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Abstract
Pain affects both sensory and emotional aversive responses, often provoking depression and anxiety-related conditions when it
becomes chronic. As the opioid receptors in the locus coeruleus (LC) have been implicated in pain, stress responses, and opioid
drug effects, we explored the modifications to LC opioid neurotransmission in a chronic constriction injury (CCI) model of short-
and long-term neuropathic pain (7 and 30 days after nerve injury). No significant changes were found after short-term CCI, yet
after 30 days, CCI provoked an up-regulation of cAMP (cyclic 5′-adenosine monophosphate), pCREB (phosphorylated cAMP
response element binding protein), protein kinase A, tyrosine hydroxylase, and electrical activity in the LC, as well as enhanced
c-Fos expression. Acute mu opioid receptor desensitization was more intense in these animals, measured as the decline of the
peak current caused by [Met5]-enkephalin and the reduction of forskolin-stimulated cAMP produced in response to DAMGO.
Sustained morphine treatment did not markedly modify certain LC parameters in CCI-30d animals, such as [Met5]-enkephalin-
induced potassium outward currents or burst activity and c-Fos rebound after naloxone precipitation, which may limit the
development of some typical opioid drug-related adaptations. However, other phenomena were impaired by long-term CCI,
including the reduction in forskolin-stimulated cAMP accumulation by DAMGO after naloxone precipitation in morphine
dependent animals. Overall, this study suggests that long-term CCI leads to changes at the LC level that may contribute to the
anxiodepressive phenotype that develops in these animals. Furthermore, opioid drugs produce complex adaptations in the LC in
this model of chronic neuropathic pain.
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Introduction

Pain affects both sensory and emotional aversive responses,
and when chronic, it often leads to depression and anxiety-
related symptoms in humans [1] and rodents [2–4]. Hence, it
is thought that pain might provoke plastic changes in several
brain centers and/or in different neurotransmission systems.
The opioid system is one such system and specifically, the
mu opioid receptors (MORs), which represent the primary site
of action of endogenous opioids, have consistently been im-
plicated in the neurobiology of pain, as well as in stress re-
sponses or drug addiction and dependence [5, 6]. Importantly,
the pontine locus coeruleus (LC), the principal brain site of
noradrenaline synthesis, is targeted by several endogenous
opioidergic peptides [7]. Moreover, since MORs are strongly
expressed postsynaptically along noradrenergic somatoden-
dritic processes [8], it is likely that chronic pain modifies
opioid-related LC activity.
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The LC sends numerous projections to the forebrain and
spinal cord and thus, it is involved in many physiological
functions, including arousal, memory, cognition, behavioral
flexibility, stress reactivity, and pain processing [9–16].
Several rodent studies have suggested that the LC system is
a possible source of endogenous analgesia in states of acute
pain [11, 17, 18]. However, data from rat models of chronic
pain (like neuropathic pain) suggest that the role of the LC
appears to shift from the inhibition of pain, to the facilitation
of pain and related emotional deficits [19–21]. In addition, the
LC would also seem to be a key nucleus where stress and
opioids intersect to mediate vulnerability to opioid drug abuse
[11, 17, 18, 22]. Indeed, LC neurons have been widely impli-
cated in physical opioid dependence and withdrawal, and
acute exogenous opioid administration dampens the firing rate
of rodent LC neurons and their cyclic 5′-adenosinemonophos-
phate (cAMP) signaling. These neurons become tolerant to
opioids upon their continued administration, evident through
a return to normal neuronal activity and cAMP signaling be-
cause of an up-regulation of the cAMP pathway. This plastic-
ity becomes functionally evident on withdrawal of the opiate,
which provokes the increase in cAMP activity and firing rates.
Significantly, there are several lines of evidence indicating that
this sharp activation of the LC contributes to many of the
behavioral signs and symptoms of physical opioid withdrawal
in rodents [23–25].

These findings together suggest that pain could produce
neuroplastic changes that affect the opioid system, and that
might influence the activity of LC neurons and the effects of
opioids in this nucleus. Thus, we set out to interrogate the
functionality of the LC in relation to the opioid system in a
rat model of neuropathic pain at two different time points: in
short term, when animals have already developed the typical
neuropathic phenotype (7 days after nerve injury); and in the
long-term, when they show an anxiodepressive profile in ad-
dition to the neuropathic state (30 days after nerve injury) [2].
Furthermore, we wondered if sustained treatment with the
opioid morphine produces the same effects in the LC in con-
ditions of long-term neuropathic pain in animals not affected
by chronic pain.

Materials and Methods

Animals

Experiments were carried out on male Sprague-Dawley rats,
250–350 g body weight, under standard laboratory condi-
tions (22 °C, 12 h light/dark cycle, lights on at 08:00 a.m.,
food and water ad libitum). All procedures and animal han-
dling were carried out in accordance with the guidelines of
the European Commission’s directive (2010/63/EC) and
Spanish Law regulating animal research (RD 53/2013), and

all the experimental protocols were approved by the
Committee for Animal Experimentation at the University
of Cadiz (Spain).

Drugs

The following drugs were used in this study: ketamine
(Merial Laboratorios S.A., Barcelona, Spain); xylazine
(Bayer Hispania S.L., Barcelona, Spain); chloral hydrate
(Fluka Chemie A.G, Buchs, Switzerland); morphine hy-
drochloride (MOR agonist: Spanish Agency of Medicines
and Medical Devices—AEMPS); naloxone hydrochloride
(opioid receptor antagonist: Sigma-Aldrich); [Met5]-en-
kepha l i n (ME) and DAMGO (D-a l a (2 ) ,N -Me-
Phe(4),Gly-ol(5))-enkephalin) (MOR agonists: Sigma-
Aldrich); and forskolin (F6886: Sigma-Aldrich). All drugs
were dissolved in isotonic saline solution (sodium chlo-
ride 0.9%).

Neuropathic Pain Model and Experimental Design

As described previously, chronic constriction injury (CCI) of
the sciatic nerve was used as a model of neuropathic pain
[26, 27]. The rats were anesthetized by ip (intraperitoneal)
injection of 100 mg/kg ketamine and 20 mg/kg xylazine, and
the left sciatic nerve was exposed at the mid-thigh level,
proximal to the sciatic trifurcation. Four chromic gut (4/0)
ligatures were tied loosely around the nerve 1.0–1.5 mm
apart so as not to compromise the vascular supply. Sham
operations were performed in the same manner but with no
nerve ligation.

The animals were randomly assigned to the experimental
groups, untreated or morphine-treated, and the experiments
were carried out at two time points, 7 and 30 days after nerve
injury (sham, CCI-7d and CCI-30d). Rats from untreated
group were distributed into six independent experimental sets
and analyzed by: (i) nociceptive behavioral testing, (ii)
depressive-like behavioral testing, (iii) in vivo electrophysiol-
ogy, (iv) [35S]GTPγS autoradiography, (v) western blotting,
and (vi) immunohistochemistry. In the group of rats that re-
ceived morphine, experiments were carried out 30 days after
CCI (sham-saline, sham-morphine, sham-morphine + nalox-
one, CCI-30d-saline, CCI-30d-morphine, CCI-30d-morphine
+ naloxone). Each of these groups of animals was distributed
into four independent experimental sets that were analyzed by:
(i) in vivo electrophysiology, (ii) patch-clamp in brainstem
slices, (iii) cyclic AMP assays, and (iv) immunohistochemis-
try (Fig. 1).

Behavioral Tests

Pain-like behavior was evaluated before surgery, and 7 and
30 days after surgery. Mechanical allodynia was measured

4136 Mol Neurobiol (2019) 56:4135–4150



using the von Frey test (Dynamic Plantar Aesthesiometer,
Ugo Basile, Italy), whereby a vertical force was applied to
the left hind paw, increasing from 0 to 50 g over a period of
20 s [28]. Mechanical hyperalgesia was measured through the
paw pressure test, gradually applying increasing pressure
through a motor-driven device (Ugo Basile, Italy) with a
250 g cutoff to avoid tissue damage [29]. To assess thermal
allodynia, the rat was placed on a cold metal plate maintained
at 4 ± 1 °C (Panlab S.L, Spain), measuring the number of
times the animal briskly lifted its left hind paw over a period
of 2 min [27]. A 15–20 min interval was maintained between
the testing procedures.

Depressive-like behavior was evaluated in the modified
forced swimming test (mFST). Animals were placed indi-
vidually in large plastic cylinders filled to a depth of 30 cm
with water at 25 ± 1 °C for a first swimming session (pre-
test), and again, 24 h later, for 5 min under the same con-
ditions (test) [30]. Using a time-sampling technique, the
predominant behaviors, climbing, swimming, or immobil-
ity, in each 5-s period of the 300 s of the swim exposure
(test session) were recorded and scored (providing an over-
all total of 60 scores) using customized software (Red-
Mice, Cadiz, Spain). The immobility behavior was deter-
mined when no activity was observed other than the move-
ments necessary to keep the animal’s head above water.
The climbing behavior was measured when the rats made
vigorous upward movements with their forepaws in and
out of the water. Swimming was considered the predomi-
nant behavior when the rats moved around the cylinder.
Depressive-like behavior was defined as an increase in
the mean count of the immobility behavior.

Morphine Treatment and Precipitation
of the Withdrawal Syndrome

Opioid dependence was induced by repeated morphine injec-
tion [31]. The rats were injected with increasing doses of the
opioid three times daily (at 8:00, 14:00, and 20:00 h: ip) on
five consecutive days: days 1–10, 10 and 10 mg/kg; days 2–
10, 10 and 20mg/kg; days 3–20, 20 and 40mg/kg; days 4–40,
40 and 80 mg/kg; and days 5–80, 80 and 100 mg/kg. Control
animals were injected with an equivalent volume of saline
0.9% over the 5 days. On day 6 after morphine treatment,
withdrawal syndrome was precipitated by the administration
of naloxone (0.1 mg/kg iv—intravenous) to perform single-
unit extracellular recordings of LC neurons (see below).
Additionally, naloxone (5 mg/kg ip) was administered to
two other sets of animals to precipitate withdrawal syndrome
and to then assay cAMP or to perform immunohistochemistry
(see below).

Electrophysiology

Recordings in Anesthetized Rats In Vivo

Single-unit extracellular recordings of LC neurons were ob-
tained as described previously [32, 33]. Rats were anesthe-
tized with an intraperitoneal injection of chloral hydrate
(400 mg/kg) and anesthesia was maintained using a perfusion
pump (chloral hydrate: 60 to 70mg/kg/h), while the rat’s body
temperature was maintained at ~ 37 °C with a heated pad. The
rat was then placed in a stereotaxic frame (David Kopf
Instrument, USA) with its head oriented at an angle of 15°

Fig. 1 Schematic representation
of the experimental design for a
untreated or b morphine-treated
animals.W, week; CCI-7d, 7 days
after chronic constriction injury;
CCI-30d, 30 days after chronic
constriction injury; behavioral
tests, nociceptive tests, and
depressive-like behavior; D1-D5,
days of morphine treatment; D6,
day of naloxone-precipitated
withdrawal; NLX, naloxone
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to the horizontal plane. The recording electrode was lowered
into the LC contralateral to the operated hind paw (relative to
lambda: anterior-posterior [AP]—3.7 mm, lateral-medial
[LM]—1.1 mm, dorsal-ventral [DV]—8.2 mm) and LC neu-
rons were identified on the basis of well-established criteria: a
long duration action potential (> 2 ms), regular spontaneous
firing, a slow firing rate between 0.5 and 5 Hz, and character-
istic spikes with a long-lasting positive-negative waveform
[34]. The extracellular signals from the electrode were ampli-
fied with a high-input impedance amplifier and monitored.
Discriminated spikes were fed into a PC and processed using
CED Micro1401 and Spike2 software (Cambridge Electronic
Design, UK). The firing patterns were analyzed offline using
the Spike2 software and the tonic neuronal activity was
assessed as the spontaneous firing rate (Hz). The dose-
response curves were constructed for morphine administered
acutely (0.15–4.80 mg/kg iv doubling the dose at 2 min inter-
vals) and only one dose-response curve was acquired per rat.
In another experimental group, the morphine dose-response
curve was obtained after administering electrical pulses in the
ipsilateral hind paw. To this end, electrical pulse trains were
applied using bipolar needle electrodes (26-gauge, 2 mm
separation) inserted subcutaneously into the medial-external
surface of the ipsilateral hind paw, corresponding to the zone
of innervation of the sciatic nerve. Foot shock stimuli (5.0 ms
in duration and 10 mA in intensity) were delivered every 2 s
using a stimulator CS-9 and a stimulus isolation unit (Cibertec
SA, Spain), with a total of 125 repetitions per train [35]. Thus,
eight peripheral foot shock trains were applied to each animal
and the morphine dose-response curve (0.15–9.60mg/kg dou-
bling the dose at 2 min intervals) was obtained 150–250 s after
the end of the last stimulus.

In morphine-treated animals, withdrawal syndrome was
precipitated by administering naloxone (0.1 mg/kg iv) on
day 6 after morphine treatment. The firing rate (Hz) and inci-
dence of burst activity (%) in LC neurons were assessed
through single-unit extracellular recordings before and during
opioid withdrawal. An LC cell was considered to display burst
firing when at least two spikes were evident with an initial
interspike interval < 80 ms and subsequent interspike intervals
≥ 160 ms [36].

Whole-Cell Patch-Clamp Recordings

In an independent set of morphine-treated animals, whole-cell
patch-clamp recordings of LC neurons were obtained as de-
scribed elsewhere [37]. Animals were anesthetized with chlo-
ral hydrate (400 mg/kg, ip) and decapitated, and their brain
was immediately extracted and placed in cooled ACSF satu-
rated with 95% O2 and 5% CO2 [pH 7.3–7.4], and containing
(in mM): 125 NaCl, 2.5 KCl, 1.2 MgCl2, 26 NaH2CO3, 1.25
NaH2PO4, 2.4 CaCl2, and 11 D-glucose. Horizontal vibratome
sections of the brainstem (220 μm: VT1200S; Leica

Microsystems, Germany) that contain the LC were incubated
in ACSF for at least 1 h to wash out the drugs applied as
chronic treatments that may have persisted in the brain tissue
[38]. The slices were mounted in a recording chamber, main-
tained at 35–37 °C, and bath perfused by gravity with ACSF at
a flow rate of 1.5–2ml/min. LC neurons were visualized on an
upright microscope with infrared optics (Eclipse E600FN,
Nikon, Spain) as a dense and compact group of cells located
at the lateral border of the central gray stratum and the fourth
ventricle, just anterior to the genu of the facial nucleus.
Whole-cell currents were recorded from rat LC neurons with
an Axopatch-200B amplifier (Molecular Devices, USA) in
voltage-clamp mode. Glass pipettes (2–4 MΏ) were prepared
from borosilicate glass capillaries (World Precision
Instruments, USA) on a micropipette puller (PC-10,
Narishige CO., LTD, USA), and they were filled with an in-
ternal solution containing (in mM): 130 K-Gluconate, 5 NaCl,
1 MgCl2, 1 ethylene glycol-bis(2-aminoethylether)-N,N,N′,N
′-tetra acetic acid (EGTA), 10 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES), 2 adenosine 5′-triphosphate
magnesium salt (Mg-ATP), 0.5 guanosine 5′-triphosphate so-
dium salt hydrate (Na-GTP), and 10 phosphocreatine
disodium salt hydrate (pH 7.4, 280 mOsm). Currents were
recorded with the membrane potential held at − 50 mV and
the LC neurons were identified by the presence of a resting
inwardly rectifying potassium (IRK) conductance when
stepping the membrane potential from − 40 to − 120 mV in
− 10 mV increments. To induce MOR desensitization, a satu-
rating concentration of [Met5] enkephalin (ME, 30 μM) was
superfused and the decline in the peak current was measured
during a 10-min application. Series resistance was monitored
throughout the experiment and the cell was discarded if it
exceeded 15MΩ. Recordings were filtered at 5 kHz and proc-
essed with a Digidata 1322A digitizer (Axon Instruments,
USA). The data were sampled at 10 kHz and analyzed with
Clampex 10.2 software (Molecular Devices, USA), and all the
data were extracted using Clampfit 10.3 software.

[35S]GTPγS Autoradiography of MOR Functionality

[35S]GTPγS autoradiography was carried out as described
previously [39], with minor modifications. LC coronal sec-
tions (20 μm) of untreated animals were preincubated for
30 min at room temperature in a buffer containing: 50 mM
Tris-HCl, 0.2 mM EGTA, 3 mM MgCl2, 100 mM NaCl,
1 mM D-dithiothreitol, and 2 mM GDP [pH 7.7]. The slides
were subsequently incubated for 2 h in the same buffer con-
taining adenosine deaminase (10 mU/ml) and [35S]GTPγS
(0.04 nM). Consecutive sections were incubated in the pres-
ence or absence (basal [35S]GTPγS binding) of DAMGO
(10 μM: D-ala(2),N-Me-Phe(4),Gly-ol(5)-enkephalin) to
study the μ-opioid receptor-mediated stimulation of
[35S]GTPγS binding. Specific binding was determined by
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incubation in the presence of DAMGO (10 μM) and naloxone
(10 μM), and non-specific binding was determined in the
absence of agonist and in the presence of guanosine-5-O-(3-
thio)-triphosphate (10 μMGTPγS). After incubation, the sec-
tions were washed twice for 15 min in cold 50 mM Tris–HCl
buffer [pH 7.4] at 4 °C, rinsed in distilled cold water and dried
under a cold stream of air. The sections were then exposed to
autoradiographic film (Biomax MR: GE Healthcare, Spain) at
4 °C for 2 days, together with [14C] microscales (GE
Healthcare, Spain). Basal [35S]GTPγS binding is expressed
as nCi/g of tissue and DAMGO-stimulated [35S]GTPγS bind-
ing is expressed as a percentage of the basal values (100%).

Cyclic AMP Assays

The cAMP assays were performed as described previously
[40], with some minor modifications. LC tissue from saline,
morphine or morphine + NLX-treated animals were homoge-
nized (1:90 weight/volume dilution) with a Teflon/glass grind-
er (15 strokes, 800 rpm) in ice-cold homogenization buffer
[pH 7.4] (20 mM Tris-HCl, 1 mM EGTA, 5 mM EDTA,
1 mM DTT, 20 μg/ml leupeptin, and 300 mM sucrose). The
homogenates were centrifuged at 1500×g (5 min at 4 °C) and
the resulting supernatants were centrifuged at 13,000×g
(15 min at 4 °C), resuspending the resulting pellets in homog-
enization buffer. An aliquot of protein (50 mg) was preincu-
bated for 5 min at 37 °C in an assay buffer [pH 7.4] (80 mM
Tris-HCl, 0.2 mM EGTA, 1 mM EDTA, 2 mM MgCl2,
100 mM NaCl, 60 mM sucrose, 1 mM DTT, 10 mM GTP,
0.5 mM IBMX, 5 mM phosphocreatine, 50 U/ml creatine
phosphokinase, and 5 U/ml myokinase) without (basal
adenylyl cyclase—AC activity) or with 10 μM forskolin
(FK: FK-stimulated cAMP accumulation). The opioid
receptor-mediated inhibition of FK-stimulated cAMP accu-
mulation was determined using the agonist DAMGO
(10 μM), and the specificity of the effects were determined
by adding the opioid antagonist naloxone (10 μM). In all
experimental conditions, Mg-ATP 0.2 mM was added to the
membranes and the mixture was incubated for 10 min at
37 °C. The reaction was stopped by boiling for 5 min and
the cAMP concentration was determined in a 50-μl sample
of the supernatant using the commercial competitive cAMP
ELISA kit (Pierce, USA). Assays were performed in triplicate
on 4–10 samples per group and each sample was analyzed in
two independent experiments, expressing the results as pmol
of cAMP/min/mg protein.

Immunohistochemistry

Untreated and morphine + NLX-treated animals were per-
fused intracardially with 4% paraformaldehyde (PFA) [41].
The brainstem was removed and immersed in fresh PFA for
2–4 h at 4 °C before it was cryoprotected in 30% sucrose (w/v)

with 0.1% sodium azide in phosphate buffer 0.1 M for at least
48 h. Freezingmicrotome sections (30 μm) of the brain region
containing the LC were obtained and every fourth free-
floating sequential section was incubated with rabbit against
phospho-CREB Ser133(pCREB, 1:1000; 06–519, Millipore,
Spain) or c-FOS (1:10000; ab99515, Abcam, UK).
Subsequently, the sections were incubated with a biotinylated
donkey anti-rabbit antibody (1:200, Jackson Immunoresearch,
USA) and then an avidin-biotin complex (ABC) conjugated to
horseradish peroxidase. Immunostaining was visualized with
3,3-diaminobenzidine tetrahydrochloride (DAB) and the sec-
tions were mounted on gelatin-coated slides. The images were
acquired on an Olympus BX60microscope and the number of
pCREB or c-FOS inmunoreactive (pCREB-IR or c-FOS-IR)
cells of six sections of LC per animal were manually counted.
Data was presented as the mean of pCREB-IR or c-FOS-IR
cells of six sections per animal.

In order to verify the localization of c-FOS into LC norad-
renergic neurons, the detection of c-FOS and dopamine beta
hydroxylase (DBH) was performed by immunofluorescence.
LC sections were incubated with a mouse anti-DBH (1:1000;
MAB308, Millipore, EE.UU) and rabbit c-FOS (1:10000;
ab99515, Abcam, UK). Subsequently, the sections were incu-
bated, respectively, with a biotinylated donkey anti-rabbit
(1:1000; Invitrogen, Spain) followed by streptavidin 568 and
a donkey anti-mouse Alexa Fluor 488 (1:1000; Invitrogen,
Spain), before they were washed and cover slipped with
fluoro-gel aqueous mounting medium. Merge images were
acquired with an inverted fluorescence microscope Axion
Observer with Apotome 2.0 (ZEISS) (Carl Zeiss, Germany).
All images were processed using the Zen and FI-JI software.

Western Blotting

Untreated animals were killed by decapitation and the LC
was removed bilaterally. Equal amounts of protein from tis-
sue homogenates were separated by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) and
transferred to polyvinylidene difluoride membranes
(PVDF). The membranes were probed overnight at 4 °C with
primary antibodies against pCREB (1:1000; 06–519,
Millipore, Spain), CREB (1:500; #9197, Cell Signaling,
USA), tyrosine hydroxylase (TH, 1:5000; ab113 Abcam
plc, UK), PKAα cat (1:1000; sc-903, Santa Cruz
Biotechnology Inc., USA), or PKAIIα reg (1:1000; sc-909,
Santa Cruz Biotechnology Inc., USA). The primary antibod-
ies were detected using the corresponding secondary anti-
body (1:10,000, Bonsai Advanced Technologies, Spain):
IRDye 800CW goat anti-rabbit (green), IRDye 680LT goat
anti-mouse (red), or horseradish peroxidase-conjugated sec-
ondary antibody (donkey anti-sheep). The protein signals
were detected using a LI-COROdyssey® two-channel quan-
titative fluorescence imaging system (Bonsai Advanced
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Technologies, Spain) or a chemiluminescence Versadoc
5000 system (Bio-Rad Laboratories, Spain). Digital images
of Western blots were analyzed by densitometry using the
ImageJ free access software (National Institutes of Health,
USA), and the protein levels were normalized to the level of
β-actin or α-tubulin.

Statistical Analysis

All the data are presented as the means ± SEM and the results
were all analyzed using STATISTICA 10.0 (StatSoft, USA) or
GraphPad Prism 5 software (GraphPad Software, USA) using
either a Student’s t test (unpaired or paired, two-tailed), a one-
way or two-way analysis of variance (ANOVA) with or with-
out repeated measured followed by the appropriate post hoc
tests: Dunnett’s or Newman-Keuls tests. A Fisher’s exact test
was used to evaluate the incidence of burst activity.
Significance was accepted at p < 0.05 (Table 1).

Results

Neuropathy Induces Biochemical Changes
in the Locus Coeruleus

As expected, nerve-injured animals showed pain hypersensi-
tivity to mechanical and thermal stimuli 7 and 30 days post-
surgery (Fig. 2a–c). Moreover, CCI-30d animals developed a
depressive-like phenotype [2, 3] evident through a significant
increase in their immobility (p < 0.001) and a decrease in the
climbing behavior (p < 0.001) relative to the sham animals.
By contrast, no significant changes were observed in the
CCI-7d animals (Fig. 2d).

In an independent group of animals, we evaluated the pos-
sible changes related to the activity of the LC system after
nerve injury. Firstly, c-fos was assessed to reflect cell activa-
tion in the LC, and there was a significant increase in the
number of c-fos labeled neurons in the LC of CCI-30d rats
(p < 0.05, Fig. 3a, d), but not in that of CCI-7d animals.
Moreover, and in agreement with previous studies [3], TH
expression was enhanced in the CCI-30d (p < 0.01, Fig. 3b),
but not the CCI-7d animals. As TH is a target gene for CREB
in numerous tissues [42], we examined the expression of the
active form of this protein, p-CREB. When evaluated by im-
munohistochemistry, more p-CREB was evident in CCI-30d
but not in CCI-7d rats relative to the sham animals (p < 0.05,
Fig. 3c–d). Furthermore, this increase in p-CREB expression
in the LC of CCI-30d animals was corroborated in western
blots (p < 0.001, Fig. 3e), while the total CREB protein
remained unaltered in the LC of CCI-30d rats (Fig. 3f). We
also evaluated the levels of the cAMP-dependent protein ki-
nase (PKA) as CREB proteins are activated by PKA phos-
phorylation. An increase in PKAα cat (catalytic subunit) and

PKAIIα reg (regulatory subunit) was also evident in CCI-30d
rats compared with sham animals (p < 0.01 and p < 0.001 re-
spectively, Fig. 3g, h).

In Vitro Effects of Opioids in the Locus Coeruleus
Associated with Neuropathy

As CREB is implicated in regulating the mu opioid system in
the LC, we studied the action of MOR agonists in vitro
through several approaches [43]. Firstly, we evaluated the G
protein activation mediated by MORs in [35S]GTPγS binding
assays. Both the basal [35S]GTPγS binding and the DAMGO-
stimulated [35S]GTPγS binding was similar in all groups of
rats (Fig. 4a–b). Secondly, we evaluated acute MORs desen-
sitization using patch-clamp recordings of LC neurons in
sham and CCI-30d animals. It is well known that ME activa-
tion of MORs in the LC evokes an outward current that rap-
idly declines in the continued presence of the drug (30 μM
during 10 min), which is considered a hallmark of MORs
desensitization [38, 44]. No differences were found in the
peak currents evoked by ME between the saline groups
(Fig. 4c, e), yet stronger ME-induced desensitization was ob-
tained in the CCI-30d rats than in the sham animals (p < 0.05,
Fig. 4d–e). We also evaluated MOR desensitization in
morphine-dependent rats (after 5 days of morphine treatment)
and as reported previously [38], morphine did not significant-
ly alter the peak current evoked byME in any of the treatment
groups (Fig. 4c, e). However, it did increase the amount of
MORs desensitization in sham-morphine animals with respect
to sham-saline (p < 0.05, Fig. 4d, e) [38]. Strikingly, morphine
did not modify the desensitization recorded in CCI-30d ani-
mals relative to the CCI-30d-saline (Fig. 4d, e).

Thirdly, we also studied cAMP production in slices of the
LC from CCI-30d animals (Fig. 4f), detecting a significant
increase in basal cAMP levels in CCI-30d rats relative to the
sham animals (sham-saline vs CCI-30d-saline: p < 0.05,
Fig. 4f). Forskolin treatment significantly increased the
cAMP production in sham (157% of the basal production,
p < 0.01) and CCI-30d animals (48% of the basal production,
p < 0.05), and although the MOR agonist DAMGO inhibited
this forskolin-stimulated cAMP accumulation in sham ani-
mals (p < 0.05), it did not reduce cAMP levels in CCI-30d
animals. This suggests a functional acute desensitization of
MORs in response to DAMGO in CCI-30d animals. We also
evaluated the cAMP levels after 5 days of morphine treatment
in sham and CCI-30d animals. As expected, morphine signif-
icantly increased the basal cAMP levels in the LC of sham
animals (sham-saline vs sham-morphine: p < 0.05, Fig. 4f)
[45, 46] but it did not further increase the already elevated
basal levels of cAMP in CCI-30d rats (CCI-30d-saline vs
CCI-30d-morphine). Surprisingly, forskolin and subsequent
DAMGO administration did not significantly modify the bas-
al cAMP levels in sham or CCI-30d rats administered with
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morphine. We also evaluated the cAMP production after a 5-
day morphine treatment and subsequent naloxone challenge.
As expected, basal cAMP levels remained high in sham ani-
mals receiving naloxone (sham-saline vs sham-morphine +
NLX: p < 0.05, Fig. 4f) [24] and subsequent administration
of forskolin increased the levels of cAMP (56.57%, p < 0.05,
Fig. 4f), whereas DAMGO incubation significantly reduced it
(p < 0.05). When CCI-30d animals received morphine +

naloxone, there was no significant difference in the basal
cAMP relative to the CCI-30d-saline rats, but subsequent
forskolin administration significantly increased the accumu-
lated levels of cAMP with respect to basal cAMP levels of
CCI-30d-morphine + NLX (62.04%, p < 0.01, Fig. 4f).
Incubation with DAMGO failed to induce a significant effect
on forskolin-stimulated cAMP levels in CCI-30d morphine +
NLX animals.

Table 1 Summary of the statistical analysis

Unpaired Student’s t test

c-FOS (locus coeruleus tissue):

Sham vs sham-morphine + NLX t8 = 7.06***

CCI-30d-morphine + NLX vs sham-morphine + NLX t8 = 3.87**

Sham vs CCI-30d-morphine + NLX t8 = 3.07*

One-way analysis of variance (ANOVA) Surgery Time

Cold plate test (with repeated measured) F [2, 29]=91.37***

Depressive-like behavior

Immobility F [2, 23]=45.28***

Climbing F [2, 23]=140.9***

Swimming F [2, 23]=0.03

Immunohistochemistry (LC)

c-FOS F [2, 11]=6.19*

pCREB F [2, 11]=7.06*

Inmunoblotting (LC)

TH F [2, 11]=13.54**

pCREB F [2, 11]=45.24***

CREB F [2, 11]=1.15

PKAa cat F [2, 11]=28.63***

PKAIIaReg F [2, 11]=55.36***

-[35S]GTPgS autoradiography of MOR functionality:

Basal [35S]GTPgS binding F [2, 11]=0.08

DAMGO-stimulated [35S]GTPgS binding F [2, 14]=1.26

Firing rate (Hz) F [2,85] = 9.51***

Two-way analysis of variance (ANOVA) Surgery Treatment Interaction

Patch-clamp:

I-ME (pA) F [1, 47]=1.95 F [1, 47]=3.58 F [1, 47]=1.44

Desensitization (% of the peak) F [1, 45]=5.15* F [1, 45]=2.75 F [1, 45]=2.51

Effective dose 50 for morphine (mg/kg) F [2, 27]=1.07 F [1, 27]=6.69* F [2, 27]=6.27***

Firing rate (Hz) (morphine treatment) F [2, 24]=0.17 F [1, 24]=59.01*** F [2, 24]=0.27

AMPc accumulation in the LC (sham-basal vs CCI-30d-basal) F [1, 21]=7.71* F [2, 21]=3.84* F [2, 21]=2.43

Two-way analysis of variance (ANOVA)with repeated measured Surgery Time Interaction

von Frey test F [1, 18]=161.54*** F [2, 36]=25.97*** F [2, 36]=35.61***

Paw pressure test F [1, 18]=44.61*** F [2, 36]=8.34** F [2, 36]=11.47***

Factor 1 Factor 2 Interaction

AMPc accumulation in the LC

Sham F [2, 10]=0.39 F [2, 20]=0.00*** F [4, 20]=0.01*

CCI-30d F [2, 11]=0.13 F [2, 22]=17.59*** F [4, 22]=2.18

Data represent the t values of unpaired Student’s t test and F values of one- and two-way analysis of variance (ANOVA) with or without repeated
measured. The factor significance was represented as *p < 0.05, **p < 0.01, and ***p < 0.001. Factor 1: saline, morphine, and morphine + NLX; Factor
2: basal, forskolin, and DAMGO
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In Vivo Effects of Opioids in the Locus Coeruleus
Associated with Neuropathy

Extracellular recordings in anesthetized animals were used to
evaluate the function of the LC in vivo. In agreement with

previous c-fos data, the spontaneous firing rate in the LC
increased significantly in the CCI-30d group (p < 0.01,
Fig. 5a), suggesting that long-term nerve injury enhances the
electrical activity of LC neurons. Subsequent intravenous
morphine administration was used to assess the effect of

Fig. 3 Biochemical changes in the locus coeruleus after chronic
constriction injury (CCI). a Quantification of c-FOS positive cells. b
Representative blot and quantification of tyrosine hydroxylase (TH). c
Quantification of pCREB positive cells. d Photomicrographs showing
the expression of c-FOS and pCREB (scale bar 50 μm; 4 V, 4th

ventricle). (e–h) Representative blot and quantification of pCREB,
CREB, PKAα cat., and PKAIIα reg. Bar graphs represent the mean ±
SEM of four animals/group: *p < 0.05, **p < 0.01, and ***p < 0.001 vs
sham group assessed by one-way ANOVA followed by Dunnett post-test
(see Table 1 for detailed statistical analysis)

Fig. 2 Sensorial thresholds evaluated before and 7 and 30 days after
chronic constriction injury (CCI). a Mechanical allodynia. Withdrawal
threshold (g) of the ipsilateral paw in response to von Frey hair
stimulation (0 to 50 g, 20 s). b Mechanical hyperalgesia. Withdrawal
threshold (g) of the ipsilateral paw in response to paw-pressure
stimulation (cutoff 250 g): ***p < 0.001 vs day 0 (before surgery) and
sham group, two-way ANOVA with repeated measures followed by
Newman-Keuls post-test. c Cold allodynia. Number of lifts of the
ipsilateral paw in the cold plate test (2 min, 4 °C), ***p < 0.001 vs day

0 (before surgery), one-wayANOVAwith repeated measures followed by
Newman-Keuls post-test. Each symbol represents the mean ± SEM of ten
animals per group (see Table 1 for detailed statistical analysis). d
Depressive-like behavior in the modified forced swimming test. Each
bar represents the mean ± SEM of the predominant behavior
(immobility, climbing, and swimming) of eight animals/group,
***p < 0.001 vs sham and CCI-7d group assessed by one-way ANOVA
followed by Dunnett post-test (see Table 1 for detailed statistical analysis)
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MORs activation [47]. Morphine dose-response curves did
not shift significantly in nerve-injured rats with respect to
the sham animals (Fig. 5b–d). However, when similar exper-
iments were performed after electrical stimulation of the ipsi-
lateral hind paw, we found a clear shift to the right in the CCI-
30d stimulated group (ED50 = 2.45 ± 0.56mg/kg) with respect
to the CCI-30d non-stimulated (ED50 = 0.59 ± 0.12 mg/kg,
p < 0.01) or sham-stimulated animals (ED50 = 0.99 ±

0.17 mg/kg, p < 0.05: Fig. 5b–d). No significant differences
were found in either sham or CCI-7d animals.

The firing rate of LC neurons was studied after a 5-day
morphine treatment and during opiate withdrawal in anesthe-
tized rats using single-unit extracellular recordings. Similar
electrophysiological activity was found in sham and CCI-
30d animals treated with morphine, and the subsequent pre-
cipitation of opiate withdrawal by naloxone resulted in a rapid

b

c d

e

f

a

50pA
1 min

50pA
1 min
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and dramatic increase in the LC firing rate that was similar in
both groups of animals (p < 0.01 and p < 0.001, Fig. 6a).
However, the increase in bursting activity was significantly
lower in CCI-30d animals (p < 0.001, Fig. 6b). We also quan-
tified c-fos expression in the LC 2 h after naloxone injection, a
reliable measure of neuronal activation [48, 49]. Precipitating
opiate withdrawal in sham animals increased c-fos expression
in the noradrenergic LC neurons (p < 0.001, Fig. 6c–e), al-
though this increase was significantly weaker in CCI-30d an-
imals (p < 0.05 and p < 0.01, Fig. 6 c–e).

Discussion

The current study indicates that long-term peripheral nerve
injury leads to hyperactivation of the noradrenergic system,
engaging the cAMP-CREB pathway, with stronger MOR
desensitization in the LC of these animals. Sustained mor-
phine treatment in association with long-term neuropathic
pain leads to particular cellular and molecular adaptations,
which may contribute to the differential effects of opioid
drugs in chronic pain when compared to pain-free
conditions.

We show here that the LC is hyperactive 1 month after
neuropathy, as reflected by the higher spontaneous firing rate
and the up-regulation of c-fos, TH, and CREB phosphoryla-
tion. The increase in TH and CREB phosphorylation

expression is consistent with previous data [50], and as the
CREB-cAMP pathway is thought to contribute to the intrinsic
excitability of LC neurons and regulate c-fos expression [51],
we also explored the expression of markers of this pathway.
As expected, catalytic and regulatory PKA subunits were
expressed more strongly in the LC of CCI-30d rats. Indeed,
more cAMP was detected under basal conditions in CCI-30d
rats compared to sham animals, although administration of the
AC activator forskolin elevated the cAMP in this structure in
both sham and CCI-30d animals. Interestingly, the cAMP ac-
cumulated after forskolin administration was similar in both
groups, suggesting a possible ceiling effect in the activation of
the cAMP system in long-term pain animals or in the detection
limits of the test used. As G protein-coupled receptors also
modify cAMP signaling, we explored G protein activation
through [35S]GTPγS binding, although no differences were
observed. Overall, these data suggest that cAMP signaling is
enhanced in CCI-30d animals under basal conditions (in the
absence of an exogenous agonist), which could be due to the
activation of AC or to changes in G protein coupling to AC.
No significant effects in pCREB or PKA subunits expression
were found in short-term neuropathic animals (CCI-7d)
(Fig. 3), suggesting that the over-activation of the cAMP path-
way only occurs after long-term neuropathy.

Considering that CREB phosphorylation is homeostatical-
ly regulated by MOR signaling, which inhibits the cAMP
pathway [45, 52], we explored the engagement of the opioid
system in the LC in association with neuropathy. Firstly, the
effect of neuropathy on acute MORs desensitization was stud-
ied in vitro, which reflects short-term plasticity of MOR ac-
tivity. Acute loss of MOR-effector coupling occurs within
seconds to minutes of receptor exposure to high concentra-
tions of opioid agonists, such as the endogenous opioid pep-
tides, ME, DAMGO, etorphine, methadone, and fentanyl [43,
53–55]. No significant changes were found inMOR-G protein
activation by DAMGO. However, the inhibitory effect of
DAMGO on forskolin-stimulated AC activity was lost after
long-term nerve injury (CCI-30d). Furthermore, MORs de-
sensitization measured as the decline of the peak current in-
duced byMEwas greater in the CCI-30d animals compared to
that recorded in the sham group. These results suggest that
long-term nerve injury leads to stronger MOR desensitization
in the LCwhen activated bymaximal concentrations of opioid
agonists like DAMGO or ME. Indeed, extracellular record-
ings in vivo highlighted a reduction in the inhibitory effect of
morphine after electrical stimulation of the nerve-injured hind
paw in CCI-30d animals. It is likely that the weaker effect of
morphine after electrical stimulation in CCI-30d was due to
MORs desensitization because endogenous opioids appear to
be released in the LC in response to pain stimulation [56–58]
and acute stress [59]. Accordingly, persistent inflammatory
pain decreases the antinociceptive effects of the MOR agonist
DAMGO in the LC of rats [60].

,
,
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�Fig. 4 In vitro effects of opioids on the locus coeruleus after chronic
constriction injury (CCI). a Basal [35S]GTPγS binding in LC sections.
b DAMGO-stimulated [35S]GTPγS binding in LC sections (mean ±
SEM of stimulation relative to the basal binding). Each column
represents the mean ± SEM of 4–5 animals/group: *p < 0.05 vs sham
group assessed by one-way ANOVA followed by a Dunnett post-test. c
Amplitude of the outward current induced by ME (I-ME; 30 μM) in LC
slices from sham or CCI-30d animals after they received saline or
morphine for 5 days. d Desensitization. Decline in the peak current
induced by ME (30 μM) over 10 min in LC slices from sham or CCI-
30d animals after administering saline or morphine for 5 days. Each
column represents the mean ± SEM of 8–16 neurons/group: *p < 0.05
vs sham-saline group as assessed by two-way ANOVA followed by a
Newman-Keuls post-test. e Current traces showing the outward current
induced by ME (30 μM) in slices from saline/morphine-treated sham or
CCI-30d animals. f cAMP accumulation (picomoles per minute per
milligram of protein) in the LC in the presence or absence (basal) of
forskolin (FK), and the inhibition of FK-stimulated cAMP
accumulation by DAMGO, a mu opioid receptor agonist (FK +
DAMGO), in sham and CCI-30d animals after they had received saline,
morphine, or morphine + naloxone. Each column represents the mean ±
SEM of 4–5 animals/group: *p < 0.05, **p < 0.01 vs sham-sal-basal,
sham-morp + NLX-basal, CCI-30d-sal-basal, CCI-30d-morp + NLX-
basal groups; #p < 0.05 vs sham-Sal-FK, sham-morp + NLX-FK
groups, assessed by two-way ANOVAwith repeated measures followed
by a Neuman-Keuls post-test; +p < 0.05, ++p < 0.01 vs sham-sal-basal
group, assessed by two-way ANOVA followed by a Dunnett post-test
(see Table 1 for detailed statistical analysis). Abbreviations: FK,
forskolin; ME, [Met5] enkephalin; Sal, saline; Morp, morphine; NLX,
naloxone



The aforementioned data suggests that the LC is more ac-
tive after long-term pain, as reflected by the overexpression of
TH, the CREB-cAMP pathway, and the greater MOR desen-
sitization in response to opioid agonists. These plastic changes
might be relevant to stress because the LC system is intensely
implicated in the stress response, and its activity is co-
regulated by the opposing influences of excitatory and

inhibitory neurotransmitters [15]. Thus, when the opioid tone
is weaker, the excitatory component would be predominant in
enhancing an arousal-like state, which could account for stress
vulnerability and that may lead to stress-related disorders [59].
In the case of neuropathic pain, sensorial hypersensitivity ap-
pears immediately after nerve injury in rodents, whereas
anxiodepressive and cognitive symptoms arise after several

c
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CCI-7d-NS

CCI-7d-S

CCI-30d-NS
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CCI-30d-S

Fig. 5 In vivo effects of opioids on the locus coeruleus after chronic
constriction injury (CCI). a Spontaneous firing rate of LC neurons.
Each column represents the mean ± SEM of 27–30 neurons/group:
**p < 0.01 vs sham group assessed by one-way ANOVA followed by a
Dunnett post-test. b Effective dose (ED50) estimated by Parker and
Waud’s equation in non-stimulated (NS) and stimulated (S) sham,and
CCI-7d and CCI-30d animals. Each column represents the mean ±
SEM of 5–7 neurons/group: **p < 0.01 vs CCI-30d-NS; #p < 0.05 vs
sham-NS, sham-S, CCI-7d-NS, and CCI-7d-S assessed by two-way

ANOVA followed by a Newman-Keuls post-test. c Representative
histograms of recordings from LC neurons showing the dose-dependent
inhibitory effect of morphine administered intravenously at increasing
doses (scale bar, 1 min). d Dose-response curves showing the inhibitory
effect of morphine on the rate of LC neuron firing. Each symbol
represents the mean ± SEM of the reduction with respect to the basal
firing rate of 5–7 neurons/group and the horizontal axis represents the
logarithm of the cumulative morphine doses (see Table 1 for detailed
statistical analysis)
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weeks (3–8 weeks depending on the species and animal model
used) [2–4]. Furthermore, an increase in excitatory postsyn-
aptic currents and basal extracellular glutamate concentra-
tions, as well as a down-regulation of GLT-1 (astroglial
glutamate transporter-1) in the LC [61, 62] are associated with
neuropathic pain, and we now describe the hyperactivation of
the LC and stronger desensitization of MOR. These pain-

related adaptations might lead to a more enduring activation
of the LC system, which would translate into the exaggerated
hyperarousal that is a characteristic of chronic pain and that is
usually comorbid with stress-related psychiatric disorders
(e.g., anxiety and depression) [3, 63].

We also evaluated the effect of a 5-day treatment with mor-
phine in long-term nerve-injured rats. As previously reported,

Fig. 6 In vivo effects of
naloxone-precipitated withdrawal
in the locus coeruleus after
chronic constriction injury (CCI).
Spontaneous firing rate in the a
LC and the b burst activity in
morphine-treated and morphine +
NLX-treated animals (NLX:
0.1 mg/kg iv). Each column
represents the mean ± SEM of 4–
8 neurons: ***p < 0.001 vs sham-
morphine; ##p < 0.01;
###p < 0.001 vs CCI-30d-
morphine; +++p < 0.001 vs sham-
morphine + NLX as assessed by
two-way ANOVA followed by a
Newman-Keuls post-test or
Fisher’s exact test. c Graph
showing c-FOS in the LC,
representing the mean ± SEM of
five animals/group: *p < 0.05;
***p < 0.001 vs sham group, and
##p < 0.01 vs sham-morphine +
NLX as assessed by a Student’s t
test. d Photomicrographs of c-
FOS expression in the LC (scale
bar, 50 μm). e Representative
images showing the
colocalization of c-FOS into DBH
positive neurons in LC (scale bar,
50 μm); magnification indicates
an example of colocalization
(scale bar, 20μm). Abbreviations:
DBH, dopamine beta
hydroxylase; NLX, naloxone. (see
Table 1 for detailed statistical
analysis)
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chronic morphine enhanced ME-induced acute MORs desen-
sitization in sham rats [38], yet it did not further augment
desensitization in the CCI-30d animals, suggesting that
sustained exposure to morphine decreases MOR activity in
sham but not in CCI-30d rats. In addition, changes in the
cAMP pathway have been widely implicated in the long-
term cellular and molecular adaptations to morphine. Thus,
and as expected, basal cAMP levels were increased in sham
rats that received morphine [45, 46]. However, forskolin did
not increase the basal cAMP levels in these animals. Later
data are in contradiction with a previous paper, which found
an elevation of forskolin-stimulated cAMP levels in LC mem-
branes of morphine-treated rats [45]. Such discrepancy could
be due to the different methodological approaches because we
have ip-injected increasing doses of the opioid for five con-
secutive days, and Duman et al., [45] daily implanted subcu-
taneous morphine pellets (with the same dose) for 5 days. In
addition, although our study does not provide information
about the mechanism involved in the change of MOR-
associated G protein transduction pathway for the AC inhibi-
tion, it is interesting to emphasize that opioid receptors are
coupled to both Gi and Gs proteins [64–66] and thereby, an
interaction of stimulatory actions mediated by Gs proteins
with forskolin could counteract its effect on AC activity in
our experimental conditions. As forskolin was not able to
increase cAMP levels, subsequent DAMGO administration
did not change them in sham animals treated with morphine.
In CCI-30d rats, the already enhanced basal cAMP levels
were not significantly modified when these animals received
morphine, neither in basal conditions nor in the presence of

forskolin nor DAMGO. Overall, these data show that the de-
sensitization of MOR-mediated GIRK currents and the in-
crease of AC activity found in CCI-30d animals are resistant
to be further increased by morphine treatment. However, the
activator of the AC forskolin behaved similarly in both
conditions.

When naloxone-induced morphine withdrawal was ex-
plored, the effect of forskolin and forskolin + DAMGO on
cAMP levels was recovered in sham rats. Hence, naloxone
appears to re-sensitize the MORs in these animals. In CCI-
30d rats after naloxone-induced morphine withdrawal, the
effect of forskolin on cAMP levels was recovered as hap-
pened in sham animals. By contrast, no significant re-
sensitization was found when forskolin + DAMGO were
administered, which might suggest an impairment in the
ability of MORs to recover their function and to re-
sensitize cells to opioid agonists in conditions of long-term
pain. We also explored the electrophysiological activity of
naloxone-induced morphine withdrawal. In vivo, electro-
physiological recordings of anesthetized animals highlighted
a similar elevation in the spontaneous firing rate after nalox-
one administration to that in sham and neuropathic animals
that received morphine, although the neuropathic rats had a
lower incidence of burst activity. Bursts of LC activity more
effectively increase terminal noradrenaline release than tonic
increases in activity [67]. Thus, less burst activity may damp-
en noradrenaline release, which may also contribute to a less
severe manifestation of withdrawal symptoms. In line with
this hypothesis, and using c-fos expression as a hallmark of
cell activation, there was a significant increase in c-fos in

Fig. 7 Scheme illustrating the
effect of long-term neuropathic
pain in the LC. Upward blue
arrows summarize the effects of
neuropathic pain in the LC.
Neuropathic pain augments the
cAMP, PKA cat., and PKAII reg.
subunits, and phosphoproteins
like CREB and TH. These
changes may contribute to the
increase in the electrical
excitability of LC neurons
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both sham and CCI-30d rats after naloxone-precipitated mor-
phine withdrawal, although such activation was less intense
in the CCI-30d animals.

In summary, we found that chronic neuropathic pain ap-
pears to drive the activation of the LC (Fig. 7). It seems that
long-term CCI engages specific molecular processes in the LC
(TH, cAMP-CREB pathway, potassium channels), and that
these may contribute to the anxiodepressive phenotype found
in these animals. Alternatively, sustained morphine adminis-
tration does not substantially modify certain LC specific pa-
rameters, which may limit the development of typical opioid
withdrawal endpoints. However, other effects seem to be im-
paired, such as the altered AC activity after naloxone precip-
itation of withdrawal, which may in turn dampen the recovery
of MOR function. Overall, these data suggest that chronic
neuropathic pain produces complex plastic changes in LC
activity. Importantly, there have recently been a number of
papers describing that subpopulations of LC neurons are con-
nected to separate anatomical targets promoting functional
diversity [19, 68, 69]. Thus, it is likely that long-term neuro-
pathic pain has modified subsets of LC neurons expressing
specific receptors or neurotransmitters (others than noradren-
aline), which could alter the properties and conditions of their
activation. Thus, further studies using new tools that allow one
to know if LC neurons expressing MORs represent a specific
cluster of neurons within the LC could help to clarify the LC
cellular and molecular adaptations provoked by pain and opi-
oid drugs and their behavioral consequences.
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