0.033, Table 3, row 5)
trend toward hyperalgesia.
Therefore, intrathecal BRL44408 had a potent, dosedependent effect in CFA-injected rats, marginal at 0.3 nmol and
robust at 3 nmol. By comparison, Nazarian et al. (2008) reported
that the analgesic effects of the ␣2AR agonists dexmedetomidine
and ST-91 in rats were blocked by intrathecal BRL44408 at 30 and
300 nmol, but not at 3 nmol. This 10-fold difference in dose was
likely due to the presence of agonists in the experiments by Nazarian et al. (2008).
Effect of the DOR antagonist naltrindole in rats
To determine whether DORs contribute to the suppression of
hyperalgesia in latent sensitization in rats, we studied the effect of
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Figure 4. Effect of the DOR antagonist naltrindole in rats with CFA-induced latent sensitization. A, PWTs of rats (n ⫽ 11) injected in the hindpaw with 50 l of CFA subcutaneously. B, On day 30,
these rats received 2.2 nmol naltrindole (a DOR antagonist) intrathecally. C, On day 48, some of the rats (n ⫽ 8) received 1 mg/kg naltrindole subcutaneously. Holm-Sidak’s post hoc tests of two-way
ANOVA: *p ⬍ 0.05, ***p ⬍ 0.001 compared with baseline (0 d or 0 min). D, PWTs of rats (n ⫽ 8) without intrathecal catheters that were injected in the hindpaw with 50 l of saline subcutaneously.
E, On day 30, the saline-injected rats (n ⫽ 8) received naltrindole subcutaneously (1 mg/kg).

the DOR antagonist naltrindole. Rats (n ⫽ 11) were implanted
with intrathecal catheters terminating at the lumbar spinal cord
(L4 –L5) and injected with CFA (50 l, s.c.) in one hindpaw. This
induced hyperalgesia in the ipsilateral but not the contralateral
paw (Fig. 4A, Table 3, row 6). On day 30, the rats received an
intrathecal injection of naltrindole (3 g or 2.2 nmol), which
produced a small and short reinstatement of hyperalgesia that
was more noticeable in the ipsilateral paw at 15 min (Fig. 4B,
Table 3, row 7).
Because DORs in supraspinal areas could also contribute to suppression of hyperalgesia, we studied the effect of systemic naltrindole
in a subgroup of these rats (n ⫽ 8). Naltrindole was injected subcutaneously at 1 mg/kg on day 48 after CFA. Again, naltrindole produced a short-lived reinstatement of the hyperalgesia (Fig. 4C, Table
3, row 8).
As control, we used rats injected in the hindpaw with saline
instead of CFA. In these rats, the strong hyperalgesia induced by
CFA during the first week was completely absent (Fig. 4D), but an
atypical slight hyperalgesia developed after 20 d, resulting in a
significant effect of the variable “time” ( p ⫽ 0.0001; Table 3, row
9). Naltrindole injected (1 mg/kg, s.c.) in these control rats did
not produce hyperalgesia (Fig. 4E, Table 3, row 10).

nor-BNI (Endoh et al., 1992) and JDTic (Carroll et al., 2004) produce effects in vivo with a slow onset (taking several hours) and
persisting for many days (Munro et al., 2012). Therefore, we studied
the effect of nor-BNI 12 h after injecting it in rats. As usual, these rats
(n ⫽ 5) were injected with CFA in the hindpaw, which induced
hypersensitivity ipsilaterally but not contralaterally (Fig. 5A, Table 4,
row 1). On day 30, the rats received an intrathecal injection of 1.3
nmol nor-BNI and its effect was assessed 12 h later. At that time and
for the next 2 h, there was a robust reinstatement of hyperalgesia in
both hindpaws, which largely dissipated 36 h after the injection. (Fig.
5B, Table 4, row 2). In saline-injected rats that did not develop hyperalgesia (Fig. 5C, Table 4, row 3), nor-BNI (1.3 nmol intrathecal)
did not induce hyperalgesia after 12 h (Fig. 5D, Table 4, row 4).
In mice, we used the KOR antagonist JDTic (Carroll and Dolle,
2014). One hindpaw was injected with 5 l of either saline (n ⫽ 6) or
CFA(n⫽6).Asusual,theCFA-injectedbutnotthesaline-injectedmice
developed hypersensitivity in the paw that was gone by day 21 (Fig. 5E,
Table 4, row 5). On day 43, the mice received an injection of JDTic (10
mg/kg, s.c.). In the CFA-injected mice, this resulted in reinstatement of
hyperalgesia that was observed 12 h after injecting JDTic and was still
present at 36 h afterward (Fig. 5F, Table 4, row 6). JDTic had no effect in
the control mice injected with saline.

KORs suppress hyperalgesia in rats and mice with
latent sensitization
In rats, the effect of KORs was studied by injecting the KOR antagonist nor-BNI intrathecally. It is known that the KOR antagonists

pENK, pOMC (␤-endorphin), and pDYN KO mice display
normal latent sensitization
To determine whether the suppression of hyperalgesia produced
by MORs was caused by endogenous opioids, we studied CFA-
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kephalins, there was full recovery from hy4
ipsilateral
ipsilateral
peralgesia and activation of MORs.
2
2
To study the effect of deleting endor0
0
phins on latent sensitization, we used
0 5 10 15 20 25 30
0
12 13 14
36
mice that were KO in the pOMC gene
time,
hr
time, days
(Rubinstein et al., 1996), which encodes
these peptides. pOMC KO and WT mice
injected with CFA (5 l) in one hindpaw
E 3
F 3 JDTic Mice
Mice
saline
JDTic
developed mechanical hyperalgesia that
CFA
CFA
(saline)
fully subsided by day 28 (Fig. 6C, Table
5, row 4). There were no differences in
2
2
baseline responses between pOMC KO
and WT mice over the 4 d before the
CFA injection (Table 5, row 5). On day
56, the pOMC and WT mice received
1
1
NTX (3 mg/kg, s.c.), which reinstated
saline
hyperalgesia in both groups of mice
CFA
***
(Fig. 6D, Table 5, row 6). Therefore, in
*** ***
the absence of endorphins, there was
0
0
full recovery from hyperalgesia and ac0 12
0 1 2 3 4 5 21 22 23
13
36
time, hr
tivation of MORs.
time, days
Likewise, pDYN KO mice completely recovered from hyperalgesia compared with Figure 5. Effect of the KOR antagonists nor-BNI and JDTic in rats and mice with CFA-induced latent sensitization. A, PWTs
their own baseline responses (Fig. 6E, Table of rats (n ⫽ 5) injected in the hindpaw with 50 l of CFA subcutaneously. B, On day 30, these rats received 1.3 nmol
5, row 7). In contrast to other groups of nor-BNI (a KOR antagonist) intrathecally, which reinstated hyperalgesia 12 h after the injection. C, PWTs of rats (n ⫽ 8)
mice, both the pDYN mice, whether WT or with intrathecal catheters that were injected in the hindpaw with 50 l of saline subcutaneously. D, On day 32, the
KO, recovered more rapidly from CFA- saline-injected rats (n ⫽ 8) received intrathecal nor-BNI (1.3 nmol). E, Mice received 5 l of CFA (n ⫽ 6) or 5 l of saline
induced hyperalgesia. These mice were (n ⫽ 6) subcutaneously in the hindpaw. F, On day 43, the mice received an injection of the KOR antagonist JDTic (10 mg/kg,
tested in the same environment and by the s.c.), which reinstated hyperalgesia after 12 h. Holm-Sidak’s post hoc tests of two-way ANOVA: **p ⬍ 0.01, ***p ⬍ 0.001
compared with baseline (0 d or 0 min).
same tester as all other groups of mice.
However, this line was raised in a different
mice, NTX (3 mg/kg, s.c.) given on day 35 reinstated hyperalroom with a greater number of mice and daily interruptions.
gesia (Fig. 6F, Table 5, row 9), showing that hyperalgesia was
These factors could have altered their genetic or epigenetic
being
suppressed by MOR activation at this time. Furtherbackground to facilitate a more rapid recovery from CFA remore,
hyperalgesia was also reinstated by the KOR antagonist
gardless of genotype. In addition, the baseline for the pDYN
JDTic (10 mg/kg, s.c.) given on day 58 (Fig. 7G, Table 5, row
KO mice was significantly lower than the baseline for their WT
10). This shows that KORs contributed to suppression of
littermates (Table 5, row 8). Therefore, the differences behyperalgesia in latent sensitization, even in the absence of
tween pDYN and WT observed in Figure 6E should be attributed to this difference in baseline. In both the pDYN and WT
dynorphin.
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Table 4. Two-way ANOVA of the data shown in Figure 5 (nor-BNI and JDTic)
Row

Figure

Experiment

n

Variable 1

Variable 2

Interaction

Subject matching

1

5A

Rats CFA

5

p ⬍ 0.0001
F(8,56) ⫽ 16.59

5B

Rats CFA, nor-BNI 1.3 nmol (12 h)

5

p ⫽ 0.95
F(4,32) ⫽ 0.18

p ⬍ 0.0001
F(8,32) ⫽ 7.26

3

5C

Saline

8

p ⫽ 0.96
F(7,98) ⫽ 0.26

p ⬍ 0.0001
F(14,98) ⫽ 3.82

4

5D

Saline (nor-BNI)

8

p ⫽ 0.37
F(4,56) ⫽ 1.1

p ⬍ 0.0001
F(14,56) ⫽ 4.42

5

5E

Mice CFA / saline

6/6

p ⬍ 0.0001
F(6,60) ⫽ 11.2

p ⫽ 0.011
F(10,60) ⫽ 2.60

6

5F

Mice CFA / saline, JDTic

6/6

Side
p ⫽ 0.092
F(1,8) ⫽ 4.23
Side
p ⫽ 0.16
F(1,8) ⫽ 2.42
Side
p ⫽ 0.42
F(1,14) ⫽ 0.69
Side
p ⫽ 0.88
F(1,14) ⫽ 0.025
CFA
p ⫽ 0.021
F(1,10) ⫽ 7.48
CFA
p ⫽ 0.0001
F(1,10) ⫽ 36.03

p ⬍ 0.0001
F(7,56) ⫽ 5.7

2

Time (CFA)
p ⬍ 0.0001
F(7,56) ⫽ 10.56
Time (nor-BNI)
p ⬍ 0.0001
F(4,32) ⫽ 14.66
Time (saline)
p ⫽ 0.46
F(7,98) ⫽ 0.96
Time (nor-BNI)
p ⫽ 0.073
F(4,56) ⫽ 2.27
Time (CFA)
p ⬍ 0.0001
F(6,60) ⫽ 15.09
Time (JDTic)
p ⬍ 0.0001
F(4,40) ⫽ 16.08

p ⬍ 0.0001
F(4,40) ⫽ 15.3

p ⬍ 0.0001
F(10,40) ⫽ 5.67

Each panel in Figure 5 (indicated in the second column) was analyzed independently by two-way ANOVA. In the fourth column, n is the number of animals in the experiment. In the fifth and sixth columns, the variable is identified first: “time”
refers to the time after the injection of the compound in parentheses; “side” is ipsilateral versus contralateral paw, and “CFA” refers to CFA versus saline. Subscript numbers in the F ratio are the degrees of freedom and the residual.

MORs do not become internalized during latent sensitization
The fact that NTX reinstates hyperalgesia during the remission
phase of latent sensitization (Figs. 1, 2; Corder et al., 2013) shows
that there is sustained activation of MORs. It is possible that this
activation would be accompanied by MOR internalization either
as the result of endogenous opioid release (Song and Marvizón,
2003b) or of MOR constitutive activity leading to MOR internalization (Walwyn et al., 2007). Therefore, we measured MOR internalization during the remission phase of latent sensitization by
immunofluorescence, an approach that we have used and described extensively (Song and Marvizón, 2003a; Song and Marvizón, 2003b; Chen et al., 2007; Chen et al., 2008; Chen and
Marvizón, 2009). To maximize the detection of MOR internalization due to the release of opioid peptides, we prevented peptide cleavage by an intrathecal injection of a mixture of peptidase
inhibitors (Song and Marvizón, 2003a; Song and Marvizón,
2003b; Chen et al., 2007; Lao et al., 2008; Chen and Marvizón,
2009).
Rats (n ⫽ 6) with intrathecal catheters terminating at the
L4 –L5 segments were injected with CFA (50 l, s.c.) in one hindpaw. CFA produced hyperalgesia ipsilaterally that subsided after
3 weeks (Fig. 7A, Table 5, row 11). To confirm the presence of
MOR-mediated suppression of hyperalgesia, the rats received
NTX (1 mg/kg, s.c.) on day 28, which reinstated the hyperalgesia
for 2 h in both the ipsilateral and the contralateral hindpaws (Fig.
7B, Table 5, row 12). As control, another group of rats (n ⫽ 6)
fitted with intrathecal catheters received 50 l of saline in the
hindpaw. These rats did not develop hyperalgesia after the saline
injection in the paw (Fig. 2E) or after intrathecal NTX (2.6 nmol
on day 32; Fig. 2F ). On day 30, a subset of the CFA-injected (n ⫽
4) and the saline-injected (n ⫽ 4) rats received an intrathecal
injection of peptidase inhibitors (amastatin, captopril, and phosphoramidon, all 100 nmol) and were killed and fixed 10 –15 min
later. MOR internalization was assessed in spinal segments C2,
T10, and L4, ipsilaterally to the injected paw and was found to be
negligible (Fig. 7C). Representative confocal microscope images
of MOR neurons in the ipsilateral L4 dorsal horn show the absence of MOR-immunoreactive endosomes in a CFA-injected rat
(Fig. 7D) and a saline-injected rat (Fig. 7E). However, in both
cases, we observed clusters of MOR immunoreactivity at the cell
surface (Fig. 7G,H, respectively) that were largely absent in naive

rats that did not receive intrathecal peptidase inhibitors (Fig.
7 F, I, respectively). Because these MOR clusters were found in
saline-injected rats that had no latent sensitization, we attributed
them to the presence of small amounts of endogenous opioids
after the injection of peptidase inhibitors.
Increased phosphorylation of MORs and Src during
latent sensitization
Rats were injected in the left hindpaw with 50 l of CFA (n ⫽ 8)
or saline (n ⫽ 8) and developed hyperalgesia ipsilaterally. After
32 d, the presence of latent sensitization in the CFA group was
verified by measuring hyperalgesia after NTX (1 mg/kg, s.c.).
Results were similar to those in Figure 7B. After 2 more days, the
L4 –S1 spinal cord segments were collected, snap frozen and
stored at ⫺80°C. Tissues were homogenized and membranes solubilized under nondenaturing conditions that permit retention
of protein–protein interactions. MOR and associated proteins
were coimmunoprecipitated with a MOR antibody (ab13405;
Abcam) and separated by SDS-gel electrophoresis. Blots were
probed with antibodies to serine-phosphorylated MOR (pSer 375-MOR, RA18001; Neuromics) and a different MOR antibody (RA10104; Neuromics). All three antibodies to the MOR
used in this study, including the antibody used for MOR immunofluorescence (ImmunoStar; Fig. 7), consistently labeled two
protein bands with apparent molecular weights of 57 and 60 kDa
(Fig. 8A). The anti-p-Ser 375-MOR antibody labeled both bands,
although the lower band was always more intense than the upper
band. We measured the densities of both bands to evaluate the
relative level of phosphorylation of MORs. Rats in the CFA group
had a significantly higher level of MOR phosphorylation than rats
in the saline group (Fig. 8B; p ⫽ 0.0009, t ⫽ 4.92, unpaired t tests
with Welch’s correction). We also determined whether activated
Src family kinases (SFKs) were coimmunoprecipitated with
MOR using an antibody to p-Tyr 416-Src, which recognizes the
equivalent site in the SFKs Lyn, Fyn, Lck, Yes, and Hck. We found
that the relative level of activated SFKs in the immunoprecipitates
was significantly higher in the CFA group than in the saline group
(Fig. 8C; p ⫽ 0.0141, t ⫽ 3.14, unpaired t tests with Welch’s
correction).
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Figure 6. Latent sensitization in pENK, pOMC, and pDYN KO mice. Mice were injected in the hindpaw with 5 l of CFA and, upon return to baseline, they received NTX (3 mg/kg, s.c.). PWTs to von
Frey filaments were obtained on the days indicated. A, pENK KO mice (n ⫽ 10) and their WT littermates (n ⫽ 5). B, NTX injected on day 28 to pENK KO and WT mice reinstated hyperalgesia. C, pOMC
KO mice (n ⫽ 5) and their WT littermates (n ⫽ 4). D, NTX injected on day 56 to pOMC KO and WT mice reinstated hyperalgesia. E, pDYN KO mice (n ⫽ 8) and their WT littermates (n ⫽ 8). F, NTX
injected on day 35 to pDYN KO and WT mice reinstated hyperalgesia. G, JDTic (10 mg/kg, s.c.) injected on day 58 to pDYN KO and WT mice reinstated hyperalgesia after 1 d. Holm-Sidak’s post hoc tests
of two-way ANOVA: *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001 compared with baseline (time 0 d or 0 min).

MOR constitutive inhibition of voltage-gated Ca 2ⴙ (Cav)
channels in DRG neurons from mice with latent sensitization
An established method to assess constitutive inhibition by opioid
receptors is to measure Cav channel currents in the absence and
presence of a strong depolarizing pulse able to dissociate the G␤␥
subunits responsible for their voltage-dependent inhibition
(Walwyn et al., 2007; Connor and Traynor, 2010; Lam et al.,
2011). We applied this method to DRG neurons (L4 –L5 ipsilateral to the injected hindpaw) dissociated from mice ⬎21 d after
injection in the hindpaw of either saline or CFA (5 l). The
presence of Cav channels constitutively inhibited by MORs was

assessed by a 2-pulse protocol (Fig. 9A): protocol P1consisted of
a 100 ms hold at ⫺80 mV, followed by a 10 ms test pulse from
⫺80 mV to ⫹10 mV; protocol P2 consisted of a 100 ms depolarizing prepulse from ⫺80 mV to ⫹80 mV, followed by the 10 ms
test pulse from ⫺80 mV to ⫹10 mV. Constitutive inhibition of
the Cav channels was determined by comparing the peak amplitude of the test pulse, averaged over 5 ms, in the absence (P1) or
presence (P2) of the prepulse. A P2/P1 ratio ⬎1.0 indicates Cav
channel inhibition.
In DRG neurons from saline-injected mice, a P2/P1 ratio of
1.0 was obtained both in the absence and presence of the MOR
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Table 5. Two-way ANOVA of the data shown in Figure 6 (pENK, pOMC, and PDYN KO mice) and Figure 7 (MOR internalization)
Row

Figure

Experiment

n

Variable 1

Variable 2

Interaction

Subject matching

1

6A

pENK KO, CFA

KO: 10
WT: 5

p ⫽ 0.0093
F(13,78) ⫽ 2.39

—

pENK KO, baseline

KO: 10
WT: 5

p ⫽ 0.18
F(3,39) ⫽ 1.70

p ⫽ 0.0006
F(13,39) ⫽ 3.77

3

6B

pENK KO, NTX

KO: 10
WT: 5

p ⫽ 0.88
F(3,39) ⫽ 0.23

p ⫽ 0.014
F(13,39) ⫽ 2.48

4

6C

pOMC KO, CFA

KO: 4
WT: 5

p ⫽ 0.68
F(7,49) ⫽ 0.69

p ⫽ 0.016
F(7,49) ⫽ 2.79

5

—

pOMC KO, baseline

KO: 4
WT: 5

p ⫽ 0.06
F(9,36) ⫽ 2.0

p ⬍ 0.0001
F(12,36) ⫽ 4.91

6

6D

pOMC KO, NTX

KO: 4
WT: 5

p ⫽ 0.67
F(4,28) ⫽ 0.59

p ⫽ 0.04
F(7,28) ⫽ 2.48

7

6E

pDYN KO, CFA

KO: 8
WT: 8

p ⫽ 0.51
F(8,112) ⫽ 0.91

p ⬍ 0.0001
F(14,112) ⫽ 5.38

8

—

pDYN, baseline

KO: 8
WT: 8

p ⫽ 0.51
F(2,28) ⫽ 0.68

p ⫽ 0.79
F(14,28) ⫽ 0.66

9

6F

pDYN KO, NTX

KO: 8
WT: 8

p ⫽ 0.25
F(5,70) ⫽ 1.37

p ⬍ 0.0001
F(14,70) ⫽ 6.40

10

6G

pDYN KO, JDTic

KO: 8
WT: 8

p ⫽ 0.91
F(2,26) ⫽ 0.096

p ⬍ 0.0001
F(13,26) ⫽ 6.90

11

7A

Rats CFA

6

p ⬍ 0.0001
F(7,70) ⫽ 17.4

p ⬍ 0.0001
F(10,70) ⫽ 5.98

12

7B

Rats NTX

6

Genotype
p ⫽ 0.048
F(1,13) ⫽ 4.78
Genotype
p ⫽ 0.48
F(1,13) ⫽ 0.53
Genotype
p ⫽ 0.229
F(1,13) ⫽ 1.59
Genotype
p ⫽ 0.99
F(1,7) ⫽ 0.00001
Genotype
p ⫽ 0.91
F(3,12) ⫽ 0.18
Genotype
p ⫽ 0.23
F(1,7) ⫽ 1.69
Genotype
p ⫽ 0.037
F(1,14) ⫽ 5.34
Genotype
p ⫽ 0.0069
F(1,14) ⫽ 10.0
Genotype
p ⫽ 0.45
F(1,14) ⫽ 0.61
Genotype
p ⫽ 0.55
F(1,13) ⫽ 0.38
Side
p ⫽ 0.0007
F(1,10) ⫽ 23.4
Side
p ⫽ 0.92
F(1,10) ⫽ 0.01

p ⫽ 0.83
F(6,78) ⫽ 0.47

2

Time (CFA)
p ⬍ 0.0001
F(6,78) ⫽ 9.52
Time
p ⫽ 0.49
F(3,39) ⫽ 0.81
Time (NTX)
p ⬍ 0.0001
F(3,39) ⫽ 0.23
Time (CFA)
p ⬍ 0.0001
F(7,49) ⫽ 7.7
Time
p ⫽ 0.58
F(3,36) ⫽ 0.66
Time (NTX)
p ⬍ 0.0001
F(4,28) ⫽ 8.8
Time (CFA)
p ⬍ 0.0001
F(8,112) ⫽ 11.38
Time
p ⫽ 0.16
F(2,28) ⫽ 1.94
Time (NTX)
p ⬍ 0.0001
F(5,70) ⫽ 9.47
Time (JDTic)
p ⬍ 0.0001
F(2,26) ⫽ 14.60
Time (CFA)
p ⬍ 0.0001
F(7,70) ⫽ 20.2
Time (NTX)
p ⬍ 0.0001
F(8,80) ⫽ 14.9

p ⫽ 0.39
F(8,80) ⫽ 14.9

p ⬍ 0.0001
F(10,80) ⫽ 4.7

Each panel in Figure 6 or 7 (indicated in the second column) was analyzed independently by two-way ANOVA except for rows 2, 5, and 8 which are baseline data obtained before the CFA injection. In the fourth column, n is the number of
animals in the experiment (KO or their WT littermates). In the fifth and sixth columns, the variable is identified first: “time” refers to the time after the injection of the compound in parentheses; “genotype” is KO versus WT, and “side” is
ipsilateral versus contralateral paw. Subscript numbers in the F ratio are the degrees of freedom and the residual.

inverse agonist NTX (one-sample t test to compare with 1.0: p ⫽
0.80, t ⫽ 0.27, for baseline; p ⫽ 0.90, t ⫽ 0.13, for NTX; Fig. 9B).
In DRG neurons from CFA-injected mice, the P2/P1 ratio was
significantly higher than 1.0 (one-sample t test to compare with
1.0: p ⬍ 0.0001, t ⫽ 6.5). This was reduced to 1.0 in the presence
of 1 M NTX (one-sample t test to compare with 1.0: p ⫽ 0.39, t ⫽
0.89, for NTX; Fig. 9B). Two-way ANOVA of the data in Figure
9B yielded p ⫽ 0.15, F(1,50) ⫽ 2.09 for CFA; p ⫽ 0.023, F(1,50) ⫽
5.48 for NTX, and p ⫽ 0.0497, F(1,50) ⫽ 4.04 for interaction.
The P2/P1 ratio was assessed in DRG neurons from CFAinjected mice in the absence of ligands or in the presence of NTX
(1 M), the MOR neutral antagonist 6␤-naltrexol (10 M), or
NTX ⫹ 6␤-naltrexol (Fig. 9C). Whereas NTX decreased the
P2/P1 ratio from a baseline value of 1.1 to 1.0, 6␤-naltrexol (10
M) yielded a P2/P1 ratio similar to baseline and blocked the
effect of NTX. One-way ANOVA of the data in Figure 9C yielded
p ⬍ 0.0001, F(3,57) ⫽ 9.02. These results demonstrate the presence
of MOR-mediated constitutive inhibition of Cav channels in
DRG neurons from mice with CFA-induced latent sensitization.
We found previously that an increase in constitutively active
MORs is associated with a decrease in Cav channel inhibition
induced by MOR agonists (Walwyn et al., 2007). To determine
whether a similar inverse relationship exists between liganddependent and ligand-independent receptor pools, we examined

Cav channel inhibition elicited by DAMGO, a selective MOR
agonist, in mice with CFA-induced latent sensitization. Recordings were made from L4 –L6 DRG ipsilateral to the injection and
collected 28 d after the CFA or saline injection. A single 100 ms
depolarizing pulse from ⫺70 mV to ⫹10 mV was used to evoke
Ca 2⫹ currents. Once three to four stable basal recordings were
obtained, external solution containing DAMGO was applied to
the cells until maximum inhibition was obtained (20 – 40 s) and
then washed off by the extracellular solution (Fig. 9D). Mean Cav
amplitudes were measured 5–10 ms after initiating the depolarizing step and plotted against time. Stable recordings were fitted
by a linear function to compare, by extrapolation, control current
amplitude with the current amplitude recorded in the presence of
DAMGO. DAMGO (1 M) inhibition was assessed as the percentage inhibition of the Ca 2⫹ current amplitude before and after
DAMGO application. We found no effect of CFA on Cav channel
inhibition by DAMGO (Fig. 9E): an unpaired t test yielded p ⫽
0.0796, t14 ⫽ 1.89. Therefore, the ability of DAMGO-activated
MORs to inhibit Cav channels in DRG neurons does not decrease
in mice with CFA-induced latent sensitization.

Discussion
This study shows that inflammation produces a state of latent
sensitization to pain that is suppressed by the activation of spinal

216 • J. Neurosci., January 6, 2016 • 36(1):204 –221

Walwyn et al. • Hyperalgesia Suppression in Latent Sensitization

Figure 7. Absence of MOR internalization in the spinal cord during the remission phase of latent sensitization. A, Rats (n ⫽ 6) implanted with intrathecal catheters were injected in the hindpaw
with 50 l of CFA subcutaneously and responses to von Frey hairs were tested. B, On day 28, the rats received NTX (1 mg/kg, s.c.) and PWTs were tested. Holm-Sidak’s post hoc tests: *p ⬍ 0.05,
**p ⬍ 0.01, ***p ⬍ 0.001 compared with baseline (time 0 d or 0 min). C, On day 30, rats injected with CFA (n ⫽ 4) or saline-injected controls (n ⫽ 4) received intrathecal injections of peptidase
inhibitors (amastatin, phosphoramidon, and captopril, 100 nmol) and fixed 15 min later. MOR immunohistochemistry was performed in spinal segments C2, T10, and (Figure legend continues.)
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Figure 8. Increased phosphorylation of MORs at Ser 375 in latent sensitization. Rats were
injected in one hindpaw with 50 l of saline (n ⫽ 8) or CFA (n ⫽ 8). After 28 d, the rats were
killed and the spinal cords collected. MORs were immunoprecipitated using a MOR antibody
from Abcam (ab134054). A, Western blots were probed with antibodies to MOR (Neuromics,
RA10104), p-Ser 375-MOR (Neuromics RA18001, pMOR), and p-Tyr 416-Src (Cell Signaling Technology, pSFK). Two bands at ⬃57 and 64 kDa appear in the MOR and pMOR blots and one band
at 60 kDa in the pSFK blot. Data are representative from four of eight rats in each group. B, The
ratio of the optical density of the pSer 375-MOR blot and the MOR blot was obtained and normalized to saline. C, The ratio of the optical density of the pSFK blot and the MOR blot was
obtained and normalized to saline. *p ⫽ 0.0141, ***p ⫽ 0.0009, unpaired t tests with Welch’s
correction.

MORs, DORs, KORs, and ␣2ARs. Furthermore, the suppression
of hyperalgesia is not due to sustained opioid release, but rather
to receptor constitutive activity.
MORs, DORs, KORs, and ␣2ARs suppress hyperalgesia in
latent sensitization
Our results show that MORs suppress hyperalgesia in animals
with latent sensitization. Thus, in MOR KO mice, which have
normal responses to acute noxious stimuli (Matthes et al., 1996),
responses to mechanical stimulation during latent sensitization
remained below baseline (although this contrasts with results
reported by Gavériaux-Ruff et al., 2008). However, in these MOR
KO mice there was a partial recovery from the peak hyperalgesia
4
(Figure legend continued.) L4 to measure MOR internalization. D, Images taken from the L4
segment of a rat 30 d after injecting CFA in the hindpaw; MORs are not internalized. E, Images
taken from the L4 segment of a rat 30 d after injecting saline in the hindpaw; MORs are not
internalized. F, Images taken from the L4 segment of a naive rat; MORs are not internalized.
Images are single optical sections taken with a 10⫻ objective (main panels, voxel size 830 ⫻
830 ⫻ 5983 nm, scale bar 100 m) or a 63⫻ objective (insets, voxel size 132 ⫻ 132 ⫻ 383
nm, scale bar 5 m). G, Confocal stack of cell d (arrow) in D. H, Confocal stack of cell d (arrow)
in E. I, Confocal stack of cell a (arrow) in F.
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induced by CFA, indicating that receptors other than MORs contribute to the suppression of hyperalgesia.
Adrenergic ␣2ARs mediate the analgesic effects of norepinephrine (Yaksh, 1985; Stone et al., 1997; Pertovaara, 2006; De Felice
et al., 2011) and are located in primary afferent terminals (Zeng
and Lynch, 1991; Stone et al., 1997; Stone et al., 1998; Nazarian et
al., 2008). The ␣2AR antagonist BRL44408 reinstated hyperalgesia
during latent sensitization and eliminated the partial recovery
from hyperalgesia in MOR KO mice, showing that ␣2ARs are one
of the receptors that suppress hyperalgesia in latent sensitization.
Another of those receptors are DORs, because naltrindole reinstated hyperalgesia in rats and mice with latent sensitization. A
role for DORs in the recovery from CFA hyperalgesia has been
shown in mice lacking DORs in Nav1.8-expresing DRG neurons
(Gavériaux-Ruff et al., 2011). Naltrindole induced hyperalgesia
in saline-injected mice, but not saline-injected rats, suggesting
that DORs may have an analgesic effect in mice.
Two KOR antagonists, nor-BNI and JDTic, reinstated hyperalgesia during latent sensitization, but only 12 h after their injection,
consistent with the slow onset of their effects in vivo (Endoh et al.,
1992; Munro et al., 2012). In agreement, Campillo et al. (2011)
found that nor-BNI produced reinstatement in mice with latent sensitization induced by plantar incision. KORs suppress hyperalgesia
in the absence of their natural agonist dynorphin, because JDTic
produced reinstatement in pDYN KO mice. This suggests that KORs
are constitutively active during latent sensitization.
In addition, neuropeptide Y receptors have been found to
mediate anti-hyperalgesia in latent sensitization (Solway et al.,
2011).
Receptor constitutive activity in latent sensitization
Although studies from overexpressed or mutated G-proteincoupled receptors show that they can become constitutively active (Connor and Traynor, 2010), there are few examples of
constitutively active endogenous receptors. Constitutive activity
is defined by the negative effect of an inverse agonist that can be
blocked by a neutral antagonist (Kenakin, 2001). Here, we demonstrate that the suppression of hyperalgesia by MORs is not due
to continuous opioid release, but rather to MOR constitutive
activity (Kenakin, 2001; Connor and Traynor, 2010), as proposed
by Corder et al. (2013). Unfortunately, the lack of well defined
inverse agonists and neutral antagonists for KORs, DORs, and
␣2ARs prevents us from determining whether they were also constitutively active.
First, the MOR inverse agonist NTX, but not its neutral antagonist 6␤-naltrexol, reinstated hyperalgesia in mice and rats. Importantly, 6␤-naltrexol prevented the reinstatement induced by
NTX. NTX acted on MORs, since it had no effect in MOR KO
mice.
Second, unlike MOR KO mice, pENK, pOMC, and pDYN KO
mice had normal latent sensitization: they recovered fully from
hyperalgesia, which was reinstated by NTX. Therefore, suppression of hyperalgesia during latent sensitization can occur in the
absence of opioid peptides. The fact that pDYN KO mice had
higher baseline responses to noxious stimulation suggests that
they are in an analgesic state. This is consistent with the fact that
dynorphin has pronociceptive effects (Lai et al., 2001; Lai et al.,
2006) in addition to its anti-nociceptive effects (Auh and Ro,
2012; Taylor et al., 2015). Indeed, pDYN KO mice exhibit reduced pain after nerve injury (Gardell et al., 2004; Xu et al., 2004).
Third, the suppression of hyperalgesia by MORs was not accompanied by MOR internalization. We have shown previously
that all endogenous opioids produce MOR internalization when
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Figure 9. Ligand-independent and ligand-dependent inhibition of Cav channels in DRG neurons from mice with latent sensitization. Mice were injected in one hindpaw with 5 l of saline or CFA.
DRG neurons (L4 –L5) were acutely isolated from the saline-injected or the CFA-injected mice after day 21. A, Whole-cell patch-clamp recordings were used to measure Cav currents evoked by a
two-pulse protocol (bottom traces). P2 includes a high voltage prepulse from ⫺80 mV to ⫹80 mV to dissociate G␤␥ subunits from the Cav channels, whereas P1 consists only of a test pulse from
⫺80 mV to ⫹10 mV. Constitutive inhibition of the Cav channels was indicated by a larger current with the P2 protocol (red traces) resulting in an increase in the P2/P1 ratio. B, P1/P2 ratio obtained
from DRG of saline-injected and CFA-injected mice in the absence and presence of NTX (1 M). Two-way ANOVA: NTX p ⫽ 0.023, CFA p ⫽ 0.15, interaction p ⫽ 0.0497. Holm-Sidak’s post hoc tests:
**p ⬍ 0.01 compared with baseline, †p ⬍ 0.05 as shown. C, P1/P2 ratio obtained from DRG of CFA-injected mice untreated (baseline) or in presence of NTX (1 M), 6␤-naltrexol (10 M), and NTX
plus 6␤-naltrexol. One-way ANOVA: p ⬍ 0.0001. D, DAMGO was used to assess MOR ligand inhibition of Cav currents in saline-injected mice and mice with CFA-induced latent sensitization. A single
depolarizing 100 ms pulse from ⫺70 mV to ⫹10 mV was used to evoke Cav currents. An exemplar recording shows the following: (1) the basal Cav current (initial), (2) DAMGO (1 M) inhibition of
Cav current, and (3) the current after DAMGO had been washed off. E, DAMGO inhibition of Cav currents expressed as a percentage of the total current in neurons from the ipsilateral L4 –L6 DRG from
CFA- and saline-injected mice; there was no effect of CFA. Holm-Sidak’s post hoc tests: *p ⬍ 0.05 compared with baseline; ††p ⬍ 0.01, †††p ⬍ 0.001 compared with NTX. Numbers indicate the
number of neurons recorded in each group (n).

their degradation is suppressed with peptidase inhibitors (Song
and Marvizón, 2003b) and that opioid release induces MOR internalization in slices (Song and Marvizón, 2003a; Chen et al.,
2008) and in vivo (Lao et al., 2008; Chen and Marvizón, 2009).
Therefore, the absence of MOR internalization in the presence of
peptidase inhibitors argues against sustained opioid release in
latent sensitization.
Fourth, in DRG neurons collected from mice with latent sensitization (but not from control mice), Cav channels were constitutively inhibited. This inhibition was suppressed by the MOR
inverse agonist NTX, but was not affected by its neutral antagonist 6␤-naltrexol, which prevented the effect of NTX.
Mechanisms for MOR constitutive activity
There are several possible mechanisms for receptor constitutive activity. The first is based on a competitive balance between constitutively active receptors and receptors available
for ligand activation, so that an increase in one population of
receptors occurs at the expense of the other. This happens in
DRG neurons lacking ␤-arrestin 2 (Walwyn et al., 2007),
which show increased constitutively active MORs and reduced
Cav channel inhibition by MOR agonists. In contrast, in latent
sensitization there was an increase in constitutively active

MORs, but not a decrease in the ability of the MOR agonist
DAMGO to inhibit Cav channels. This suggests that the constitutively active MORs are not extracted from the pool of
MORs available for ligand activation.
Second, the increase in constitutively active MORs could be a
result of a change in the intrinsic energy constraint that limits
constitutive activity (Vezzi et al., 2013). This new model is an
extension to the extended ternary complex model (De Léan et al.,
1980; Wreggett and De Léan, 1984; Weiss et al., 1996) and proposes that an intrinsic, intramolecular energy constraint limits
constitutive activity. This explains the low levels of basal constitutive MOR activity yet high levels of constitutive DOR activity. It
is possible that, by activating MORs, agonists could lessen this
constraint and shift the balance between constitutive- and ligandactivated receptors. This relationship may explain the increase in
constitutive activity after chronic morphine (Liu and Prather,
2001; Sadée et al., 2005; Shoblock and Maidment, 2006; Meye et
al., 2012; Meye et al., 2014) that occurs as a result of morphineinduced enkephalin release (Shoblock and Maidment, 2007).
However, our results show that deleting each of the opioid peptides did not affect MOR suppression of hyperalgesia in latent
sensitization, indicating that MOR constitutive activity was not
initiated by an agonist.
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Third, the increase in MOR constitutive activity could have
resulted from changes in their phosphorylation. Chronic pain
induces MOR constitutive phosphorylation (Illing et al., 2014)
and we found that MORs immunoprecipitated from the spinal
cord of rats with latent sensitization had increased Ser 375 phosphorylation. However, this residue is typically associated with
agonist-induced receptor activation and is not part of the phosphorylation “barcode” typical of constitutively active MORs
(Williams et al., 2013; Illing et al., 2014). We also observed increased phosphorylation of SFKs at a site equivalent to Tyr 416 of
c-Src, indicative of SFK activation (Ohnishi et al., 2011). Targeting of c-Src to MORs by ␤-arrestin 2 is involved in MOR constitutive activation (Walwyn et al., 2007; Williams et al., 2013).
Fourth, the increase in constitutive activity could be a result of
an increase in the expression levels of MORs after CFA. There are
reports of changes in MOR expression after inflammatory and
neuropathic pain (Nũnéz et al., 2007; Lee et al., 2011; Aoki et al.,
2014). It is possible that, with an increase in the total amount of
MORs, there is also an increase in the number of receptors that
are constitutively active.
Physiological mechanisms
The phenomenon of latent sensitization indicates that chronic
pain consists of an ongoing hyperalgesic state suppressed by analgesic mechanisms in the spinal cord. In addition, there is indirect evidence that latent sensitization involves descending
pathways. Therefore, stress is able to interrupt the suppression of
hyperalgesia during latent sensitization (Rivat et al., 2007; Le Roy
et al., 2011), a phenomenon that would require either triggering
descending pain facilitation or stopping ongoing descending pain
inhibition. The fact that antagonists of these four receptors reinstated hyperalgesia contralaterally shows that both pain sensitization and its suppression occur bilaterally in the spinal cord,
which supports the involvement of descending signals.
Latent sensitization may represent the same phenomenon as
hyperalgesic priming, a model of chronic pain elicited by the
injection in the paw of a sensitizing agent (interleukin-6 or carrageenan) followed by prostaglandin E2 or other inflammatory
compounds (Aley et al., 2000; Parada et al., 2005; Reichling and
Levine, 2009; Kim et al., 2015). Hyperalgesic priming also occurs
bilaterally and involves a descending serotonergic signal for its
initiation and a descending dopaminergic signal for its maintenance (Kim et al., 2015). It would be interesting to determine
whether these descending pathways are similarly involved in latent sensitization. In a small trial, latent sensitization was shown
to occur in 4 of 12 human subjects (Pereira et al., 2015), making
these mechanisms promising targets to treat chronic pain.
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