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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

Increasing evidence suggests the involvement of the noradrenergic
locus coeruleus in the dynamic modulation of nociception
The role of neuronal projections from the locus coeruleus to the spi-
nal cord and to the rostral anterior cingular cortex in the modulation
of neuropathic pain over time is incompletely understood

What This Article Tells Us That Is New

In an experimental model of chronic constriction nerve injury in
rats, a combination of genetic and histologic approaches revealed a
biphasic time-dependent role for locus coeruleus neurons in mod-
ulating nociceptive responses

After 2 days of nerve injury, activation of locus coeruleus neurons
projecting to spinal cord played a role in attenuating pain-like
behavior while activation of locus coeruleus neurons projecting to
the rostral anterior cingular cortex amplified nociceptive responses
After 30 days of nerve injury, only the projections from locus coe-
ruleus neurons to the rostral anterior cingular cortex contributed
to the modulation of pain-like behavior in this experimental model

ABSTRACT

Background: Dynamic changes in neuronal activity and in noradrenergic
locus coeruleus (LC) projections have been proposed during the transition
from acute to chronic pain. Thus, the authors explored the cellular cFos activ-
ity of the LC and its projections in conjunction with spontaneous pain-like
behavior in neuropathic rats.

Methods: Tyrosine hydroxylase:Cre and wild-type Long—Evans rats, males §
and females, were subjected to chronic constriction injury (CCl) for 2 (short- 3
term, CCI-ST) or 30 days (long-term, CCI-LT), evaluating cFos and Fluoro-
Gold expression in the LC, and its projections to the spinal cord (SC) and &
rostral anterior cingulate cortex (rACC). These tests were carried out under z
basal conditions (unstimulated) and after noxious mechanical stimulation. LC :%
activity was evaluated through chemogenetic and pharmacologic approaches, §
as were its projections, in association with spontaneous pain-like behaviors.
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Results: CCI-ST enhanced basal cFos expression in the LC and in its pro-
jection to the SC, which increased further after noxious stimulation. Similar 3
basal activation was found in the neurons projecting to the rACC, although g
this was not modified by stimulation. Strong basal cFos expression was found &
in CCI-LT, specifically in the projection to the rACC, which was again not mod-
ified by stimulation. No cFos expression was found in the CCI-LT LC. .

s conatteral contg 00+ CNEMogenetics showed that CCI-ST is associated with E
greater spontaneous pain-like behavior when the LC,; is blocked, or by selec-
tively blocking the LCipS‘—>SC projection. Activation of the LCipS‘ or LCiDS‘/conm—»
SC dampened pain-like behavior. Moreover, Designer Receptor Exclusively
Activated by Designer Drugs (DREADDs)-mediated inactivation of the CCI-ST
LC._—rACC or CCI-LT LC —rACC pathway, or intra-rACC antagonism of

ipsi ipsi/contra

a-adrenoreceptors, also dampens pain-like behavior.
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Conclusions: In the short term, activation of the LC after CCl attenuates <
spontaneous pain-like behaviors via projections to the SC while increasing %
nociception via projections to the rACC. In the long term, only the projec- 5
tions from the LC to the rACC contribute to modulate pain-like behaviors
in this model.

(ANESTHESIOLOGY 2024; 141:131-50)
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he locus coeruleus (LC) noradrenergic system is the

main source of noradrenaline in the central nervous
system, and it is a key brain area involved in pain plas-
ticity.' Numerous studies indicate that the LC is engaged
by acute noxious stimuli or inflammation, promoting feed-
back inhibition of pain.*® However, recent studies suggest
that the LC does not fulfill a uniform role in chronic pain,

202 Jaquiaydeg $z uo Jasn uledg--ziped ap pepisianiun Aq jpd

but rather, it changes dynamically through the activation
of specific LC projections while others are silenced as pain
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transitions from acute to chronic, contributing to both
analgesia and pain.” Indeed, 2 days after nerve lesion, we
find stronger basal activity in the LC ipsilateral to the side
of lesion (LC. ) than in the contralateral LC (LC

. 1psr 3 contra:
witnessed through the expression of cFos.® Stronger cFos

), as

expression was also evident in the LC, | neurons project-
ing to the spinal cord (SC), and similar strong cFos expres-
sion was evident after long-term nerve damage (30 days).
However, in this latter case, the enhanced cFos expression
was bilateral in the LC, and it was also evident in neurons
projecting to the rostral anterior cingulate cortex (rACC).
The expression of cFos is a common marker for recent
cellular activity, reflecting cell activation induced by acute
events.” For example, acute stress or nociceptive stimulus
increases cFos expression in the LC within 1.5 to 2h of

the insult.'"”

3 Therefore, the physiologic significance of
an increase in cFos 2 days or longer after nerve injury is
intriguing. Furthermore, it is unclear whether the critical
circuits for the normal processing of acute noxious inputs
are disrupted by nerve damage.

It has been proposed that spontaneous strong basal cFos
expression might possibly reflect the participation of the
LC in processing spontaneous pain. Sensitivity to evoked
nociceptive stimuli is enhanced in patients experiencing
neuropathic pain, as it is to spontaneous pain. However,
while paroxysmal or ongoing spontaneous pain is consis-
tently identified as a major clinical complaint (see review'?),
the underlying mechanisms remain unclear. To further
explore this issue, we assessed whether constriction damage
to the sciatic nerve alters the activity of LC cells at early
and late time points after lesion, both under basal condi-
tions (unstimulated) and after the application of a noxious
mechanical stimulus. Furthermore, as the LC is apparently
composed of modules that might produce targeted neuro-
modulation,>*!> we assessed the role of the LC as a whole,

and both the LCipsi or LC

we assessed the temporal modulation of pain by examin-

to the lesion. In addition,

contra

ing the descending LC pathway to the SC, as noradrenaline

released in the SC suppresses pain-like behaviors.®!* We also
studied the rACC, an area connected to the LC and impli-
cated in neuropathic pain."” These studies were prompted

by findings associating bilateral increases in noradrenaline in
the prefrontal cortex with long-term neuropathy,' suggest-
ing overactivation of the noradrenergic system in prolonged
pain conditions. Consequently, cFos expression and Fluoro-
Gold (FG; Fluorochrome, USA) staining were explored in
the LC of Long—Evans rats subjected to chronic constric-
tion injury (CCI) for 2 days (short-term, CCI-ST) or 30
days (long-term, CCI-LT), analyzing how this responded to
noxious mechanical stimuli. Chemogenetics were used to
manipulate LC activity and that of the specific LC pathways
to the SC or rACC, particularly in relation to spontancous
pain-like behaviors.*"® In addition, pharmacologic stud-
ies were performed to evaluate the involvement of rACC
adrenergic receptors in spontaneous pain-like behaviors.

Materials and Methods

Animals

Transgenic rats were obtained by crossing hemizygous tyro-
sine hydroxylase—Cre (TH:Cre) transgenic and wild-type
(WT) Long—Evans rats at the University of Cadiz (Cadiz,
Spain) from founders provided by the Rat Resource and
Research Center (Columbia, Missouri; donated by K.
Deisseroth, Ph.D.), or WT Long—Evans rats produced in
house or obtained commercially from Charles River (Italy)
and from Janvier Laboratories (France). Experiments were
carried out on male TH:Cre transgenic or on male and
female WT Long—Evans rats (300 to 450¢), all maintained
at the University of Cadiz under standard laboratory con-
ditions (22°C, 12-h light/dark cycle, lights on 8:00 am,
food and water ad [libitum). All animal handling and proce-
dures were carried out in accordance with the European
Commission (Brussels, Belgium) directive (2010/63/
EU) and Spanish law (RD 53/2013) regulating animal
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research. Furthermore, all experimental protocols were
approved by the Committee for Animal Experimentation
at the University of Cadiz. The study was conducted and
the data reported in accordance with the Animal Research:
Reporting of InVivo Experiments (ARRIVE) guidelines."”

Neuropathic Pain Model

CCI of the sciatic nerve was used as a model of neuropathic
pain.**?! Rats were anesthetized with isoflurane (induction
with 3 to 4% and maintenance with 1.5 to 2.5%), and the
left sciatic nerve was then exposed at the mid-thigh level,
proximal to the sciatic trifurcation. Four chrome gut (4-0)
ligatures were tied loosely around the nerve, separated by 1.0
to 1.5mm so as not to compromise the vascular supply. The
overlying layers of muscle were then closed with 4-0 non-
absorbable silk thread, and the skin was sutured with 2—0 silk
thread. Sham operations were performed in the same man-
ner but without nerve ligation. The experimental procedures
were carried out 2 (ST) and 30 (LT) days after CCI.

Experimental Design and Groups

All animals used in this study were initially randomized into
groups that were assigned different treatments. In the exper-
iments involving female rats, they were initially assigned
randomly to the different groups, and subsequently, their
hormonal status was assessed by examining vaginal smears
while they were under anesthesia before applying noxious
hind paw stimulation.? All stages of the estrous cycle were
represented in each group, as determined by vaginal cytology.
Before the behavioral experiments, all the animals underwent
initial training and were habituated to both the experimental
room and handling. All the experiments and the analysis of
the data were performed blind to the group and treatment
assighments. Furthermore, power analyses were performed
with G*Power” (Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany) to determine the minimum sample
size required for the experiments in order to detect a signifi-
cant effect using two-tailed ¢ tests at an a level = 0.05, power
= 0.80, and effect size based on similar published studies of
cFos expression in the LC® and paw flinches in spontaneous
pain tests.”* Detailed sample size tables for each figure (figs. 1
through 7) are shown in Supplemental Digital Content 2
(Supplemental Tables 1 through 7, https://links.lww.com/
ALN/D532). Some experimental units or data points were
excluded from the experiment or statistical analysis if histo-
logic verification indicated retrograde tracer injection or the
site of catheter/cannula placement was inaccurate, or if there
was no Designer Receptor Exclusively Activated by Designer
Drugs (DREADD:s) expression in the LC. Furthermore, a
Grubbs’s statistical test was employed to detect outliers within
the dataset. These exclusion criteria were predefined before
conducting the analysis.

Schemes representing the experimental procedure are
shown in each figure. In general, CCI was induced in male
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and female adult Long—Evans rats at two different time points
after nerve injury: 2 days (CCI-ST) and 30 days (CCI-LT).
As control groups, rats were subjected to a sham surgical
procedure (sham group) or left unoperated (naive group).
To explore changes in LC activity and its projections over
time, and with respect to noxious stimulation, CCI and con-
trol animals (sham or naive) were initially randomized into
the following experimental groups: Stim(-), unstimulated;
or Stim(+), stimulated. Alternatively, for the chemogenetic
modulation of global noradrenergic LC neuron activity or
of specific noradrenergic LC projections, adeno-associated
virus (AAV)—-Gi-mCherry (DREADD:s for chemogenetic
inhibition), AAV-Gs-mCherry (DREADDs for chemo-
genetic activation), or AAV-mCherry (control virus) was
injected into the LC, . and/or LC of TH:Cre rats.
Clozapine-N-oxide (CNO, designer ligand) was adminis-

contra

tered via intraperitoneal injection, or locally (intrathecal or
intra-rACC) via microinjection into the target site 20 min
before performing the behavioral tests. In all these experi-
ments, a group administered the vehicle alone was included
as a control (saline [Sal] group). Finally, for the pharmaco-
logic blockade of adrenoreceptors in the rACC, a cannula
was implanted bilaterally into the rACC of all experimental
rats, and the drugs were administered 30 or 20 min before
performing the behavioral tests (see section “Drugs”).
Similarly, a group administered with the vehicle alone was
included as a control (saline group) in these experiments.

Noxious Hind Paw Stimulation

The hind paw of rats was stimulated by applying pinched
pressure to the ipsilateral (left) hind paw (600 g, 5 min) using
a Analgesy-Meter (Ugo Basile, Italy), defined as a mechan-
ical noxious stimulation, to enhance cFos expression. This
stimulus was administered under mild anesthesia with

20 Two

sodium pentobarbital (50mg/kg, intraperitoneally).
hours after noxious stimulation, all the rats were anesthe-
tized deeply with an overdose of sodium pentobarbital, and
they received a transcardial perfusion with saline, followed
by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer

(PB), after which their SC and brain were removed.”

DREADDs Approaches

DREADDs approaches were carried out as indicated previ-
ously, whereby strong colocalization between mCherry and
noradrenergic neurons was found in the LC of TH:Cre rats.
For methodologic validation of the DREADDs approach,
see Llorca-Torralba ef al.,**® as well as Supplemental Figures
1 and 2 (Supplemental Digital Content 1, https://links.

lww.com/ALN/D531).

Stereotaxic Surgery. The following vectors were used
in these studies: DREADDs (Virus Vector Core, Gene
Therapy Center Vector Core at the University of North
Carolina, USA); AAV2/hSyn-DIO-hM4D(Gi)-mCherry
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Fig. 1. Study of locus coeruleus (LC) activation over time after neuropathy in unstimulated and stimulated male rats. (4 Scheme repre- g
senting the experimental procedure. The paw ipsilateral to the injured one was stimulated in anesthetized rats by paw compression using g
an Analgesy-Meter (Ugo Basile, Italy; 600 g, 5 min). The terms ipsilateral and contralateral are relative to the chronic constriction injury (CCI). g
(B) Representative immunohistochemistry of cFos labeled neurons in the ipsilateral central LC (—9.72 to —9.96 from bregma®) in conditions g

of no stimulation (Stim[-], black borders) or stimulation (Stim[+], red borders) in naive, sham—short-term (ST), sham—long-term (LT), CCI-ST,
and CCI-LT wild-type rats (scale bar, 100 pm: cFos, red; dopamine beta-hydroxylase [DBH], green). The white arrows illustrate examples of
DBH-positive cells with cFos-positive nuclei in LC. (C) Experimental timeline of neuropathy and ST (2 days) quantification of the cFos-positive
neurons in the central ipsilateral (I) and contralateral (C) LC of naive, sham-ST, and CCI-ST rats without stimulation (Stim[-]) or after applying a
noxious stimulus (Stim[+]). The mean + SD neurons per slice are shown (each point represents an individual rat; n = 4-6 animals/group): **P
<0.01,**P<0.001 vs. Stim(-); +P< 0.05, ++P< 0.01, +++P < 0.001 vs. LCipsi; #P < 0.05, ###P < 0.001 vs. naive or sham-ST (three-way
ANOQVA with Tukey post hoc test between naive and sham-ST groups, and between sham-ST and CCI-ST groups). (D) Experimental timeline
of neuropathy and LT (30 days) quantification of the cFos-positive neurons in the central ipsilateral (I) and contralateral (C) LC of sham-LT
and CCI-LT rats without stimulation (Stim[-]) or with noxious stimulation (Stim[+]). The mean + SD neurons per slice are shown (each point
represents an individual rat; n = 6 animals/group): ***P < 0.001 vs. Stim(-); ##P < 0.01, ###P < 0.001 vs. sham-LT (three-way ANOVA with
Tukey post hoc test).
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Fig. 2. Study of the activation of the locus coeruleus (LC)--spinal cord (SC) pathway over time after neuropathy in unstimulated and stim-
ulated male rats. (4) Scheme of the retrograde Fluoro-Gold (FG; Fluorochrome, USA) tracer strategy and representative images (scale bar,
500 pm) of FG administration site and LC neurons that project to the ipsilateral spinal cord (SC) in wild-type rats. Distribution of FG labeling
in ipsilateral (ipsi) and contralateral (contra) LC neurons (mean + SD of the number of neurons per slice; each point represents an individual
rat; n = 4 animals: Student’s # test). (B) Representative immunofluorescence of the central LC (-9.72 to —9.96 from bregma?) showing the
DBH, cFos, and FG expression, as well as a merged image. The white arrows illustrate examples of cFos-positive cells, and the inset shows
an example of cFos/FG-labeled DBH-positive neurons (scale bar, 100 pm: DBH, green; cFos, red: FG, yellow). (C) Experimental timeline of
neuropathy and short-term (ST, 2 days) quantification of the cFos/FG labeled neurons in the central ipsilateral (I) and contralateral (C) LC of
sham-ST and CCI-ST rats without stimulation (Stim[-]) or with noxious stimulation (Stim[+]). The mean + SD neurons per slice are shown
(each point represents an individual rat; n = 6 animals/group): *P < 0.05, **P < 0.01 vs. Stim(-); +P < 0.05, ++P< 0.01 vs. LC,__; #P < 0.05
vs. sham-ST (three-way ANOVA with Tukey post hoc test). (D) Experimental timeline of neuropathy and long-term (LT, 30 days) quantification
of the cFos/FG-labeled neurons in the central ipsilateral (I) and contralateral (C) LC of sham-LT and CCI-LT rats without stimulation (Stim[-]) or
with noxious stimulation (Stim[+]). The mean + SD neurons per slice are shown (each point represents an individual rat; n = 6 animals/group):
non-significant differences (three-way ANOVA with Tukey post hoc test). CCl, chronic constriction injury; DBH, dopamine beta-hydroxylase;
4V, fourth ventricle.

¥20z Jequieideg tz uo Jesn uledg--ziped ep pepisieAun Aq ypd-1.z000-0"002L0202/72E60.L/LE L/ L/ Ly L pd-8jomue/ABojoiseyiseue/Bio-byese-sqnd//:dpy woy pepeojumoq

Sudrez-Pereira et al. ANESTHESIOLOGY 2024; 141:131-50 135



136

A Tracer-FG

?j 100+
N & 80
f\ - { \\ G Administration site 5 60 _o—_or
> = o 55°
- 2 40+ o)
®
0O 201
Ipsi Contra

D
CCl CCl
FG Sham Sham FG
x- *- Paw Pressure | e ¥ I Paw Pressure
Timg ececmccccaaaa- - ST Timg - - - —— - LT
Sham-ST CCI-ST Sham-LT CCI-LT

%cFos-FG+ neurons/Total cFos

@
3
I
+
I
+

Fig. 3. Study of the activation of the locus coeruleus (LC)-rostral anterior cingulate cortex (rACC) pathway over time after neuropathy in
unstimulated and stimulated male rats. (4) Cartoon of the retrograde Fluoro-Gold (FG; Fluorochrome, USA) tracer strategy targeting LC neu-
rons that project to the bilateral rACC and representative images (scale bar, 500 pm) of FG administration site and LC neurons that project
bilaterally to the rACC in wild-type rats. The distribution of FG label in the ipsilateral (ipsi) and contralateral (contra) LC neurons was evaluated
(mean + SD of the number of neurons per slice; each point represents an individual rat; n = 4 animals: Student’s ¢ test). (B) Representative
immunofluorescence of the central LC (—-9.72 to —9.96 from bregma?®) showing the DBH, cFos, and FG expression, as well as a merged image.
The white arrows illustrate examples of cFos-positive cells, and the inset shows an example of cFos/FG-labeled DBH-positive neurons (scale
bar, 100 um: DBH, green; cFos, red; FG, yellow). (C) Experimental timeline of neuropathy and short-term (ST, 2 days) quantification of the
cFos/FG-labeled neurons of the central ipsilateral (I) and contralateral (C) LC of sham-ST and CCI-ST rats without stimulation (Stim[-]) or after
applying a noxious stimulus (Stim[+]). The mean + SD neurons per slice are shown (each point represents an individual rat; n = 5 animals/
group): **P < 0.01, **P < 0.001 vs. (Stim[-]); ++P < 0.01, +++P < 0.001 vs. LC__; ##P < 0.01, ###P < 0.001 vs. sham-ST (three-way
ANOVA with Tukey post hoc test). (D) Experimental timeline of neuropathy and long-term (LT, 30 days) quantification of the cFos/FG-labeled
neurons of the central ipsilateral (I) and contralateral (C) LC of sham-LT and CCI-LT rats without stimulation (Stim[-]) or with noxious stimu-
lation (Stim[+]). The mean + SD neurons per slice are shown (each point represents an individual rat; n = 5 or 6 animals/group): **P < 0.01,
**P<0.001 vs. (Stim[-]); +++P < 0.001 vs. LC,__; ##P < 0.01, ###P < 0.001 vs. sham-LT (three-way ANOVA with Tukey post hoc test). CCI,
chronic constriction injury; DBH, dopamine beta—ﬁydroxylase; 4V, fourth ventricle.
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Fig. 4. Effect of chemogenetic inhibition and activation of the ipsilateral and contralateral locus coeruleus (LC) on spontaneous pain-like =
behavior at different times after nerve injury. (4) Scheme of the noradrenergic LC inhibition or activation using the DREADD strategy in TH:Cre §
male rats and representative immunofluorescence image (scale bar, 10 pm) of mCherry expression in the noradrenergic LC neurons (DBH, N
green; mCherry, red). (B) Experimental timeline of neuropathy and quantification of the short-term (ST, 2 days) and long-term (LT, 30 days) §
ipsilateral paw flinches of sham and CCl rats in the spontaneous pain test after ipsilateral LC (LCipsi) or contralateral LC (LC_ ) noradrenergic 2
inhibition by CNO (1 mg/kg intraperitoneal, mean + SD, each point represents an individual rat; n = 4-6 animals/group: *P < 0.05, ***P < %
0.001, vs. sham-Sal; ++P < 0.01 vs. CCl-Sal, three-way repeated measures ANOVA with Tukey post hoc test). (C) Experimental timeline of N
neuropathy and long-term (LT, 30 days) quantification of the ipsilateral paw flinches of sham and CCl rats in the spontaneous pain test after R

ipsilateral LC (LCipsi) or contralateral LC (LC_, ) noradrenergic activation by CNO (1 mg/kg intraperitoneal, mean + SD, each point represents
an individual rat; n = 8 or 9 animals/group: ***P < 0.001 vs. sham-Sal; +++P < 0.001 vs. CCI-Sal, Kruskal-Wallis test followed by Mann—
Whitney U test). AAV, adeno-associated virus; CCI, chronic constriction injury; CNO, clozapine N-oxide; DBH, dopamine beta-hydroxylase;
DREADD, Designer Receptor Exclusively Activated by Designer Drug; Sal, saline; SP, spontaneous pain-like test; TH, tyrosine hydroxylase.
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(hM4D[Gi]-DREADD) inhibitor virus, titer 3 X 10 vg/
ml, 1.4 pl/ LC; AAV2/hSyn-DIO-rM3D(Gs)-mCherry
(rM3D[Gs]-DREADD) activator virus, titer 3X 10" vg/
ml, 1.4 pl/LC; and AAV2/hSyn-DIO-mCherry (control-
DREADD), titer 5.6 X 10" vg/ml, 1.4 pl/LC. This control

vector contained a mCherry reporter protein without the
DREADD reporter.

DREADDs vectors were injected into the LC of
TH:Cre rats anesthetized (intraperitoneally) with ketamine
(100 mg/kg, Richter Pharma, Spain) and xylazine (20 mg/

ANESTHESIOLOGY 2024; 141:131-50

137



138

A it. CCI sallCNO sallCNO 3 Sham-Sal
Y

AAV-LC cannula  Sham Y m Sham-CNO
% % *¥——{SP | [sP}— = CCl-Sal
TiMe = - mmmmmm e . ST T mm CCI-CNO
AAV-Gi-mCherry AAV-Gi-mCherry
40 . 40+
e @ 30 *Hk T ‘ 8 304 Hekk
' ) £ o AN
\= 201 et & 207
P LCpe v % + contra |
§ [ [ — / 2
;@ 104 x ﬁ -f ;& 104 *
o—r%%%sLﬁ o o8 o-w@&ﬁﬁ & Ay
ST LT ST LT
B it. CClI sal/lCNO sal/lCNO J Sham-Sal
AAV-LC cannula  Sham Y \J Sham-CNO
"
X X x {SP] SP |— == CCl-Sal
L I + ST LT = CCI-CNO
AAV-Gs-mCherry AAV-Gs-mCherry
40+ 40+
4+ ( 4+
7 eler -\_" 3 304 R S LN % 304 *Hk
LN & o | LN % °
e N £ Ao \ £
{ LCpsi \ & 201 [LCeontra| & 20
] * s .
| & 10 *x i ‘ & 0 o
Jarlea o JwaBll &8
ST LT ST LT
C CCl i.t sal/Cloni [ Sham-Sal
Sham cannula \J )
- @_ 1 Sham-Cloni
] o - m CCl-Sal
Time == ====zmmmmmmmooos - mm CCl-Cloni
40-
++
g 304 * %
=
2
= 204
z
o 104
0l & &8 ﬁ
LT

Fig. 5. Effect of chemogenetic inhibition and activation of ipsilateral and contralateral locus coeruleus (LC)-spinal cord (SC) pathway on
spontaneous pain-like behavior over time after nerve injury. (4) Experimental timeline of LCipsi-SC or LC_..-SC pathway inhibition at short-
term (ST, 2 days) and long-term (LT, 30 days) after neuropathy using the DREADD strategy in male TH:Cre rats. Quantification of the ipsilateral
paw flinches of sham and CClI rats in the spontaneous pain-like test after ipsilateral LC (LCipsi) or contralateral LC (LC_ ) noradrenergic
inhibition by CNO (3 uM intrathecal, mean + SD, each point represents an individual rat; n = 4 animals/group: *P < 0.05, ***P < 0.001, vs.
sham-Sal; +P < 0.05 vs. CCI-Sal, three-way repeated measures ANOVA with Tukey post hoc test). (B) Experimental timeline of LCipsi»SC
or LC,,..—SC pathway activation in the short-term (ST, 2 days) and long-term (LT, 30 days) after neuropathy using the DREADD strategy in
TH:Cre rats. Quantification of the ipsilateral paw flinches of sham and CClI rats in the spontaneous pain test after ipsilateral LC (LCipsi) or con-
tralateral LC (LC_,.) noradrenergic activation by CNO (3 uM intrathecal, mean + SD, each point represents an individual rat; n = 3—7 animals/
group: **P<0.01,**P< 0.001 vs. sham-Sal; ++P< 0.01, +++P< 0.001 vs. CCI-Sal, three-way repeated measures ANOVA with (Continued)

ANESTHESIOLOGY 2024; 141:131-50 Suarez-Pereira et al.

%20z Jequieides pz uo Jesn uleds--zipeQ ep pepisieniun Aq ypd 12000-0"0020¥202/vLE60L/LEL/L/L L 4pd-8jone/ABojoisaisaue/Biobyese sqnd)/:dny woy papeojumoq



Sudrez-Pereira et al.

kg, Calier Laboratory, S.A., Spain), which were placed into a
stereotaxic frame with the skull level along both the antero-
posterior (AP) and medio-lateral (ML) axis for precise
targeting. Cranial windows were opened above the LC
coordinates (AP, =3.2mm; ML, *1.3mm; dorso-ventral
[DV], 6.2mm), with the head oriented at a 15-degree angle
to the horizontal plane. After injection, the wound was
cleaned with 0.9% saline and disinfected with iodine poly-
vidone, and the skin was sutured with 4-0 nonabsorbable
silk thread. To enhance vector expression, the behavioral
studies were carried out 3 weeks after the injections.

Viral Expression. Animals were perfused with PFA (4%)
at the end of the experiments, and their brains were col-
lected and processed®™? to verify the viral injection site
and the expression of mCherry in the LC by immunoflu-
orescence. All the LC sections (30 pm) were incubated for
48h at 4°C with an antibody against red fluorescent protein
(1:500 [5F8], Chromotek, Germany) and mouse antidopa-
mine beta hydroxylase (DBH, 1:1,000, Merck Chemicals &
Life Science S.A., Spain). Subsequently, the antibodies were
detected with a biotinylated donkey antirat antibody (1:200,
Jackson ImmunoR esearch Europe, United Kingdom), which
was visualized with Alexa Fluor 568 streptavidin or a don-
key antimouse Alexa Fluor 488 (1:1,000, Invitrogen, USA).
The sections were then washed and coverslipped in fluoro-gel
aqueous mounting medium, and the images were acquired on
a Zeiss LSM 900 Confocal microscope with Airyscan 2 (Carl
Zeiss Microscopy GmbH, Germany). The selective expres-
sion of DREADD was also assessed in the A5 noradrenergic
nucleus and ventral tegmental area, the latter probed with a
rabbit anti-TH primary antibody (1:1,000) that was visualized
with a donkey antirabbit Alexa Fluor 488 (Invitrogen, USA).

Tracer Approach

FG was used as a retrograde tracer (4%/0.4 pl) for the rACC
or SC. For FG injections at the lumbar level of the SC,?
rats were anesthetized with sodium pentobarbital (50 mg/
kg, intraperitonally, Vetoquinol S.A., Spain), and local anal-
gesia was administered subcutaneously with carprophen
(10mg/kg, Zoetis, Spain) and bupivacaine (2mg/kg, B.
Braun Medical S.A., Spain). Additional doses of pentobar-
bital were administered as necessary. Rats were placed in a
stereotaxic frame, and a laminectomy was performed at the
level of the T12-L2 vertebrae to expose the L4-L6 seg-
ments of the SC.The dura was then removed, and FG was
administered at four sites along the ipsilateral L4-L6 dorsal
horn of the SC (SC,0)- After FG injection, the skin was
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closed with staples, and the wound was cleaned with 0.9%
saline and disinfected with iodine polyvidone. In another
set of experiments, the FG was microinjected unilateral or
bilaterally into the rACC according to the same stereotaxic
surgery performed in the DREADD experiments (see sec-
tion “DREADDs Approaches”).* The target coordinates for
rACC were AP + 3.0mm, ML * 1.0mm, and DV 1.2mm,
with the head oriented at a O-degree angle to the horizon-
tal plane.To enhance tracer expression, the neuroanatomical
studies were carried out 4 days after the injections, and the
location of the FG injection site was verified to be within
the SC and rACC in all the animals studied. Sequential SC
and rACC (40 pm) coronal sections were visualized directly
on an Olympus BX60 fluorescence microscope equipped
with an Olympus DP74 camera (Spain). After verification,
the animals in which the FG injection was not appropriately
located in the target area were excluded from the analysis.

rACC Cannula Implantation

For intra-rACC drug administration, cannulae were
implanted by stereotaxic surgery.® The rats were anesthe-
tized with an intraperitoneal injection of ketamine (100 mg/
kg) and xylazine (20 mg/kg), and then placed in a stereo-
taxic frame. The cannulae were implanted bilaterally into
the rACC (AP + 3.0mm, ML £ 1.0 mm, and DV 1.2mm)
with the head oriented at a 0° angle to the horizontal plane.
The cannulae were fixed in place with dental cement and
four anchor screws, and maintained closed by inserting
a stainless steel wire until the test session. After cannula
implantation, the rats were allowed to recover for 1 week
before the behavioral tests began. To verify cannula place-
ment, 0.5 pl Pontamine Sky Blue (Sigma—Aldrich, Spain)
was injected into the intra-rACC just before the animals
were sacrificed. Sequential coronal sections (40 pm) of the
rACC were ultimately obtained on a Sliding Microtome
(Microm HM 450, Fisher Scientific SL, Spain) coupled
to BFS-MP freezing stage (Physitemp Instruments, USA).
After verification, the animals in which the cannula was not
appropriately located in the target area were excluded from
the analysis (Supplemental Figures 3, 4, and 5, Supplemental
Digital Content 1, https://links.lww.com/ALN/D531).

Intrathecal Catheter Installation

For intrathecal drug injection, a PE-10 catheter (0.61 mm
diameter) was implanted into the lumbar SC under iso-
flurane anesthesia.® An incision was made in the skin,
and a cannula (20-gauge, 0.9 X40mm) was introduced

Fig. 5. (Continued) Tukey post hoc test). (C) Experimental timeline of neuropathy and long-term (LT, 30 days) quantification of the ipsilateral
paw flinches of sham and CCl rats in the spontaneous pain test after clonidine (20 pg intrathecal) administration (mean + SD, each point
represents an individual rat; n = 5 or 6 animals/group: **P < 0.01 vs. sham-Sal; ++P < 0.01 vs. CCI-Sal, Kruskal-Wallis test followed by
Mann—-Whitney U test). AAV, adeno-associated virus; CCl, chronic constriction injury; Cloni, clonidine; CNO, clozapine N-oxide; DREADD,
Designer Receptor Exclusively Activated by Designer Drug; Sal, saline; SP, spontaneous pain; TH, tyrosine hydroxylase.
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Fig. 6. Effect of chemogenetic inhibition of the locus coeruleus (LC)—rostral anterior cingulate cortex (rACC) pathway on spontaneous pain- §
like behavior over time after nerve injury. (4) Experimental timeline of LCipsi—>rACC or LG, ..—»TACC pathway inhibition in the short-term (ST, §
2 days) after neuropathy using the DREADD strategy in male TH:Cre rats. Quantification of the ipsilateral paw flinches of sham and CClI rats o
in the spontaneous pain test after ipsilateral LC (LC,) or contralateral LC (LC_, ) noradrenergic inhibition by bilateral intra-rACC CNO (3 g
pM) administration (mean + SD, each point represents an individual rat; n = 4 or 5 animals/group): *P < 0.05, ***P < 0.001 vs. sham-Sal; g,
+P < 0.05 vs. CCI-Sal (Kruskal-Wallis test followed by Mann—Whitney U test or two-way ANOVA with Tukey post hoc test, respectively). (B) 2
Experimental timeline of LC-rACC pathway inhibition in the long-term (LT, 30 days) after neuropathy using the DREADD strategy in TH:Cre 2
rats. Quantification of the ipsilateral paw flinches of sham and CCl rats in the spontaneous pain test after bilateral LC noradrenergic inhibition S
by intra-rACC CNO (3 pM) administration (mean + SD, each point represents an individual rat; n = 6-8 animals/group): ***P < 0.001, vs. R
sham-Sal; ++P < 0.01 vs. CCl-Sal (Kruskal-Wallis test followed by Mann—-Whitney U test). AAV, adeno-associated virus; CCI, chronic con- %’
striction injury; CNO, clozapine N-oxide; DREADD, Designer Receptor Exclusively Activated by Designer Drug; SP, spontaneous pain-like test; g
TH, tyrosine hydroxylase. %
R
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in a slightly medial cranial direction along the surface
of L6 up to L5.The catheter was then introduced from
the end of the cannula until it reached the caudal rib
level, at which point the cannula was removed. Correct
placement of the catheter was confirmed by a tail flick,
retraction of the leg, or the reflux of cerebrospinal fluid.
The catheter was first fixed onto the surface of the
lumbar musculature, and the rest was passed subcuta-
neously along the spine, appearing through the skin in

ANESTHESIOLOGY 2024; 141:131-50

the occipital region. Lidocaine (4%/15 pl, intrathecally)
was administered to verify the correct placement of the
intraspinal cannula over time (CCI-ST and -LT), observ-
ing immediate motor paralysis of the posterior third of
the animal that lasted for about 10 to 20 min. Those ani-
mals that did not show motor paralysis were not included
in the behavioral tests. After catheter implantation, rats
were allowed to recover for 1 week before the behavioral
tests began.

Suarez-Pereira et al.
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Fig. 7. Effect of pharmacologic blockade of adrenoreceptor activity in the rostral anterior cingulate cortex (rACC) on spontaneous pain-like g
behavior over time after nerve injury. (4) Experimental timeline and cartoon of the pharmacologic inhibition of a1-adrenoreceptors (prazosin, &
Praz) or a2-adrenoreceptors (idazoxan, Idx) in the rACC of wild-type male rats in the short-term (ST, 2 days) after neuropathy. Quantification §-
of the ipsilateral paw flinches of sham and CCI rats in the spontaneous pain-like test after pharmacologic blockade by bilateral intra-rACC &
administration of Praz (5 pg; mean + SD, each point represents an individual rat; n = 6—8 animals/group) or ldx (9 ug; mean + SD, each point S
represents an individual rat; n = 6-9 animals/group): ***P < 0.001, vs. sham-Sal; +P < 0.05, vs. CCI-Sal (Kruskal-Wallis test followed by N
Mann—-Whitney U test). (B) Experimental timeline and cartoon of the pharmacologic blockade of a-adrenoceptors in the rACC of wild-type rats §’
in the long-term (LT, 30 days) after neuropathy. Quantification of the ipsilateral paw flinches of sham and CCl rats in the spontaneous pain test g
after pharmacologic blockade by bilateral intra-rACC administration of Praz (5 pg; mean + SD, each point represents an individual rat; n = g
8-10 animals/group) or ldx (9 pg; mean + SD, each point represents an individual rat; n = 6-10 animals/group): ***P < 0.001, vs. sham-Sal; g

+P< 0.05, +++P< 0.001 vs. CCI-Sal (Kruskal-Wallis test followed by Mann—Whitney U test). CCI, chronic constriction injury; Sal, saline; SP,
spontaneous pain-like test.

Drugs Sigma-Aldrich, Spain), administered 30 min before testing

at 20 pg/10 pl intrathecally; prazosin hydrochloride (Praz,

Sudrez-Pereira et al.

The drugs administered to carry out the behavioral
assessment were CNO  (Carbosynth, United Kingdom),
administered 20 min before the behavioral tests at 1mg/
kg intraperitoneall, 3 pM/20 upl intrathecally, and 3
uM/0.5 pl intra-rACC; clonidine hydrochloride (Cloni,

Sigma-Aldrich, Spain), administered 30min before the
behavioral tests at 5 pg/0.5 pl intra-rACC; and idazoxan
hydrochloride (Idx, Sigma-Aldrich, Spain), administered
20min before testing at 9 pg/0.5 pl intra-rACC. In all
the experiments in which these drugs were used, a group
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administered with the vehicle alone was included as a con-

trol (saline group). To circumvent the potential side effects
associated with systemic CNO administration,”*? local
CNO administration was used to explore specific pathways:

LC-SC and LC—-rACC.

Behavioral Assessment

Spontaneous Pain-like Test. All animals were habituated
to the experimental room for 30min in dim light and
climate-controlled conditions. The rats were placed into a
Plexiglas chamber on a metal grid for 15 min, and a camera
(Panasonic HC-V180; Spain) was positioned underneath
the chamber to video-record the behavioral test. The ses-
sions were analyzed offline blind to the treatments, and the
number of spontaneous paw lifts and flinches was measured
over the last 5min as an index of ongoing pain.'®

Spontaneous Locomotor Activity. All animals were trans-
ported to a light-attenuated experimental room (13 to 14
lux), where they were habituated for 30 min before test-
ing. After drug administration (20 to 30min), rats were
placed individually in the center area of a transparent
cage (40X 40x40cm) that they were allowed to explore
freely for 15min. Free exploratory ambulation of each
individual was video-recorded and analyzed offline using
a Spontaneous Motor Activity Recording and Tracking
(SMART) video system (v3.0, Panlab S.L., Spain).The total
distance traveled (centimeters) was measured as an indicator
of locomotor activity.?®

Immunohistochemistry and Histology

The rats’ SC and brain were collected and postfixed for 2h
in PFA (4% in 0.1 M PB) and then cryoprotected in 30%
sucrose in PB at 4°C.%* Coronal sections were obtained on
a Sliding Microtome (Microm HM 450, Fisher Scientific
S.L., Spain) coupled to BES-MP freezing stage (Physitemp
Instruments, USA).

FG Expression in LC. FG in the LC,  and LC
was evaluated in sequential sections (nine representative
30-um sections along the rostra-caudal LC axis per ani-
mal), incubating them for 48 h at 4°C with a rabbit anti-FG
antibody (1:1,000, Merck Chemicals & Life Science S.A.,
Spain) and a mouse anti-DBH antibody (1:1,000, Merck
Chemicals & Life Science S.A., Spain). The antibodies were
visualized with a biotinylated donkey antirabbit IgG (1:200,
Jackson ImmunoResearch Europe, United Kingdom) fol-
lowed by Alexa Fluor 488 streptavidin (1:1,000, Invitrogen,
USA) or a donkey antimouse Alexa Fluor 568 (1:1,000,
Invitrogen, USA). After washing and coverslipping in
fluoro-gel aqueous mounting medium, images were
acquired on a fluorescent Olympus BX60 microscope
equipped with an Olympus DP74 camera (Olympus, Spain).
The number of FG-positive cells per LC area in each slice
was quantified, and the LC area was measured using the Fiji

projections

contra
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Image software (USA), representing the data as the mean (+
standard deviation [SD]) per slice, each point corresponding
to an individual animal.

cFos Expression in the LC. Activation of the LC,_; and LC
after neuropathy (ST and LT), with or without stimulation,

contra

was evaluated through the expression of cFos. Moreover,
cFos and FG colocalization was assessed in ipsilateral and
contralateral LC projections to the SC or rACC. Sequential
central LCipsi and LC sections (=9.72 to 9.96 from
bregma, 3X30 um slices per animal) were incubated for
48h at 4°C with a rabbit anti-cFos antibody (1:1,000,
Synaptic System, Germany) and a mouse anti-DBH anti-
body (1:1,000, Merck Chemicals & Life Science S.A.,
Spain). Antibody binding was detected with a biotinylated
donkey antirabbit IgG (1:200, Jackson ImmunoR esearch
Europe, United Kingdom) and then visualized with Alexa
Fluor 488 streptavidin (1:1,000, Invitrogen, USA) or an
Alexa Fluor 568 conjugated donkey antimouse antibody
(1:1,000, Invitrogen, USA). After washing and mounting
in fluoro-gel aqueous medium, images were acquired on a

contra

fluorescent Olympus BX60 microscope equipped with an
Olympus DP74 camera (Olympus, Spain). The numbers of
cFos-labeled neurons in the central LC,_ and LC
counted manually, represented as the mean + SD per LC

contra Were
slice, and each point corresponds to an individual animal.
The numbers of cFos- and FG-labeled neurons in the cen-
tral LC,_ and LC
Image software (USA), expressed as the proportion of the

were also counted manually using Fiji

contra

total number of cFos-labeled neurons.

High-performance Liquid Chromatography

The noradrenaline (NA), dopamine (DA) and serotonin
(5-HT) in the LC and rACC were evaluated, as were their
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), and 5-hydroxyindoleacetic acid
(5-HIAA). DA and DOPAC levels were also evaluated in
the striatum as a control. All these compounds were ana-
lyzed by high-performance liquid chromatography (HPLC)
on an apparatus equipped with a Elite Lachrom L-2130
pump (VWR, Hitachi, Japan) in conjunction with a glass
carbon electrode set at =550 mV (DECADE II, ANTEC,
The Netherlands). A Lichrocart cartridge (125 mm X 4 mm)
column filled with Lichrospher reverse-phase C18 5-pm
material (Merck, Germany) was used. The mobile phase
consisted of a mixture of 0.05 M sodium acetate, 0.4 mM
1-octanesulfonic acid, 0.3mM Na,EDTA, and 70 ml meth-
anol/1, adjusted to pH 4.1 with acetic acid. All reagents and
water were HPLC-grade, and the flow rate was 1.0 ml/min.
The measurement of all the molecules in fresh tissue was
performed according to a method described previously.**?*
The concentration (ng/g wet tissue) of NA, DA, 5-HT,
DOPAC, HVA, and 5-HIAA was calculated with the aid of
an eDAQPowerChrom 280 software (eDAQ), Australia) and
represented as the mean + SD.

Suarez-Pereira et al.
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Statistical Analysis

All the data were analyzed using STATISTICA 10.0 (StatSoft,
USA) or GraphPad Prism 9 software (GraphPad Software,
USA), and the results are all presented as the mean + SD, with
each point corresponding to an individual animal. Statistical
outliers were identified using Grubbs’s test (GraphPad
Software), and all the variables were tested for normality and
homogeneity of variance using a Shapiro—Wilk test of nor-
mality. If the assumption of normality was unmet, a Kruskal—
Wallis test followed by a Mann—Whitney U test was used.
‘When all assumptions were met or when a nonparametric
test cannot be carried out, unpaired f tests (two-tailed), or
two-way, three-way, or repeated-measures ANOVA were
performed, followed by the Tukey test to compare between
more than two groups. In all cases, P < 0.05 was consid-
ered significant. The detailed statistical analysis is shown in
Supplemental Digital Content 3 (Supplemental Statistical
Tables 8 through 14, https://links.Iww.com/ALN/D533).

Results

LC cFos Expression in the Short and Long Term after
Neuropathy

The activity of LC neurons at two different time points after
nerve injury (CCI-ST and CCI-LT), with (Stim[+]) or without
(Stim[—]) noxious stimulation was explored by quantifying the
cFos in these neurons (fig. 1). In the short term (fig. 1C), weak
cFos expression was found in Stim(-) naive animals, which
increased significantly and bilaterally in the LC after noxious
hind paw stimulation (mean difference [95% CI], Stim[+] vs.
Sam[-], LC,, —10.75 [95% CI, —18.96 to —2.54]%; P <
0.001;LC_ ,-9.25[95% CI,~17.46 to —1.04]%; P < 0.01).
There was only modest cFos in unstimulated sham-ST ani-
mals, although this was significantly stronger in the LC,, than
in the LC__ (mean difference [95% CI] relative to Stim[],
6.83 [95% CI —3.04 to 10.37]%; +P < 0.05) or in the LC,
of naive animals (mean difference [95% CI] relative to Stim|[— ]
LC, . —6.17 [95% CI,-13.66 to 1.33]%; #P < 0.05).This cFos
expression was significantly enhanced on both sides of the LC
by hind paw stimulation (mean difference [95% CIJ, Stim|[+]
vs. Sam[-], LC, . ~10.83 [95% CI, -17.54 to —4.13]%; P <
0.001;LC_ ,—6.83 [95% CI,—13.54 to —0.13]%; P < 0.01).
Accordingly, cFos was expressed more strongly in the LC,, of
Stim(+) sham-ST animals than in the LC__ (mean difterence
[95% CI],7.67 [95% CI,0.96 to 14.37]%; ++P < 0.01) or the
LCipsi of naive animals (mean difference [95% CIJ,—6.25 [95%
CI, —13.75 to 1.25]%; #P < 0.05). Hence, spontaneous cFos
activity is lateralized in sham-ST animals, and it is enhanced by

ipsi

contral

noxious stimulation. In the short term, the lateralized profile
of cFos expression in nerve-injured animals without stimula-
tion (Stim[—] CCI-ST) was similar to that in the sham-ST ani-
mals, albeit significantly stronger. As such, LC,
enhanced relative to the LC__in the former (mean differ-
ence [95% CI|,7.67 [95% CIL, 0.96 to 14.37|%; +P < 0.05) and
in the LC,, of sham-ST animals (mean difference [95% CIJ,

. expression was
S1
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—11.33 [95% CI, —18.04 to —4.63]|%; #HHP < 0.001). After
stimulation, cFos expression increased in the LC, | relative to
the Stim(-) CCI-ST (mean difference [95% CIJ, -9.67 [95%
CL, —16.37 to —2.96]%; P < 0.01), as well as to the Stim(+)
LC_ . (mean difference [95% CIJ, 16.17 [95% CI, 9.46 to
22.871%; +++P < 0.001) and the LC,, of Stim(+) sham-ST
animals (mean difference [95% CI],—10.17 [95% CI,—16.87 to
—3.46]%; ### P < 0.001).In the CCI-ST LC___, cFos expres-
sion did not differ between Stim(+) and Stim(-) animals.

After long-term neuropathy, cFos expression was quanti-
fied in sham (sham-LT) and CCI (CCI-LT) animals (fig. 1D).
The weak expression in the former was similar to that in
naive animals, but it increased after noxious stimulation on
both sides of the LC (mean difference [95% CIJ, Stim(+)
vs. Stim(=), LC, ;, =16.33 [95% CI, —24.63 to —8.04]%; *p
< 0.005;LC_ ,-17.83 [-26.13 to =9.54]%; " P < 0.001).
There was a similar bilateral increase in cFos expression in
the LC of CCI-LT animals relative to the Stim(-) sham-LT
rats (mean difference [95% CI], LC, ,—9.67 [95% CI,-17.96
to —1.37]%; ##P < 0.01; LC___,—12.50 [95% CI,-20.79 to
—4.20]%; ###P < 0.001), and surprisingly, no change was
produced by noxious stimulation of these CCI-LT animals.

We performed additional experiments in females in
order to assess whether sex affected these results. When we
replicated this experiment, we observed a similar LC cFos
expression profile in both the female ST and LT rats after
nerve injury (Supplemental Figure 6, Supplemental Digital
Content 1, https://links.Jww.com/ALN/D531).

cFos Expression by LC Neurons Projecting to the SC or
rACC in the Short and Long Term after Neuropathy

To study the LC neurons projecting to the SC, the retro-
grade fluorescent FG tracer was administered to the ipsilateral
superficial dorsal horn of the SC (fig. 2A).As expected, similar
numbers of neurons were labeled in the LC__ and LC__
along the rostro-caudal axis (around 50%; fig. 2A), confirm-
ing the bilateral projection of the LC to the SC.* The activ-
ity of the LC—>SC pathway was assessed by exploring cFos/
FG colabeling in the short and long term after nerve injury
in both Stim(+) and Stim(-) states (fig. 2, B through D). In
the short term (fig. 2C), no cFos/FG positive neurons were
found in either the LC,;or LC | .. of Stim(=) sham-ST ani-
mals, whereas there Was a 51gmﬁcant number in the LC,,
(5.67£3.50% cFos/FG + neurons relative to total cFos)
than LC,, of Stim(-) animals or LC__ of Stim(+) animals
(0.00£0.00%, **,++P < 0.01). In CCI-ST animals, cFos
expression increased in the Stim(-) LC,_, (3.83£2.48%)
relative to the LC__ or the Stim(-) sham-ST animals
(0.00£0.00%; +,#P < 0.05). After stimulation, cFos
expression increased in the LC, - of CCI-ST animals
(8.67 £3.98%) relative to the Stlm( ) LC . (3.8312.48%;
*P < 0.05) and Stim(+) LC__(0.00£0. OO%; +P < 0.05).
Surprisingly, no c-Fos/FG- colabeled LC, o DEUTONS
were detected in either sham-LT or CCI-LT rats, irrespective
of stimulation (fig. 2D).
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We previously demonstrated that the LC mainly projects
unilaterally to the rACC (around 80%),® and as expected,
bilateral administration of FG to the rACC labeled around
50% of the neurons in both sides of the LC (fig. 3A). We
assessed the cFos/FG-labeled LC neurons projecting to the

rACC in the short and long term after nerve injury (fig. 3,
B through D). In the short term (fig. 3C), there was little
cFos/FG colabeling in Stim(-) sham-ST animals, although
this increased significantly after noxious stimulation in both
the LC, . (from 6.00£1.58% to 38.40£7.20%; ""P <
0.001) and LC___ (from 6.801.92% to 20.40 £ 4.56%; ™" P
< 0.01). Indeed, cFos expression in the LC,_; was induced
more strongly by noxious stimulation than in the LC
(++P < 0.01). In Stim(-) CCI-ST animals, there were
more cFos/FG-labeled LC (42.80+5.90%) and LC__
(19.60 £ 3.65%) neurons relative to the total cFos neurons
than in the respective sham-ST rats (LC,_; 6.00+1.58%;
##HH#P < 0.001; and LC__ 6.80+1.92%; ##P < 0.01).
Notably, there were significantly more cFos/FG + neurons
relative to the total cFos + neurons in the CCI-ST LC_|
than in the LC__ (+++P < 0.001), a pattern that was not
modified by noxious stimulation. In the long term (fig. 3D),

ontra

no colabeling was found in Stim(-) sham-LT rats, yet there
was a significant number of dual labeled cells after stimu-
lation (Stim[+], LC,_ 41.17 £5.15%; ™P < 0.001; LC_
20.17 £4.67%; ™ P < 0.01), with more dual labeled cells in
the LC, than in the LC___ (+++P < 0.001). In Stim(-)
CCI-LT animals, a similar number of cFos/FG + neurons
relative to the total cFos + neurons was found bilaterally in
the LC (LC, ; 22.17+£3.60% and LC_ | 22.50+3.33%),a
pattern that was not modified by noxious stimulation.

contra

Assessment of Spontaneous Pain-like Behaviors in
Male and Female Neuropathic Rats

We performed experiments in female rats in order to eval-
uate whether sex influenced the spontaneous pain behav-
ior of neuropathic rats, evaluating the spontaneous paw
flinches in both male and female rats (Supplemental Figure
7, Supplemental Digital Content 1, https://links.lww.com/
ALN/D531). As anticipated, animals performed more paw
flinches after nerve injury relative to the sham animals in
both the ST (mean difference [95% CIJ, =5.97 [95% CI,
—7.69 to —4.25]%; P < 0.001) and LT (mean difference
[95% CI], —18.25 [95% CI, —20.18 to —16.33]%; *™*P <
0.001). However, it was notable that there were no dis-
cernible differences in the number of paw flinches between
male and female rats at either of these time points.

Effect of Chemogenetic Modulation of Noradrenergic-LC
Neurons in Spontaneous Pain-like Behaviors

To assess whether cFos expression correlates with spon-
taneous pain-like behaviors, the effect of chemogenetic
manipulation of LC, o Activity was evaluated (fig. 4).

Accordingly,selective hM4D(Gi)- or tM3D(Gs)-DREADD
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expression was induced in noradrenergic LC neurons of
TH:Cre rats (Supplemental Figures 1 and 2, Supplemental
Digital Content 1, https://links.lww.com/ALN/D531), as
achieved previously,® and how hM4D(Gi)-DREADD—
mediated LC inhibition affected the number of spon-
taneous paw flinches was assessed after systemic CNO
administration (fig. 4B). As expected, nerve-injured animals
produced significantly more paw flinches in both the ST
(mean difference [95% CI| vs. sham-Sal, —4.20 [95% CI,
—7.58 to —0.82]%; *P < 0.05) and LT (mean difference [95%
CI] vs. sham-Sal,—21.30 [95% CI,—25.14 to —17.46]%; ***P
< 0.001). Moreover, while LC,_; blockade significantly
increased the number of foot lifts in CCI-ST rats (mean
difference [95% CI]. CCI-CNO vs. CCI-Sal, =5.50 [95%
CI, -8.75 to —2.25]%; ++P < 0.01), no such effect was
evident in CCI-LT animals. By contrast, chemogenetically
blocking the LC_ had no significant effect in this sponta-
neous pain-like test at any time point postinjury.

Having previously demonstrated an increase in the
mechanical and thermal pain thresholds after chemogenetic
activation of LC, = noradrenergic neurons in neuropathic
TH:Cre Long—Evans rats,® we explored the effect of nor-
adrenergic LC activation using rM3D(Gs)-DREADDs in
CCI-LT animals (fig. 4C). CNO-mediated activation of
the LC, | significantly reduced the number of paw flinches
relative to their controls (mean diftference [95% CIJ, CCI-
CNO vs. CCI-Sal, 18.63 [95% CI, 14.28 to 22.97]|%; +++P
< 0.001), whereas chemogenetic activation of LC___ neu-
rons did not significantly modify CCI-LT induced spon-
taneous pain-like behaviors. Finally, DREADD-mediated
inactivation or activation of the noradrenergic LC_
did not modify the number of paw flinches in any of the
sham animals (fig. 4, B and C).

Effect of the Chemogenetic Modulation of the
Noradrenergic LC—~SC Pathway on Spontaneous Pain-
like Behaviors

We explored how the noradrenergic-LC pathway descend-
ing to the SC influences the spontaneous pain-related phe-
notype using chemogenetics (fig. 5). As occurred after the
global blockade of the LC (fig. 4B), DREADD-mediated
inactivation of the noradrenergic LC,_ —~SC pathway
increased the number of paw flinches in CCI-ST rats
(mean difference [95% CI], CCI-CNO wvs. CCI-Sal, =5.00
[95% CI, =7.37 to —2.63]%; +P < 0.05), but not at later
-SC pathway
produced no significant changes in this behavior (fig. 5A).
Pathway activation by rM3D(Gs)-DREADD was also
explored (fig. 5B), and like global LC, activation (fig. 4B),
chemogenetic activation of the LC ~SC pathway damp-

times. However, inhibition of the LC

contra

ened pain-related behaviors in CCI-ST (mean difference
[95% CI], CCI-CNO wvs. CCI-Sal, 5.08 [95% CI, 2.29 to
7.871%; ++P < 0.01) and CCI-LT rats (mean difference
[95% CI], CCI-CNO ws. CCI-Sal, 10.67 [95% CI, 6.37
to 14.96]%; +++P < 0.001). Interestingly, activation of
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the LC_  neurons projecting to the SC also reduced the
number of paw flinches by CCI-LT rats (mean difference
[95% CI], CCI-CNO wvs. CCI-Sal, 8.31 [95% CI, 4.73 to
11.891%; +++P < 0.001).To verify whether the local acti-
vation of ai2-adrenoreceptors in the SC produced analgesia
in these animals, the 02-adrenoreceptor agonist clonidine
was administered (20 pg/10 pl intrathecally), producing
a clear analgesic effect in CCI-LT rats relative to those
administered saline alone (mean difference [95% CI], 15.03
[95% CI, 11.62 to 18.45]%; ++P < 0.01; fig. 5C). Finally,
global LC, for LC_ activation or inhibition produced no
change in the sham animals (fig. 5, A through C).

Effect of Chemogenetic Modulation of the
Noradrenergic LC—~rACC Pathway on Spontaneous
Pain-like Behaviors and Pharmacologic Studies in the
rACC

As one of the main ascending LC targets is the rACC, che-
mogenetic approaches were used to explore the role of
these projections in spontaneous pain-like behavior (fig. 6).
Chemogenetic blockade of the LC, ~rACC but not the
LC_  —~rACC pathway significantly decreased the number
of paw flinches in CCI-ST animals relative to the CCI-Sal
rats (mean difterence [95% CIJ,4.55 [95% CI, 0.73 to 8.30]%;
+P < 0.05; fig. 6A). Moreover, and bearing in mind that the
increase in cFos/FG expression was similar on both sides of
the LC (fig. 3D), bilateral chemogenetic inhibition of this
pathway significantly reduced the number of paw flinches in
CCI-LT relative to the CCI-Sal rats (mean difference [95%
CIJ, 17.02 [95% CI, 12.97 to 21.08]%; ++P < 0.01; fig. 6B).
Pharmacologic studies were then performed to explore
the implication of adrenoreceptors on the rACC (fig. 7).
Local administration of the ol-adrenoreceptor antagonist
prazosin (5 pg/0.5 pl) reduced the number of paw flinches
in CCI-ST animals relative to the saline controls (mean dif-
ference [95% CI],3.12 [95% CI, 0.34 to 5.91]%; +P < 0.05),
whereas the 02-adrenoreceptor antagonist idazoxan did not
alter pain-like behavior (fig. 7A). Both Praz and Idx signifi-
cantly reduced the number of paw flinches in the long term
(mean difference [95% CI], CCI-Praz vs. CCI-Sal, 6.60
[95% CI,2.43 to 10.77]%; + P < 0.05; CCI-Idx vs. CCI-Sal,
16.07 [95% CI, 9.94 to 22.20]%; +++P < 0.001; fig. 7B).
As locomotor activity was not modified by any of these
treatments (Supplemental Figures 3, 4, and 5, Supplemental
Digital Content 1, https://links.lww.com/ALN/D531),
these data suggest an involvement of 0-adrenoreceptors in
spontaneous pain-like behavior at the rACC level.

Levels of Monoamines and Their Metabolites in the LC
and rACC

We previously showed that long-term neuropathy is associ-
ated with several plastic changes in the LC.**® Hence, we
explored whether nerve injury modifies the levels of NA,
DA, and 5-HT, and of their metabolites DOPAC, HVA, and

Pain Changes Locus Coeruleus Activity

5-HIAA, in the LC and rACC of CCI-ST and CCI-LT rats
relative to the naive animals, using the striatum as a control
tissue for DA and DOPAC levels. However, no differences
in these compounds were detected between the distinct
groups (see Supplemental Table 15, which contains the
HPLC results, in Supplemental Digital Content 4, https://
links.lww.com/ALN/D534).

Discussion

The data presented here reveal robust basal cFos activation in
the LC . both globally and in terms of its projections to the
SC and rACC in CCI-ST animals. Chemogenetic approaches
demonstrate that blocking the LC, or its projection to the
SC enhances spontaneous pain-like behavior, whereas block-
ing its projection to the rACC reduces it. In long-term neu-
ropathy, strong basal cFos expression is observed globally in
the LC, particularly in the projection to the rACC, yet none
is found in LC neurons projecting to the SC. Blocking the
LC-rACC pathway with DREADDs reduces spontaneous
pain-like behavior, whereas no effect is observed when block-
ing the LC globally or its projection to the SC. Thus, che-
mogenetic blockade of the LC globally or its projection to
the SC yields similar results, while opposite actions are found
when blocking the rACC at early and late stages of neurop-
athy. Moreover, no differences in the level of monoamines or
their metabolites are found in the LC or rACC, suggesting
that neuropathic pain does not induce global monoaminergic
alterations, as occurs in other pathologies like multiple sclero-
sis,” Parkinson’s,*® or Alzheimer’s disease.*

basal
increase in cFos expression in the LC relative to the
LC

contra

in CCI-ST animals. A similar pattern of cFos expression

Immunohistochemistry reveals a significant

in sham-ST rats, and a particularly robust increase

is found in LC,; neurons projecting to the SC, suggest-
ing the side of the injury (i.e., LCipsi) correlates with the
level of damage, much higher in nerve-lesioned animals.
This lateralized cFos expression is intriguing because brief
nociceptive stimuli, such as that induced by mechanical
stimulation or the injection of inflammatory mediators
in the hind paw (carrageenan for 4h), typically provokes
bilateral LC cFos expression.""” Hence, the duration of the
insult (48h) is probably responsible for sensitizing the LC,-
This heightened cFos expression, especially in CCI-ST, may

40-#2 and arousal** but

be involved in behaviors like anxiety
also in spontaneous pain. When exploring the latter, global
chemogenetic blockade of the LC, or the specific projec-
tion to the SC significantly increases spontaneous pain-like
behavior, whereas blocking the LC

These findings align with the fact that lesions, and phar-

ons PTOVOKES NO change.
macologic or chemogenetic inactivation of the LC, exacer-
bate pain-evoked responses in several short-term pain states,
indicating pain sensitivity is enhanced upon disruption of
the normal LC-noradrenergic circuit.%***># This analgesic
activity is malnly dr‘lven by the LCiPSi, and it appears to be
produced by activating the descending LC pathway to the
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SC, which enhances noradrenaline release and in turn con-
6.8.16

tributes to the blockade of ascending nociceptive inputs.

Another relevant pathway is that of the LC-rACC, as
lesion** or injection of a brain-derived neurotrophic fac-
tor (BDNF)—tropomyosin receptor kinase B (TrkB) antag-
onist into the rACC completely blocks the conditioned
place preference induced by the 0-2 adrenoreceptor ago-
nist Cloni.** Hence, the ACC appears to be necessary
to regulate spontancous pain. In CCI-ST animals, there
is also a strong and lateralized activity in this region, such
that chemogenetic blockade of the LC,  »rACC dampens
spontaneous pain, yet no effect is found when the LC_
is manipulated. Overall, this suggests that lateralized cFos
expression is related to spontaneous pain-like behavior,
albeit in opposing directions depending on the projection.

In long-term neuropathy, lateralized cFos expression is
lost, and while strong expression is found in the LC glob-
ally,®*" this is not the case for cells projecting to the SC.
DREADDs-mediated blockade of either the LC,_ or the
LC_ . globally or of the specific projection to the SC does
not modify spontaneous pain-like behaviors. This response
is consistent with the belief that the LC does not induce
endogenous analgesia through the descending projection
to the SC when neuropathy becomes long-term.**! There
is also a robust bilateral increase in cFos at the ACC level
in CCI-LT, and there is a reduction in spontaneous pain-
like behaviors when the LCipsi Jeonna 18 Dlocked. Hence, the
LC-rACC projection appears to fulfill a pronociceptive
role in both short- and long-term pain.This aligns with pre-
vious findings showing that chemogenetic activation of the
LC—Prefrontal cortex projection exacerbates spontaneous
pain, produces aversion, and increases anxiety-like behavior
in neuropathic pain animals.'® On the other hand, when the
LC is chemogenetically activated globally, or simply its pro-
jection to the SC, there is significant relief of pain-related
behaviors.® These chemogenetic studies are consistent with
the pharmacologic effects of the acute intrathecal admin-
istration of the selective noradrenergic reuptake inhibitor
reboxetine, which relieves evoked pain and induces con-
ditioned place preference. However, acute systemic rebox-
etine administration also relieves evoked pain, although it
is aversive in the conditioned place preference paradigm.™
Hence, the beneficial effect of noradrenaline at the SC is
probably counteracted by the activation of other supraspinal
noradrenergic projections.

Our data also suggest that the hyperactivity of the
LC-rACC projection that induces spontancous pain-like
behavior 1s mediated by activation of 0-1 adrenoreceptors
over the short term, and by -1 and a-2 adrenoreceptors
in the long term. Previous findings showed microinjection
of the -2 adrenoreceptors agonist Cloni into the ACC
alleviates spontaneous pain-like behavior at day 7 but not
at 14 days after nerve injury in common peroneal nerve—
ligated mice.*® These data, in a different animal model,
suggest an analgesic effect of ACC a-2 adrenoreceptor
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activation, which contrasts with our findings, although it
is consistent with the dynamic regulation of cingulate o~
adrenoreceptors over time after nerve injury.

We also explored cFos levels after mechanical noxious
stimulation of a hind paw. In naive animals, cFos was only
weakly expressed, but it increased bilaterally and uniformly
in the LC when noxious stimulation was applied to one
hind paw, consistent with previous data.'"* Sham animals
behave like naive animals in the long term, which may indi-
cate satisfactory resolution of the damage produced by the
sham intervention. Findings from naive and sham-LT ani-
mals suggest that bilateral activation of the LC during acute
unilateral hind paw pain could partly reflect the modulation
of nociceptive processing in the SC dorsal horn. However,
this is unlikely because this pathway is not endogenously
activated when FG/cFos colabeling of neurons is explored
in sham-LT animals. Furthermore, chemogenetic inhibition
of LC-noradrenergic neurons or intra-LC lidocaine admin-
istration did not modify sensorial responses in sham-LT
animals.****3 Another possibility is that this bilateral LC
activation is related to other nonsensorial aspects of pain,
such as the inherent stress associated with the pain experi-
ence itself.”** In this sense, restraint stress increases anxiety
behavior and cFos immunoreactivity in LC neurons, and
the chemogenetic inhibition of LC-noradrenergic neurons
prevents stress-induced anxiety.* Therefore, LC activity
appears to have a minor influence on evoked hypersensitiv-
ity in these conditions, which could be related to a stress-
related response.

In sham-ST animals, the lateralized basal cFos expres-
sion 1s further enhanced by noxious stimulation of the hind
paw. Interestingly, similar data were obtained from the LC,_|
of CCI-ST rats, although cFos expression was significantly
stronger, suggesting that the LC responses at this point of
neuropathy resemble other forms of short-term injury, yet
they are more intense. Furthermore, cFos expression in the
CCI-ST LC__ did not differ significantly from that in the
LC of sham animals, and it did not change upon nox-

ioucson;rzimulation, perhaps suggesting that the LC__~ had
already reached its maximum possible response. These data
are consistent with the significant increase in hypersensitiv-
ity to a cold stimulus in CCI-ST animals after chemogenetic
inhibition of the LCipsi.8 Furthermore, we previously found
that pharmacologic blockade with lidocaine significantly
increased the nociceptive threshold of Sprague-Dawley
rats.”* As no effect was found when blocking the LC_ _**
endogenous LC-driven analgesia in the short term under
evoked conditions appears to be mediated through the LC,__.

A very different profile is found in the long term after
neuropathy, whereby the baseline increase in cFos expres-
sion is not altered by noxious stimuli, either globally in
the LC or in the specific projections to the SC or rACC.
This is consistent with earlier data showing that 11 days of
nerve injury attenuated restraint-induced global LC cFos

expression,” suggesting that long-term nerve injury might
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impair the ordinary cellular response of the LC to an acute
stimulus. This is again in line with reduced LC-mediated
descending inhibitory controls or diminished analgesic
efficacy of drugs targeting LC pathways described previ-
ously. > Accordingly, chemogenetic blockade of the LC,
or LC__at CCI-LT does not modify the response to ace-
tone,® suggesting that this increase in cFos is not related to

ontra

the sensory dimension of pain. However, blockade of the

LC

contra

with lidocaine elevates the nociceptive threshold in
CCI-LT Sprague-Dawley rats.** Furthermore, enhanced
LC electrophysiologic responses are produced by mechan-
ical stimulation of the nerve-injured paw at CCI-LT, pre-
dominantly mediated by the LC_ .°' These findings align
with the responses of Sprague-Dawley rats to bilateral
microinjections of lidocaine into the LC, which completely
reverse the behavioral signs of neuropathy 2 weeks after
nerve injury.® Overall, the LC seems to fulfill distinct roles
depending on the rat strain, with a lateralized pronocicep-
tive activity of the LC associated with long-term neurop-
athy in Sprague—Dawley but not Long—Evans rats. These
discrepancies may reflect the reported strain differences in
the noradrenergic pathways of these animals.**

The new data presented here suggest that bilateral LC or
LC—SC projections fulfill an analgesic role in spontaneous
and evoked conditions, mainly due to the activation of the
LC, ., although activation of the LC, >rACC pathway par-
tially counteracts endogenous analgesia in response to spon-
taneous pain. In the long term, cFos is expressed strongly
on a global level in response to pain, and in the rACC, yet
it is no longer lateralized and there is no activation in the
SC. Importantly, cFos expression is not modified by noci-
ceptive stimulation after long-term pain. At this time point,
the analgesic contribution of the LC is lost, and the activity
of the LC, . »rACC pathway in promoting spontaneous pain
predominates. Anticipating forthcoming electrophysiologic
studies to complement these experiments, specific LC pro-
jections to the SC or rACC appear to have different behav-
ioral effects depending on the time that has passed since the
injury. Moreover, other projection areas like the dorsal reticu-
lar nucleus® or insular cortex®” could also potentially contrib-
ute to the spontaneous pain mediated by the LC and warrant
further exploration. Future studies utilizing the targeted
recombination of active populations (TRAP) approach®"
could provide insights as to whether distinct subpopulations
within the LC are recruited for spontaneous pain, and help
elucidate their physiologic and molecular characteristics.
Finally, although our study did not reveal differences between
male and female rats, it is crucial to include both sexes in such
research to comprehensively understand any sexual dimor-
phism or common behaviors related to these phenomena.
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