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ABSTRACT

BACKGROUND: Pain affects both sensory and emotional aversive responses, often provoking anxiety-related
diseases when chronic. However, the neural mechanisms underlying the interactions between anxiety and chronic
pain remain unclear.

METHODS: We characterized the sensory, emotional, and cognitive consequences of neuropathic pain (chronic
constriction injury) in a rat model. Moreover, we determined the role of the locus coeruleus (LC) neurons that project
to the basolateral amygdala (BLA) using a DREADD (designer receptor exclusively activated by designer drugs).
RESULTS: Chronic constriction injury led to sensorial hypersensitivity in both the short term and long term. Other-
wise, long-term pain led to an anxiety-like profile (in the elevated zero maze and open field tests), as well as increased
responses to learn aversive situations (in the passive avoidance and fear conditioning tests) and an impairment of
nonemotional cognitive tasks (in the novel object recognition and object pattern of separation tests).
Chemogenetic blockade of the LC-BLA pathway and intra-BLA or systemic antagonism of beta-adrenergic
receptors abolished both long-term pain-induced anxiety and enhanced fear learning. By contrast, chemogenetic
activation of this pathway induced anxiety-like behaviors and enhanced the aversive learning and memory index in
sham animals, although it had little effect on short- and long-term chronic constriction injury animals. Interestingly,
modulation of LC-BLA activity did not modify sensorial perception or episodic memory.

CONCLUSIONS: Our results indicate that dimensions associated with pain are processed by independent pathways
and that there is an overactivation of the LC-BLA pathway when anxiety and chronic pain are comorbid, which
involves the activity of beta-adrenergic receptors.
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The positive interaction between negative emotions (fear,
anxiety, sadness, or depression) and pain has been well
established. Epidemiological studies estimate that chronic
pain affects more than 20% of the population in Europe and
the United States (1-4) and that 20% to 30% of those in-
dividuals also suffer anxiety-related disorders (5,6). While this
comorbidity is apparently clear, few studies have directly
explored the interaction between pain and anxiety at the
network level.

Current theories suggest that long-term (LT) pain triggers
functional changes that would be responsible for affective and
cognitive alterations (anxiety, depression, emotional decision
making, and working memory). The locus coeruleus (LC) is a
region that might be implicated in these changes (7-17).
Indeed, we reported increased electrophysiological activity,
tyrosine  hydroxylase, and noradrenaline transporter

expression in the LC and enhanced alpha2-adrenoceptor
expression and sensitivity, which temporally coincides with
the onset of anxiodepressive behavior in LT nerve-injured rats
(8). Interestingly, new LC projection mapping data revealed
that the LC noradrenaline system is anatomically and func-
tionally heterogeneous and that its responses can be modu-
lated by sensory inputs (18). Indeed, specific LC projections
would appear to be modulated by painful input (18,19). One
neural target of the LC is the basolateral amygdala (BLA),
which integrates sensory information to encode and drive
diverse and, at times opposing, affective behaviors, including
anxiety, aversion, and reward behaviors (20). In fact, it was
recently shown that the neuromodulatory LC system utilizes
the BLA output to promote acute anxiety (21,22) and aversive
learning (23). Together, these data suggest that LC-BLA pro-
jections are involved in mediating acute negative affective
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Figure 1. Sensory, affective, and cognitive characterization of the development of neuropathic pain. (A) Experimental timeline and schematic representation
of chronic constriction injury (CCI) surgery for the behavioral experiments in male Long-Evans wild-type (WT) rats. Rats were tested 2—-3 weeks (short-term [ST])
or 5-6 weeks (long-term [LT]) after surgery. (B-E) Effects of neuropathic pain on the elevated zero maze (EZM). (B) Representative activity traces, the graphs
representing (C) the relative time spent in the open zone and (D) the number of entries into the open zone, and (E) the locomotor activity. (F-I) The effects of
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behavior, although less is unknown about sustained aversive
situations like chronic pain.

In the light of this situation, we hypothesized that norad-
renergic LC projections to the BLA may be hyperactivate in
chronic pain, driving processes like anxiety and increased
aversive emotional learning. As such, we characterized the
evolution of hypersensitivity and that of the anxiety and
cognitive capacity in Long-Evans rats submitted to chronic
constriction injury (CCIl) of the sciatic nerve. These
phenotypes where subsequently evaluated when the LC
noradrenergic terminals in the BLA were chemogenetically
modulated.

METHODS AND MATERIALS

Additional details of the materials and methods can be found in
the figure legends and in the Supplement.

Animals

Male wild-type or tyrosine hydroxylase-Cre transgenic Long-
Evans rats (350-450 g) were produced and maintained under
standard laboratory conditions (University of Cadiz). All animal
handling and use was carried out in accordance with the
guidelines of the European Commission’s directive (2010/63/
EC) and Spanish law (RD 53/2013).

Surgical Procedures

Neuropathic Pain. CCl was used as a model of neuropathic
pain (24,25), and short-term (ST) (2-3 weeks postsurgery) and
LT (5-6 weeks postsurgery) experiments were performed.

Stereotaxic Surgery. Surgery was performed under ke-
tamine (100 mg/kg) and xylazine (20 mg/kg) anesthesia. Rats
were injected with a DREADD (designer receptor exclusively
activated by designer drug). A DREADD adeno-associated
virus 2 (AAV2)/hSyn-DIO-hM4D(Gi)-mCherry, AAV2/hSyn-
DIO-rM3D(Gs)-mCherry or AAV2/hSyn-DIO-mCherry virus
(Virus Vector Core, Gene Therapy Center Vector Core, Uni-
versity of North Carolina at Chapel Hill, Chapel Hill, NC) was
injected unilaterally or bilaterally into the LC [1.4 ul/side
(26): —3.2 anteroposterior from lambda, +1.3 mediolateral,
and 6.2 dorsoventral]l. Unilateral administration was
performed for testing the rM3D(Gs)-DREADD-mediated

activation of LC neurons (c-Fos+ neurons). Alternatively,
the BLA of rats (—2.9 anteroposterior from bregma, *4.8
mediolateral, and —8.4 dorsoventral) was injected with the
Fluoro-Gold retrograde tracer (4% w/v, 0.2 plL) (Fluoro-
chrome, Denver, CO). The rats were allowed to recover for 3
weeks (DREADD virus) or 4 days (Fluoro-Gold tracer) before
the behavioral studies were carried out, favoring robust
expression in the target regions. A metal cannula was then
implanted bilaterally into BLA 4 days before performing the
behavioral studies.

Drug Administration

Clozapine-N-oxide (CNO) [3 pM/0.5 pL intra-BLA (27) or 1 mg/
kg intraperitoneal (26)] (Enzo Life Sciences, Farmingdale, NY),
propranolol [a beta-adrenergic receptor (B-AR) antagonist; 1
ng/0.5 pL intra-BLA (21) or 3 mg/kg intraperitoneal] (Sigma-
Aldrich, Madrid, Spain), isoproterenol (a f-AR agonist; 30 ug/
0.5 pL intra-BLA) (Sigma-Aldrich), or saline (ss) 0.9% was
administered 20 minutes before behavioral testing. When
administering both CNO and propranolol, CNO was injected 20
minutes before propranolol or saline.

Behavioral Assessment

Anxiety. For the elevated zero maze (EZM), the time spent in
the open zones and the number of entries into these areas, as
well as the total activity, were monitored during a 5-minute test
(28,29).

For the open field test, the time spent in the central area, the
total activity, and the number of fecal boluses was recorded.

Nociception. In the von Frey test, the withdrawal threshold
(grams) of a hindpaw when subjected to a force increasing
from 0 to 50 g over a period of 20 seconds was used as a
measure of mechanical hypersensitivity (30).

The acetone test involves applying a drop of acetone (100
pL) to the surface in the middle of a hindpaw with a pipette (31).

In the cold plate test (4 = 1°C), the times the animal briskly
lifted its ipsilateral hindpaw was measured over a period of 2
minutes (32) as a measure of thermal hypersensitivity.

For dynamic weight bearing, spontaneous nociceptive
behavior was measured as the weight (grams) or area (mm?) of
the hindpaw for 5 minutes (33).

neuropathic pain on the open field (OF) test. (F) Representative activity traces and graphs representing (G) the relative time spent in the central zone, (H) the
number of fecal boluses, and (I) the locomotor activity. (J) Study of mechanical sensitivity of pain model. The graphs represent the withdrawal threshold
(grams) of the ipsilateral (IPSI) and contralateral (CONTRA) hindpaw in response to von Frey hair stimulation (0-50 g, 20 seconds). (K, L) The effects of
neuropathic pain on passive avoidance (PA). (K) Schematic representation of the PA procedure and the graph represents (L) the latency to enter the dark
compartment (seconds) in the different phases of the paradigm: training (prior to acquisition), ST memory (STM) test (as learning index) and LT memory (LTM)
test (@as memory index). (M, N) The effects of neuropathic pain on the novel object recognition (NOR) test. (M) Schematic representation of the NOR procedure
and representative heatmaps showing activity (yellow = low activity, and red = high activity) around the objects in memory tests (A = familiar object, B = novel
object) and (N) the graph representing the discrimination index between objects in the different phases of the paradigm: training, STM, and LTM. (O, P) The
effects of neuropathic pain on object pattern separation (OPS). (O) Schematic representation of the OPS procedure and representative heatmaps showing
activity (yellow = low activity, red = high activity) around the columns in the OPS test session; (P) the graph representing the discrimination index between
objects in the different phases of the paradigm: training and test. (Q-S) The effects of neuropathic pain on fear conditioning (FC). (Q) Schematic representation
of the FC procedure and representative activity (yellow) and freezing (green) traces in the different phases of the FC test: habituation (HAB), during tone, and
after tone in both contexts. The graphs represent (R) the relative freezing during conditioned stimulus (CS)-unconditioned stimulus (US) paired in context A
over the trials (learning index) and (S) the relative freezing during HAB and after the tone sessions in contexts A and B. The data are represented as the mean =
SEM (n = 8 per group): *p < .05, **p < .01, **p < .001 vs. sham; +p < .05, ++p < .01, +++p < .001 vs. CCl as assessed by two-way analysis of variance
followed by Newman-Keuls post hoc test. *p < .05, *p < .01, **p < .001 vs. prior to acquisition in each group as assessed by two-way analysis of variance
with repeated measures followed by Newman-Keuls post hoc test. A.U., arbitrary units.
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Figure 2. Selective inhibition of the locus coeruleus-basolateral amygdala (LC-BLA) pathway. (A) Experimental timeline and schematic representation of the
hM4D(Gi)-DREADD (designer receptor exclusively activated by designer drugs) viral and cannula delivery in the behavioral experiments on male Long-Evans
tyrosine hydroxylase-Cre (TH-Cre) rats. A Cre-dependent adeno-associated virus (AAV) fluorescently tagged with mCherry [AAV-hM4D(Gi)-mCherry] (1.4 plL/
side) was injected bilaterally into the TH neurons of the LC of TH-Cre rats 2 weeks after chronic constriction injury (CCI). The rats were allowed to recover for 3
weeks and to achieve a robust expression of DREADD, and they were implanted bilaterally with metal cannulae into the BLA 4 days before the behavioral
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Cognition. In the step-through passive avoidance (PA) test,
electric shocks were applied via the grid floor in the dark
chamber (2 seconds and 0.5-mA intensity), and the number of
chamber changes in the habituation period and the latency of
the animal to move into the dark chamber (step-through la-
tency) were recorded in training session and two test sessions,
3 (ST memory [STM]) and 24 (LT memory [LTM]) hours after
training (34).

In the novel object recognition test, the time spent
exploring each object over 10 minutes was recorded,
expressing the relative exploration of the novel object as a
discrimination index [discrimination index=(tnovel — tramiliar)/
(thover + tramiiiar)y Where t is time] (35). The task included a
habituation session, training session, and two memory tests, 3
(STM as a learning index) and 24 (LTM as a memory index)
hours after training.

The object pattern separation task is a modified version of
the novel object recognition test and it was analyzed in the
same way (36).

In fear conditioning, a tone (30 seconds, 5 kHz, 80 dB) was
used as a conditioned stimulus, and a foot shock (1 second,
0.7 mA) was used as an unconditioned stimulus. The condi-
tioned rats were tested for fear responses (freezing), defined as
the absence of all movement except that necessary for
respiration (37), and it was monitored throughout the proced-
ure and represented as the percent freezing in each phase.

All behavioral assessments were monitored and analyzed
using the SMART video 3.0 software (Panlab, Cornella de
Llobregat, Spain).

Histology and Immunohistochemistry

Immunohistochemistry was performed (12) to evaluate the
expression of DREADD-mCherry, Fluoro-Gold tracer, and c-
Fos in the LC. The cannula placement and CNO spread in the
BLA was also verified.

Statistical Analysis

Data distribution was assumed to be normal and our analytic
approaches were based on previously published work
(8,19,23), but normality was not formally tested. The data are
presented as the mean + SEM and analyzed with the Graph-
Pad Prism 5.0 software (GraphPad San Diego, CA) and Sta-
tistica 10.0 (StatSoft, Tulsa, OK). An unpaired Student t test

was used to compare the values between the two groups.
One- or two-way analyses of variance (with/without repeated
measures) were followed by Newman-Keuls post hoc tests. In
all cases, p < .05 was considered significant (Supplemental
Tables S1-10).

RESULTS

Temporal Characterization of the Symptoms
Produced by Pain

In these experiments, anxiety-like behaviors, nociceptive re-
sponses, and the cognitive capacity of CCl rats were evaluated
at two time points after nerve injury, ST (2-3 weeks) and LT
(5-6 weeks) (Figure 1A; Supplemental Figure S1A). As ex-
pected, anxiety was observed only in the CCI-LT animals
(Figure 1B-I), with these rats spending less time in the open
quadrant (p < .05) and entering the EZM fewer times (p <
.001), as well as spending less time in the center of the open
field (p < .01) and producing more fecal boluses (p < .05) in
that test relative to the sham rats. By contrast, both CCI-ST
and CCI-LT rats developed mechanical hypersensitivity in the
ipsilateral hindpaw compared with the sham animals (p < .001)
(Figure 1J), suggesting that pain arises after nerve injury and
that it remains constant over time.

We next investigated whether the cognitive sphere is
affected by the development of neuropathic pain, using strong
emotional arousing (PA test) and weak nonemotional arousing
(novel object recognition test) cognitive paradigms. Learning
and memory involve two separate events, acquisition and
storage, and thus STM was used as an index of learning and
LTM as an index of memory. Step-through latencies in the PA
test were significantly longer for CCI-LT rats than in the sham
animals (STM p < .001; LTM p < .001) (Figure 1K-L), sug-
gesting hypersensitivity to aversive experiences. By contrast,
CCI-LT rats displayed poor discrimination in both novel object
recognition tests relative to the sham rats (STM and LTM p <
.05) (Figure 1M, N). These results were corroborated using the
object pattern separation (nonemotional) and fear conditioning
(emotional) paradigms. A cognitive deficit was evident in the
CCI-LT animals with respect to the sham rats in the object
pattern separation task (p < .05) (Figure 10, P), and in the fear
conditioning test (Figure 1Q), freezing behavior progressed
more significantly during the conditioning phase in the CCI-LT

studies were carried out. Clozapine-N-oxide (CNO) (3 uM/0.5 pl) was administered 20 minutes before performing the behavioral tests. (B) Representative
immunohistofluorescence images (scale bar = 10 um) of hM4D(Gi)-mCherry expression in noradrenergic LC neurons (red = mCherry, green = dopamine beta
hydroxylase). The rats were tested 5-6 weeks (long-term [LT]) after surgery. (C-F) The effects of inhibiting the LC-BLA pathway in the elevated zero maze
(EZM). (C) The representative activity traces and the graphs represent (D) the relative time spent in the open zone and (E) the number of entries into that zone,
or (F) the locomotor activity. (G-J) The effects of inhibiting the LC-BLA pathway in the open field (OF) test. (G) The representative activity traces and the graphs
represent (H) the relative time spent in the center zone, (l) the number of fecal boluses, and (J) the locomotor activity. (K-N) Sensorial evaluation. The graphs
represent (K) the withdrawal threshold (grams) of the ipsilateral (IPSI) and contralateral (CONTRA) hindpaws in response to von Frey hair stimulation (0-50 g, 20
seconds), (L) the response of IPSI and CONTRA hindpaws to acetone application (100 uL), (M) the number of lifts of the IPSI hindpaw in the cold plate test (2
minutes, 4°C), and (N) the weight distributed on the IPSI and CONTRA hindpaws in the dynamic weight-bearing test (5 minutes). (O) The effects of the inhibition
of the LC-BLA pathway on passive avoidance (PA). The graph represents the latency to enter the dark compartment (seconds) in the different phases of the
paradigm: training (prior to acquisition), short-term memory (STM) test (as learning index), and long-term memory (LTM) test (@as memory index). (P, Q) The
effects of inhibiting the LC-BLA pathway on the novel object recognition (NOR) test. (P) The representative heatmaps showing activity (yellow = low activity,
red = high activity) around the objects in the memory tests (A = familiar object, B = novel object) and (Q) the graph represents the discrimination index between
objects in the different phases of the paradigm: training, STM, and LTM. The data represent the mean = SEM (n = 8 per group): *p < .05,”*p < .001 vs. sham-
saline (ss); +++p < .001 vs. CCI-LT-ss; #p < .05, ##p < .01, ###p < .001 vs. sham-CNO; **p < .01, **p < .001 (red asterisks) vs. prior to acquisition of each
group as assessed by two-way analysis of variance followed by Newman-Keuls post hoc test. A.U., arbitrary units.

Biological Psychiatry June 15, 2019; 85:1021-1035 www.sobp.org/journal 1025


http://www.sobp.org/journal

Biological
Psychiatry:
Celebrating
50 Years

LC-BLA in Pain-Induced Anxiety and Aversive Memory

[[] Sham-ss (7 _fmkiop
[ Sham-Prop y v 9
(] CCHLT-ss é’/( AN )
1 CCI-LT-Prop ;‘/".._,\(.i/
BLA lrLi R I Long Evans WT
Cannula
Sy R e Elille —{PAl—
5w t t t T t
ss/Prop ss/Prop ss/Prop ss/Prop ss/Prop
;\; 60
()
[
R 40
=
@
Q
9]
£ 2
[
£
oo
30
S
5 20
E
@
S
£
o 10
E
=
Sham-ss Sham-Prop CCI-LT-ss 0
—_ IPSI —_ IPSI
T 40 C
i) o ® RES T
2 30 2 3
° 4 / 3 2
=y = o
Von Frey T © Acetone o
filament % P % o 1
5 10 Kok = 3
£ s
2 o0 = 0
IPSI CONTRA
200 250
b
— 150 _ 200
2 2
£ 100 w2 150
L T 100
g g 7
Dynamic weight 50 50 Electric Shock
0 0
A A A A
B By s Pyt B
Sham-ss Sham-Prop CCI-LT-ss CCI-LT-Prop

PROP

Bregma -3.14 mm

m

50 200
& 3
o 9
£34 oA T 3 s
2 30 z
= = 100
*edek £ 20 *% Q
g 5
£ 10 5 P
5 =
0 0
4 200
J ok y
)
e 3 < 150
8 z
® 2 2 100
[+] o
*kk o] ©
[l ++ s
1 8 50
=}
=
0 0
CONTRA IPSI
20
o - £
5 i E 15
8 2 Cold plate (; [
o ‘» 10 T i
s =
Q =
g E e
ol B = 0
@ 60
> *k%k J k¥
e
% 40 *kk Rk
= ++ ++
f=2]
=
2 20
£
8
5 o1&
Prior to STM LTM
acquisition
0.3 i
6 *k%k ——
=} —
£
502
® i
.E ***### *kk
: ﬂﬂ ﬂﬂ
o
@
& S
Prior to STM LT™M
acquisition

Figure 3. Pharmacological inhibition of beta-adrenergic receptors (B-ARs) in the basolateral amygdala (BLA). (A) Experimental timeline and schematic
representation of cannula delivery for the behavioral experiments in male Long-Evans wild-type (WT) rats. A metal cannula was implanted bilaterally into the
BLA 4 days before performing the behavioral studies. Propranolol (Prop) (1 ng/0.5 ulL) was administered 20 minutes before behavioral testing. (B) Photomi-
crograph of a coronal section (neutral red stain) of the rat brainstem showing the tract of the cannula in the BLA (scale bar = 500 um). The rats were tested 5-6
weeks (long-term [LT]) after chronic constriction injury (CCI). (C-F) The effects of inhibiting the B-ARs in the BLA in the elevated zero maze (EZM). (C) The
representative activity traces and the graphs represent (D) the relative time spent in the open zone and (E) the number of entries into that zone, as well as (F)
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rats than in the sham animals (p < .001) (Figure 1R). Surpris-
ingly, CCI-LT animals also showed freezing behavior when
habituating in another context (context B) (p < .001)
(Figure 1S), while the rest of the groups remained unaffected.
Finally, no significant differences were evident in the cognitive
capacities between the CCI-ST and sham rats in any of the
tests performed, and none of the behaviors evaluated were
affected by any locomotor dysfunction (Figure 1E, |;
Supplemental Figure S1B-G). These data show that neurop-
athy leads to ST and LT sensorial hypersensitivity, whereas
anxiety and cognitive impairment develop only when nerve
injury persists for long periods of time.

Selective Inhibition of the LC-BLA Pathway Relieves
Pain-Induced Anxiety and Aversive Processing

We previously demonstrated in Sprague Dawley rats that c-
Fos expression in the LC augments in LT neuropathic pain (38).
Accordingly, there was a significant increase in the number of
neurons labeled for c-Fos in the LC of CCI-LT with respect to
the sham rats (p < .05) (Supplemental Figure S2A-F), con-
firming that LT nerve injury provokes LC hyperactivity.

One brain area innervated by LC neurons is the BLA, as
seen by Fluoro-Gold tracing (Supplemental Figure S3A-L).
Thus, to explore whether the activity of the LC-BLA pathway is
involved in the phenotype observed in CCI-LT rats, we
examined hM4D(Gi)-DREADD-mediated inhibition of this
pathway (Figure 2A, B; Supplemental Figures S4A-M, S5A,
S6A-D, S7, S8A-P, and S9A-H). CCI-LT-CNO animals
exhibited a significant increase in the time spent and in the
number of entries into the open zones relative to the CCI-LT-ss
animals in the EZM (p < .001) (Figure 2C-E). Furthermore,
more time was spent in the center of the open field, and there
were fewer fecal boluses compared with CCI-LT-ss rats in this
test (p < .001) (Figure 2G-l). Thus, inhibition of LC neurons
projecting to the BLA appears to reverse anxiety in CCI-LT
animals, reaching similar values to those found in sham-ss
rats. Importantly, the hM4D(Gi) manipulation had no effect on
the baseline anxiety of sham animals, and none of the ma-
nipulations affected locomotor activity (Figure 2F, J).

Subsequently, pain hypersensitivity was evaluated after
CNO-mediated inhibition of the LC-BLA pathway in the von
Frey, acetone, cold plate, and dynamic weight bearing tests.
CNO administration did not produce any change in
hypersensitivity-related responses in the CCI-LT-CNO with
respect to CCI-LT-ss rats (Figure 2K-N; Supplemental

Figure S5B-E). However, there was a significant decrease in
the step-through latency of CCI-LT-CNO rats relative to CCI-
LT-ss in the PA test (STM and LTM p < .001) (Figure 20;
Supplemental Figure S5F). Nevertheless, no differences were
found in the novel object recognition test between CCI-LT-
CNO and CCI-LT-ss rats (Figure 2P, Q; Supplemental
Figure S5G-I). Moreover, inhibition of the LC-BLA pathway
had no effect on the sham animals in any of the tests used.
Hence, LT pain appears to activate the LC-BLA pathway,
leading to anxiety and alterations in the processing of aversive
information.

BLA B-ARs Are Involved in Pain-Induced Anxiety
and Aversive Processing

To test whether blocking B-AR activity in the BLA would
reverse the behaviors associated with LT pain, the effects of
intra-BLA administration of the nonselective f-AR antagonist
propranolol were tested (Figure 3A, B; Supplemental
Figure S10A). Propranolol administration increased the time
CCI-LT animals spent in the open zones of the EZM
(p < .001) and their number of entries into this zone (p < .01)
(Figure 3C-E). In addition, it also increased the time
CCI-LT-propranolol animals spent in the center of the open
field (p < .001), in conjunction with a decrease in the number
of fecal boluses in this test (p < .01) relative to the CCI-LT-ss
rats (Figure 3G-l). However, in terms of their sensorial eval-
uation, CCI-LT-propranolol rats performed similarly to CCI-
LT-ss animals (Figure 3K-N; Supplemental Figure S10B-E).
Propranolol did induce a significant decrease in the step-
through latency of CCI-LT rats relative to the controls in the
PA test (p < .001) (Figure 30; Supplemental Figure S10F),
although their performance in the novel object recognition
test was no different (Figure 3P, Q; and Supplemental
Figure S10G-I). We next determined the effect of intraperi-
toneal propranolol administration in the same tests. Interest-
ingly, the systemic antagonism of f-ARs mimicked the effect
of intra-BLA blockade of those receptors (Figure 4A-P;
Supplemental Figure S11A-H). At the doses studied, pro-
pranolol also had no effect on baseline anxiety, nociception,
and cognition in the sham animals, and none of the manip-
ulations affected locomotor activity (Figures 3F, J and 4E, [;
Supplemental Figures S10F, H-I and S11E, G, H). These data
show that blocking f-ARs produced relief from pain-induced
anxiety and that it reduced hypersensitivity to aversive
experiences.

the locomotor activity. (G-J) The effects of $-ARs in the BLA in the open field (OF) test. (G) The representative activity traces and the graphs represent (H) the
relative time spent in the central zone, (I) the number of fecal boluses, and (J) the locomotor activity. (K-N) Sensorial evaluation. The graphs represent (K) the
withdrawal threshold (grams) of the ipsilateral (IPSI) and contralateral (CONTRA) hindpaws in response to von Frey hair stimulation (0-50 g, 20 seconds), (L) the
response of the IPSI and CONTRA hindpaws to acetone application (100 L), (M) the number of lifts of the ipsilateral hindpaw in the cold plate test (2 minutes,
4°C), and (N) the weight distributed on the IPSI and CONTRA hindpaws in the dynamic weight bearing test (5 minutes). (O) The effects of §-ARs in the BLA on
passive avoidance (PA). The graph represents the latency to enter the dark compartment (seconds) in the different phases of the paradigm: training (prior to
acquisition), short-term memory (STM) test (as learning index), and long-term memory (LTM) test (as memory index). (P-Q) The effects of 8-ARs in the BLA in
the novel object recognition (NOR) test. (P) The representative heatmaps showing activity (yellow = low activity, red = high activity) around the objects in the
memory tests (A = familiar object, B = novel object) and (Q) the graph represents the discrimination index between objects in the different phases of the
paradigm: training, STM, and LTM. The data represent the mean = SEM (n = 8-9 per group): *p < .01,”*p < .001 vs. sham-saline (ss); ++p < .01, +++p <
.001 vs. CCI-LT-ss; ###p < .001 vs. sham-Prop as assessed by two-way analysis of variance followed by Newman-Keuls post hoc test. **p < .001 (red
asterisks) vs. prior to acquisition of each group as assessed by two-way analysis of variance with repeated measures followed by Newman-Keuls post hoc

test. A.U., arbitrary units.
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Figure 4. Systemic pharmacological inhibition of beta-adrenergic receptors (8-ARs). (A) Experimental timeline for the behavioral experiments in male Long-
Evans wild-type rats. Propranolol (Prop) (3 mg/kg intraperitoneal) was administered 20 minutes before behavioral testing. The rats were tested 5-6 weeks (long-
term [LT]) after chronic constriction injury (CCI). (B-E) The effects of the systemic inhibition of the -ARs in the elevated zero maze (EZM). (B) The repre-
sentative activity traces and the graphs represent (C) the relative time spent in the open zone and (D) number of entries into that zone, as well as (E) the
locomotor activity. (F-I) The effects of the systemic inhibition of the B-ARs in the open field (OF) test. (F) The representative activity traces and the graphs
represent (G) the relative time spent in the central zone, (H) the number of fecal boluses, and (I) the locomotor activity. (J-~M) Sensorial evaluation. The graphs
represent (J) the withdrawal threshold (grams) of the ipsilateral (IPSI) and contralateral (CONTRA) hindpaws in response to von Frey hair stimulation (0-50 g, 20
seconds), (K) the response of the IPSI and CONTRA hindpaws to acetone application (100 uL), (L) the number of lifts of the IPSI hindpaw in the cold plate test
(2 minutes, 4°C), and (M) the weight distributed on the IPSI and CONTRA hindpaws in the dynamic weight-bearing test (5 minutes). (N) The effects of the
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Selective Activation of the LC-BLA Pathway
Induces Anxiety and Aversive Learning

To assess whether activation of the LC-BLA pathway would
induce pain-related phenotypes, we examined the effects of
rM3D(Gs)-DREADD-mediated activation of this pathway in
sham and CCI-ST animals (Figure 5A, B; Supplemental
Figures S12A-E, 1-O, S13A). CNO-activated sham animals
spent significantly less time in the open zones of the EZM and
entered this zone less often than sham-ss rats (p < .05)
(Figure 5C-F). This effect was significantly blocked by intra-
BLA administration of propranolol (p < .01) (Supplemental
Figure S14A-E). Moreover, similar results were obtained in
the open field test (Figure 5G-J). Subsequent evaluation of the
animal’s cognitive abilities showed a significant increase in the
step-through latency of sham-CNO rats relative to the sham-ss
animals after STM (p < .05) and LTM (p < .01) (Figure 50;
Supplemental Figure S13F), which was significantly blocked by
intra-BLA propranolol (p < .05) (Supplemental Figure S14A, F, G).
Hence, LC-BLA activation appears to provoke an anxiogenic-
like profile mediated by local B-AR activation, in agreement
with previous optogenetic data (21). Strikingly, LC-BLA acti-
vation did not modify the parameters of CCI-ST rats, except
that CNO decreased the number of entries into the open zones
of the EZM relative to the CCI-ST-ss rats (p < .05) (Figure 5E).
Furthermore, no significant change was observed between
CCI-ST-CNO and CCI-ST-ss rats in the step-through latency
(Figure 50). We next explored the local effect of the
nonselective B-AR agonist isoproterenol (Supplemental
Figures S15A and S16A). At the dose studied, isoproterenol
significantly reduced the time spent by CCI-ST animals in the
open zone in the EZM (p < .05 vs. CCI-ST-ss) (Supplemental
Figure S15B-E) but not in the open field test (p = .06 vs.
CCI-ST-ss) (Supplemental Figure S15F-l). No significant
change was observed in the step-through latency
(Supplemental Figures S15N and S16F).

We also evaluated the activation of this LC-BLA pathway in
LT pain (CCI-LT) (Figure 6A; Supplemental Figure S17A). While
in these experiments sham-CNO animals performed similarly
to those tested previously, CNO did not modify the pain-
induced anxiety and aversive learning and memory of CCI-
LT-CNO animals relative to the CCI-LT-ss rats (Figure 6B,
N; Supplemental Figure S17F), although it did increase the
number of fecal boluses recorded in the open field test (CCI-
LT-CNO vs. CCI-LT-ss, p < .01) (Figure 6H). Importantly, CNO-
activated CCI-LT rats did not further increase the already
elevated expression of c-Fos neurons in the LC of CCI-LT-ss
animals (p < .05 vs. sham-ss) (Supplemental Figure S12F-H).

No differences were found between groups in the sensorial
evaluation (Figures 5K-N, 6J-M; Supplemental Figures S13B-
E, M, S16B-E, and S17B-E) and novel object recognition test

(Figures 5P-Q, 60, P; Supplemental Figures S13G-I, S150, P,
S16G-I, and S17G-l). Thus, activation of the LC-BLA pathway
through B-ARs promotes an anxiogenic-like state, as well as an
increase in aversive learning and in the memory index in pain-
free animals (sham), whereas minor changes are produced in
ST and LT nerve-injured animals.

DISCUSSION

Unlike ST pain, LT neuropathic pain leads to an anxiety-like
profile and cognitive alterations. Notably, chemogenetic
blockade of LC neurons that project to the BLA can reverse
such pain-induced anxiety, as well as enhancing PA learning
and memory, suggesting that overactivity of this pathway in-
volves B-AR. While activation of LC-BLA neurons leads to
anxiety and to enhanced aversive learning and memory in
pain-free animals, minor changes are produced in nerve-
injured animals. Furthermore, LC-BLA neurons do not seem
to modulate sensorial sensitivity or episodic memory.

It has been reported that sensorial hypersensitivity appears
immediately in rodents following nerve injury and that after
several weeks (3-8 weeks depending on the species and an-
imal model), anxiodepressive and cognitive symptoms arise
(7,39,40). Indeed, ST and LT nerve injury in Long-Evans rats
lowers sensory thresholds, while only LT injury provokes an
anxiogenic-like profile. An evaluation of aversive learning and
memory performance shows that only CCI-LT enhances PA
learning, as occurs in rodents previously submitted to acute
distress, a process involving BLA activity (41). Alternatively, all
animals demonstrate similar fear-conditioned acquisition in the
fear conditioning test, as indicated previously (42), although
the high rate of acquisition (around 90%) might limit the dif-
ferences between the groups. Interestingly, CCI-LT animals
display a higher percentage of freezing in the conditioning
phase, developing stronger and earlier fear behavior when
faced with an aversive stimulus. Furthermore, and somewhat
surprisingly, CCI-LT animals freeze in the habituation phase in
a different context (context B). Thus, it would appear that CCI-
LT animals do not recognize context B to be different from
context A and consequently do not extinguish contextual fear.
Indeed, CCI-LT animals show deficits in visual attention, as
well as in visuospatial recognition learning and memory, in the
novel object recognition test (a nonemotional related test), as
reported previously (43). Furthermore, CCI-LT rats also show a
deficit in the object pattern separation test that aims to mea-
sure spatial pattern separation. Therefore, LT neuropathic pain
appears to produce a cognitive bias affecting the processing of
aversive stimuli rather than neutral stimuli, probably provoking
and maintaining a state of anxiety as appears to occur in hu-
man disease-related anxiety (44).

systemic inhibition of the B-ARs on passive avoidance (PA). The graph represents the latency to enter the dark compartment (seconds) in the different phases
of the paradigm: training (prior to acquisition), short-term memory (STM) test (as learning index), and long-term memory (LTM) test (as memory index). (O-P)
The effects of the systemic inhibition of the -ARs in the novel object recognition (NOR) test. (O) The representative heatmaps showing activity (yellow = low
activity, red = high activity) around the objects in the memory tests (A = familiar object, B = novel object) and (P) the graph represents the discrimination index
between objects in the different phases of the paradigm: training, STM, and LTM. The data represent the mean + SEM (n = 7-8 per group): *p < .05, *p < .01,
***p < .001 vs. sham-saline (ss); +p < .05, ++p < .01, +++p < .001 vs. CCI-LT-ss; ##p < .01, ###p < .001 vs. sham-Prop as assessed by two-way analysis
of variance followed by Newman-Keuls post hoc test. “**p < .001 (red asterisks) vs. prior to acquisition of each group as assessed by two-way analysis of
variance with repeated measures followed by Newman-Keuls post hoc test. A.U., arbitrary units.
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Figure 5. Selective activation of the locus coeruleus—basolateral amygdala (LC-BLA) pathway (short-term [ST] neuropathic pain). (A) Experimental timeline
and schematic representation of the viral and cannula delivery of rM3D(Gs)-DREADD (designer receptor exclusively activated by designer drugs) for behavioral
experiments in male Long-Evans tyrosine hydroxylase (TH)-Cre rats. A Cre-dependent adeno-associated virus (AAV), fluorescently tagged with mCherry [AAV-
rM3D(Gs)-mCherry] (1.4 pL/side), was injected bilaterally into the TH neurons of the LC of TH-Cre rats 1 week before inducing chronic constriction injury (CCI).
The rats were implanted bilaterally with a metal cannula into the BLA 4 days before the behavioral studies were performed. Clozapine-N-oxide (CNO) (3 uM/0.5

pl) was administered 20 minutes before performing the behavioral tests. (B) Representative immunofluorescence images (scale bar
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The activity of LC-noradrenergic neurons is required to elicit
acute stress-induced anxiety, and optogenetic/chemogenetic
activation of LC neurons itself is anxiogenic (45,46). One of the
LC-related networks involved in the expression of emotions is
the BLA. Stress augments the noradrenaline in the BLA (47,48),
this noradrenaline coming from the LC and from other struc-
tures (20). Later studies showed that photostimulation of LC-
noradrenergic fibers in the BLA evokes noradrenaline release
in this structure, altering BLA neuronal activity and condition
aversion, and increasing anxiety-like behavior in control ani-
mals (45). Accordingly, selective chemogenetic activation of
tyrosine hydroxylase—positive LC neurons that project to the
BLA elicits anxiety-like behavior and aversive memory in sham
animals, specifically linking the LC-BLA network with negative
emotions in pain free animals. Furthermore, it is notable that
LC-BLA inhibition does not modify any of the parameters
evaluated in sham, suggesting that inhibition of the LC-
noradrenergic system is not necessarily anxiolytic.

In the light of these findings, we hypothesize that pain-
induced overactivation of the LC-BLA pathway increases the
salience of aversive sensory events in LT nerve-injured ani-
mals. Blocking this pathway produces robust recovery of the
anxiogenic and cognitive-aversive thresholds, which is medi-
ated by beta-adrenergic activity in the BLA. In fact, site-
specific pharmacological blockade indicates that [B-ARs
within the BLA are necessary for this behavior and that they
mediate the anxiety-like phenotype associated with increased
noradrenaline release in the BLA (21). Furthermore, systemic
administration of a B-AR antagonist also reverses the anxio-
genic phenotype of animals experiencing LT pain. This effect
may have translational value, opening the possibility to treat
pain-induced anxiety with brain penetrant beta-blockers. By
contrast, chemogenetic LC-BLA inhibition had no effect on a
low-arousing behavioral task (novel object recognition test).
Previous studies revealed that noradrenergic activation of BLA
modulates hippocampal consolidation in the novel object
recognition test, although emotional arousal was enhanced in
this test and the role of the BLA was potentiated in all these
studies (49-52). By contrast, our protocol produces little
emotional arousal, minimizing the influence of the LC-BLA
pathway in this paradigm. Indeed, if this nonemotional task
only includes strong novelty-related emotional arousal, plastic
changes in the hippocampus are mediated by the BLA (53).

Furthermore, deficits evident in the novel object recognition
test have been ascribed to enhanced noradrenergic input to
the prefrontal cortex following nerve injury (54). This suggests
that other LC brain targets (the hippocampus or prefrontal
cortex) might be involved in the novel object recognition test
deficits in CCI-LT animals. Alternatively, no change in sensorial
hypersensitivity arises when the LC-BLA noradrenergic
pathway is inhibited, suggesting that this pathway is not
directly related to nociception itself.

We also wondered about the consequences of activating
LC-BLA neurons in nerve-injured animals. As expected,
stronger activity of this pathway leads to an anxiogenic profile
and, consequently, to an increase in the processing of aversive
information mediated by B-AR in pain-free animals. Strikingly,
nerve injured animals that do not develop secondary anxiety-
related symptoms do not display a robust enhancement of
their anxiety-related profile when LC-BLA neurons are che-
mogenetically activated. However, the pharmacological acti-
vation of B-AR in the BLA with isoproterenol did intensify the
anxiogenic phenotype of these animals to some extent. This
was unexpected and might be due to changes in AR expres-
sion, with opposing effects of B-ARs and [,-ARs (55,56).
Alternatively, these behavioral manifestations may be coun-
teracted by the activity of other pathways that impede the
noradrenergic activation of the BLA after ST injury. Perhaps,
these opposing effects are overridden after a period of time,
leading to the anxiogenic phenotype and the stronger aversive
memory performance evident in CCI-LT rats. Further studies
into the different ARs and the expression of c-Fos—mediated
rM3D(Gs)-DREADD will be necessary to determine what
plastic changes take place in this phase of pain. Interestingly, it
was recently shown that the chemogenetic activation of LC
neurons projecting to the prefrontal cortex provokes anxiety
and aversion in naive animals, as well as anxiety, aversion, and
spontaneous pain in animals with neuropathic pain but without
comorbid anxiety (19). This demonstrates that LC neurons can
produce distinct responses and that prefrontal cortex-
projecting ensemble is susceptible to full activation in
conjunction with pain, provoking anxiety. rM3D(Gs)-DREADD
was not able to further intensify anxiety or the already
elevated c-Fos expression in LT nerve-injured animals, sug-
gesting that LT pain leads to maximal activation of the LC-BLA
pathway. Bearing in mind previous findings (19), it would be

rM3D(Gs)-mCherry expression in noradrenergic LC neurons (red = mCherry; green = dopamine beta hydroxylase). The rats were tested 2-3 weeks (ST) after
surgery. (C-F) The effects of activating the LC-BLA pathway in the elevated zero maze (EZM). (C) The representative activity traces and the graphs represent
(D) the relative time spent in the open zone and (E) the number of entries into that zone, as well as (F) the locomotor activity. (G-J) The effects of activating the
LC-BLA pathway in the open field (OF) test. (G) The representative activity traces and the graphs represent (H) the relative time spent in the central zone, (1) the
number of fecal boluses, and (J) the locomotor activity. (K-N) Sensorial evaluation. The graphs represent (K) the withdrawal threshold (grams) of the ipsilateral
(IPSI) and contralateral (CONTRA) hindpaws in response to von Frey hair stimulation (0-50 g, 20 seconds), (L) the response of the IPSI and CONTRA hindpaws
to acetone application (100 pL), (M) the number of lifts of the ipsilateral hindpaw in the cold plate test (2 minutes, 4°C), and (N) the weight distributed on the IPSI
and CONTRA hindpaws in the dynamic weight bearing test (5 minutes). (O) The effects of activating the LC-BLA pathway on passive avoidance (PA). The graph
represents the latency to enter the dark compartment (seconds) in the different phases of the paradigm: training (prior to acquisition), short-term memory (STM)
test (as learning index), and long-term memory (LTM) test (as memory index). (P-Q) The effects of activating the LC-BLA pathway on the novel object
recognition (NOR) test. (P) The representative heatmaps showing activity (yellow = low activity, red = high activity) around the objects in the memory tests (A =
familiar object, B = novel object) and (Q) the graph represents the discrimination index between objects in the different phases of the paradigm: training, STM,
and LTM. The data represent the mean = SEM (n = 5-6 per group): “*p < .01, **p < .001 vs. sham-saline (ss); +p < .05 vs. CCI-ST-ss; #p < .05, ##p < .01,
###p < .001 vs. sham-CNO; &p < .05, && p < .01 vs. sham-ss as assessed by two-way analysis of variance followed by Newman-Keuls post hoc test. **p <
.001 (red asterisks) vs. prior to acquisition of each group as assessed by two-way analysis of variance with repeated measures followed by Newman-Keuls
post hoc test. A.U., arbitrary units.
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Figure 6. Selective activation of the locus coeruleus-basolateral amygdala (LC-BLA) pathway (long-term [LT] neuropathic pain). (A) Experimental timeline
and schematic representation of viral and cannula delivery of rM3D(Gs)-DREADD (designer receptor exclusively activated by designer drugs) for behavioral
experiments in male Long-Evans tyrosine hydroxylase (TH)-Cre rats. A Cre-dependent adeno-associated virus (AAV), fluorescently tagged with mCherry [AAV-
rM3D(Gs)-mCherry] (1.4 pl/side), was injected bilaterally into the TH neurons of locus coeruleus (LC) of TH-Cre rats 2 weeks after chronic constriction injury
(CCI). The rats were allowed to recover for 3 weeks to achieve robust expression of DREADD, and a metal cannula was implanted bilaterally into the BLA 4 days
before carrying out the behavioral studies. Clozapine-N-oxide (CNO) (3 pM/0.5 pL) was administered 20 minutes before the behavioral testing. The rats were
tested 5-6 weeks (LT) after surgery. (B-E) The effects of activating the LC-BLA pathway in the elevated zero maze (EZM). (B) The representative activity traces
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very interesting to explore the LC—prefrontal cortex activity in
animals experiencing neuropathic pain in conjunction with
comorbid anxiety. Stronger activity of the LC-medial prefrontal
cortex projecting neurons is required during extinction of
aversive learning (23). Weaker activity in this circuit may un-
derlie the inability to achieve extinction of aversive experiences
described in LT pain animals that also display anxiety (57).
Finally, neither mechanical sensory nor low-arousal task
behavior is modified in these animals, indicating that the
sensorial, affective, and cognitive dimensions are independent.
Accordingly, one dimension can deteriorate without affecting
the other.

Using ethological tests and models that involve learned/
punished responses, the data presented here show that
overactivation of the LC-BLA pathway provoked by chronic
pain leads to anxiety and enhanced processing of aversive
stimuli, which in turn might exaggerate vulnerability when
confronted by stress. Specifically, pain would augment the
noradrenaline in the BLA, enhancing the memorization of
negative events. The inhibition of this projection, or that of the
local blockade of B-ARs, inhibits pain-induced anxiety. This
beneficial effect on anxiety was also found when beta-blockers
were administered systemically, which may open new inter-
ventional options for the treatment of comorbid pain and
anxiety. Finally, our study builds on previous work showing the
circuit-selective modular organization of the LC system and its
role in regulating brain function in the healthy and disease
states (19,21,23).
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