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Abstract 

The amygdala is a key subcortical region thought to contribute to emotional components of pain. 

As opioid receptors are found in both the central (CeA) and basolateral (BLA) nuclei of the 

amygdala, we investigated the effects of morphine microinjection on evoked pain responses, pain 

motivated behaviors, dopamine release in the nucleus accumbens (NAc), and descending 

modulation in rats with left side spinal nerve ligation (SNL). Morphine administered into the 

right or left CeA had no effect on nerve injury induced tactile allodynia or mechanical 

hyperalgesia. Right, but not left, CeA morphine produced conditioned place preference (CPP) 

and increased extracellular dopamine in the NAc selectively in SNL rats, suggesting relief of 

aversive qualities of ongoing pain. In SNL rats, CPP and NAc dopamine release following right 

CeA morphine was abolished by blocking mu opioid receptor (MOR) signaling in the rostral 
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anterior cingulate cortex (rACC). Right CeA morphine also significantly restored SNL-induced 

loss of the diffuse noxious inhibitory controls (DNIC), a spino-bulbo-spinal pain modulatory 

mechanism, termed conditioned pain modulation in humans. Microinjection of morphine into the 

BLA had no effects on evoked behaviors and did not produce CPP in nerve injured rats. These 

findings demonstrate that the amygdalar action of morphine is specific to the right CeA 

contralateral to the side of injury and results in enhancement of net descending inhibition. 

Additionally, engagement of MORs in the right CeA modulates affective qualities of ongoing 

pain through endogenous opioid neurotransmission within the rACC, revealing opioid-dependent 

functional connections from the CeA to the rACC. 

Keywords: Amygdala, Opioid, Morphine, Anterior cingulate cortex, Diffuse noxious inhibitory 

controls, Conditioned, place preference, Affective aspects of pain 

Summary 

Opioids in the right central amygdala nucleus contralateral to neuropathic injury restore diffuse 

noxious inhibitory controls in rats with nerve ligation and relieve aversive qualities of ongoing 

pain.  
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Introduction  

Opioids modulate sensory processing and preferentially alter affective qualities of pain [4]. 

Human brain imaging and preclinical studies have suggested a role for endogenous opioid 

peptides and their receptors in the rostral anterior cingulate cortex (rACC) in the modulation of 

aversive qualities of pain [38; 60]. Opioid receptors are also highly expressed in subcortical areas 

including the amygdala [11; 43], but the contribution of these circuits to the modulation of 

emotional/affective dimensions of pain remain unclear. In addition to processing pain affect, 

central opioid circuits are thought to control the descending pain modulatory pathways that are 

engaged by placebo analgesia, expectations of pain or pain relief, or through bottom-up 

mechanisms during a concurrent pain stimulation (i.e., conditioned pain modulation; CPM) [30; 

51; 55]. CPM, termed diffuse noxious inhibitory controls (DNIC) in animal studies, is a “pain 

inhibits pain” mechanism and is characterized by reduction of both subjective pain scores and 

objective pain measures, including pain-evoked potentials and pain thresholds [42]. Remarkably, 

amygdala activity has been shown to directly correlate with the extent of pain reduction during 

CPM in healthy volunteers [30].  

The amygdala consists of several cytologically and neurochemically heterogenous sub-nuclei 

that vastly differ in their afferent and efferent connections with other brain regions. The most 

prominent clusters of amygdala nuclei include the lateral/basolateral complex and the central 

amygdala nucleus (CeA) [41]. The lateral (LA) and basolateral (BLA) amygdala nuclei consist 

of mostly glutamatergic pyramidal neurons, have reciprocal connections with the cerebral cortex 

and densely project to the CeA [40]. In contrast, the CeA, comprising of the capsular, lateral, and 

medial subdivisions, contains predominantly inhibitory GABA-ergic neurons that may co-
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synthetize opioid or non-opioid neuropeptides [6; 16]. The CeA receives nociceptive inputs from 

the spinal cord via the parabrachial area and processed pain information from the LA/BLA and 

the cerebral cortex [54]. CeA neurons do not have direct projections to the cortex; however, they 

innervate forebrain structures, including the bed nuclei of the stria terminalis and substantia 

innominata, that may provide an indirect connection to the prefrontal cortex and the ACC [44]. 

Additionally, CeA neurons prominently innervate autonomic and descending pain modulatory 

regions including the hypothalamus, periaqueductal gray area, and rostral ventromedial medulla 

(RVM) [49]. Collectively, the organization of the amygdala supports its role in integrating direct 

nociceptive input with affective, motivational, and cognitive information and also its role of 

modulating autonomic, affective, and perhaps spinal processing, such as reflexive withdrawal 

behavioral responses through descending pain pathways. 

Here, we investigated the effects of MOR activation in different amygdala subdivisions on 

sensory and affective aspects of pain by measuring mechanical allodynia and hyperalgesia, 

strength of the DNIC effect, conditioned place preference (CPP), and dopamine release in the 

nucleus accumbens (NAc) of rats with neuropathic injury. In addition, we investigated a possible 

functional interaction between opioid amygdala and rACC circuitry. 

Materials and methods 

Animals 

Male, Sprague-Dawley rats, weighing 250–300 g were obtained from Harlan Laboratories 

(Indianapolis; IN). Rats were housed on a 12 h/12 h light/dark cycle with food and water 

available ad libitum. All animal procedures received approval from the Institutional Animal Care 
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and Use Committee (IACUC) of the University of Arizona. Rats were monitored throughout the 

duration of the study to reduce unnecessary stress and/or pain, and the number of animals used 

was in accordance with the International Association for the Study of Pain ethical guidelines. 

Investigators for all behavioral experiments were blinded to the treatment groups. 

Surgery 

Spinal nerve ligation surgery 

Spinal nerve ligation (SNL) surgery was performed as described previously [24]. Rats were 

maintained under 2% v/v isoflurane anesthesia delivered in a 3:2 ratio of nitrous oxide and 

oxygen. A paraspinal incision was made and the left tail muscle excised. Part of the L5 

transverse process was removed to expose the left L5 and L6 spinal nerves, which were then 

isolated and ligated with a non-absorbable 6-0 braided silk thread proximal to the formation of 

the sciatic nerve. The surrounding skin and muscle were closed with absorbable 3-0 sutures. 

Sham surgery was performed in an identical manner omitting the ligation step. All rats were 

monitored for normal behaviors (grooming and mobility) and for general health and weight gain 

post-surgery. 

Intracranial CeA, BLA, ACC and NAc cannulation  

Stereotaxic cannulation surgeries were performed in rats anesthetized with a ketamine/xylazine 

combination (80/12 mg/kg, i.p.; Western Medical Supply/Sigma, Arcadia; CA). Bilateral 

cannulation of the rACC was performed as previously described [23; 39]. A pair of 26-gauge 

stainless steel guide cannulas cut 4 mm below the pedestal (Plastics One Inc., Roanoke; VA) 

were directed toward the rACC injection site (anteroposterior (AP): +2.6 mm from bregma; 
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medial-lateral (ML): ± 0.6 mm from midline; dorsoventral (DV): -1.8 mm from skull). Unilateral 

26-gauge guide cannulae were implanted into the left or right CeA (AP: bregma -2.0 mm; ML: 

+/- 4.0 mm; DV: −7.0 mm), or the left or right BLA (AP: bregma -3.3 mm; ML: +/- 5.0 mm; 

DV: −8.0 mm). For microdialysis, a single guide cannula (AG-8, EICOM Corp., Kyoto, Japan) 

was implanted into the left NAc (AP: bregma +1.7 mm; ML: −1.0 mm; DV: −6.0 mm). Guide 

cannulas were cemented in place and secured to the skull by small stainless-steel machine 

screws. Stainless steel dummy cannulas were inserted into each guide to keep the guide free of 

debris. Rats then received a subcutaneous gentamycin (1 mg/ml; VetOne, Boise; ID) injection, 

and were allowed to recover for 7–10 days. Rats used in the microdialysis and CPP experiments 

were housed individually after cannulation. All rats were monitored and assessed daily for 

overall health.  

Mechanical allodynia (von Frey test)  

On the day of the experiment, rats were placed in suspended chambers with wire mesh floors for 

30 minutes to habituate prior to testing. A series of calibrated von Frey filaments (Stoelting, 

Wood Dale; IL) in logarithmically spaced increments ranging from 0.41 to 15 g (4–150 N) were 

applied perpendicular to the plantar surface of the ipsilateral hind paw until the filament buckled. 

Withdrawal threshold was determined by sequentially increasing and decreasing the stimulus 

strength (“up and down” method), analyzed using a Dixon nonparametric test, and expressed as 

the mean withdrawal threshold [10]. 
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Mechanical hyperalgesia (Randall–Selitto test) 

The Randall–Selitto paw pressure test (Ugo Basile, Varese; Italy) was used to measure changes 

in static sensory thresholds (mechanical hyperalgesia) and as the test stimulus to quantify the 

strength of the DNIC effect in sham and SNL rats on day 14 post-surgery. The pressure at which 

the rat vocalized or withdrew its hind paw was recorded as the paw withdrawal threshold (PWT). 

PWT was measured three times for each hind paw at each time point and averaged prior to data 

analysis.  

DNIC measurement 

Following baseline Randall-Selitto PWT measurement of the right and left hind paws, capsaicin 

solution (125 µg/50 µl) was interdermally injected into the left forepaw as the conditioning 

stimulus to induce DNIC as previously described [32; 33]. PWT of the right and left hind paws 

were measured again at 20, 40, 60, and 90 min post capsaicin administration. Capsaicin (Sigma-

Aldrich, St. Louis; MO) was mixed to an initial concentration of 50 µg/µl in a solution 

containing 1:1 ethanol:tween 80 and then diluted to the final concentration of 2.5 µg/µl using 

0.9% saline. Rats were briefly anesthetized with isoflurane for the capsaicin injection.  

Conditioned place preference (CPP) 

A single trial conditioning protocol was used for CPP as previously described [25; 35]. Rats 

underwent daily handling by the experimenter before the pre-conditioning phase. On 

preconditioning day, rats were placed into the CPP boxes with free access to explore all 

chambers. To verify whether a pre-existing chamber bias existed, automated software 

(Photobeam Activity System 2.0.7) was used to determine the time spent in each chamber across 
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15 minutes. Rats spending more than 80% (720 s) or less than 20% (180 s) of the total time in 

either chamber were eliminated from further testing. On conditioning day, rats with BLA or CeA 

cannulas received a saline injection into the cannula, and were placed into a conditioning 

chamber for 30 min. Four hours later, rats received morphine into the BLA or CeA and were 

placed into the opposite chamber for 30 min. On test day, rats were placed into the middle CPP 

chamber and were allowed to explore all chambers again for 15 minutes; the time spent in each 

chamber was automatically recorded using the Photobeam Activity System 2.0.7 to determine 

chamber preference. To determine the role of endogenous opioids in the rACC in right CeA-

mediated CPP, rats with rACC and right CeA (R-CeA) cannulas received β-funaltrexamine (β-

FNA) or saline bilaterally into the rACC on the first CPP day immediately after baseline 

assessment. The next day (conditioning day), they were conditioned as described above with R-

CeA saline in the morning and R-CeA morphine 4 h later in the afternoon and were tested for 

chamber preference on the third day (test day). Difference scores were calculated as the time 

spent in the morphine-paired chamber on test day minus the time spent in the same chamber on 

the preconditioning day.  

In vivo microdialysis and dopamine quantification 

Microdialysis experiments were done in awake, freely moving rats. The microdialysis probe (AI-

8-2, EICOM; Japan) was inserted into the NAc with 2 mm semipermeable membrane projecting 

beyond the guide cannula and perfused at 1.25 µl/min with artificial cerebrospinal fluid (aCSF: 

147.0 mM NaCl, 2.8 mM KCl, 1.2 mM MgCl2 and 1.2 mM CaCl2). After a 90 min washout 

period, one 90 min baseline and one 90 min treatment fraction were collected into 4°C pre-

chilled Eppendorf tubes containing 1.0 µl 40x antioxidant solution (6.0 mM L-cysteine, 2.0 mM 
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oxalic acid and 1.3% w/v glacial acetic acid) [19]. All rats were then injected with cocaine (20 

mg/kg, i.p.) and dialysates collected for an additional 90 min. Fractions were analyzed using 

Agilent 1100 HPLC system (Agilent, Santa Clara; CA) with a 5020-guard cell, MD-150 column 

and Coulochem III 5014B electrochemical detector (ESA; MA). The guard cell was set at 350 

mV, Electrode1 at -150 mV and Electrode2 at 250 mV. A standard curve was obtained from 

seven serial dilutions of dopamine (2.5 - 160 pg in 20 µl aCSF plus antioxidant cocktail). The 

Limit of Detection (LOD) and Limit of Quantification (LOQ) were calculated according to the 

formulas: LOD= 3.3 (SDr/S); LOQ= 10 (SDr/S); where the standard deviation of the response 

SDr (SD of y-intercepts of regression lines) and the slope of the standard curve S were 

determined from the measurements of 10 independent standard curves. Data from rats that failed 

to generate dopamine efflux post-cocaine treatment were excluded. Dopamine concentrations 

were expressed as percent of the corresponding baseline level. 

Drug administration (intra-brain injections) 

A unilateral injection cannula extending 1 mm beyond the end of the guide cannula was 

connected to a 2 µl Hamilton syringe and driven by a syringe pump (Stoelting, Quintessential 

Stereotaxic Injector, Wood Dale; IN). Microinjections of morphine sulfate (National Institute of 

Drug Abuse Drug Supply Program, Bethesda; MD) or vehicle (saline) were administered 

unilaterally into either right or left CeA or BLA at a dose of 1 µg/0.2 µl. Bilateral injections of β-

funaltrexamine (β-FNA, Tocris, Ellisville; MO) or saline into the rACC were done 20-24 h prior 

to testing at a dose of 3 µg/µl/side. Post-experiment, rats were euthanized with CO2 in 

accordance with the ethical standards set forth by the American Association of Veterinary 
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Medicine, and 0.5 µl of Black India Ink was injected into the cannula to verify injection location. 

Data from rats with misplaced cannulas were removed from subsequent data analysis.  

Statistical analyses: 

Statistical analyses were calculated using GraphPad Prism 7 (GraphPad Software, La Jolla; CA). 

Tactile response time-course experiments (von Frey and Randall-Selitto tests) were analyzed 

using a three-way ANOVA with “time”, “pain” model and “drug” treatment as variable factors. 

Where significance was observed, a Tukey’s post hoc test was performed. For CPP experiments, 

data are presented as difference scores (i.e., the difference between the time spent in the drug-

paired chamber on test day minus the time spent in that chamber on baseline day). Previous 

experiments confirmed that the employed CPP procedure is unbiased. Thus, a positive CPP score 

represents place preference, a negative score indicates aversion, and zero indicates no preference 

[26; 29]. To evaluate whether the rats show significant preference or aversion, differences from a 

hypothetical value of 0 (i.e., no preference) were determined for each group’s difference score 

using a one-sample t-test. Subsequently, to compare between the two treatment groups, an 

unpaired t-test was used. All results were expressed as mean ± SEM. Significance was set at 

p<0.05. 

 

Results 

Morphine in the right CeA has no effect on tactile allodynia or mechanical hyperalgesia in SNL 

rats.  
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Rats were implanted with a unilateral cannula into the right CeA and SNL or sham surgery was 

performed on the left side. At 2–14 days following SNL surgery, rats demonstrated significantly 

reduced paw withdrawal thresholds (PWT) to von Frey filaments in the left hind paw (i.e., 

ipsilateral to the ligation side) compared to pre-surgery baselines (Figure 1A-C; three-way 

ANOVA with Tukey’s multiple comparison test, see Table 1 for the results of statistical 

analyses), confirming the development of mechanical allodynia. SNL rats also developed 

mechanical hyperalgesia in the ipsilateral hind paw, demonstrated by decreased PWT with the 

Randall-Selitto test at 14 days post-surgery (Figure 1D,E; three-way ANOVA, Table 1). 

Morphine microinjection (1 µg/0.2 µL) into the right CeA had no effect on hind paw withdrawal 

thresholds to von Frey filaments or Randall-Selitto testing at any time after the surgery in either 

sham or SNL rats (Figure 1A-D).  These data indicate that MOR signaling in the right CeA does 

not influence subthreshold (allodynia) or suprathreshold (hyperalgesia) mechanical withdrawal 

responses. 

Morphine in the left CeA has no effect on tactile allodynia or mechanical hyperalgesia in SNL 

rats.  

Similarly, separate cohorts of rats with unilateral cannulas in the left CeA developed mechanical 

allodynia at 2-14 days following left spinal nerve ligation (Figure 1F-H; three-way ANOVA, 

Table 1), as well as mechanical hyperalgesia observed in the injured (left) hind paw at day 14 

(Figure 1I; three-way ANOVA, Table 1). Morphine microinjection into the left CeA had no 

effect on hind paw withdrawal thresholds in either the von Frey or Randall-Selitto tests (Figure 

1F-J). Thus, MOR signaling in the left CeA does not directly impact mechanical pain withdrawal 

responses. 
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SNL attenuates the DNIC response in the ipsilateral hind paw.  

Prior work in our laboratory has shown ipsilateral-specific loss of the DNIC response in SNL 

rats [47] demonstrating dysfunction of dynamic descending pain modulation during application 

of a remote conditioning pain stimulus. We therefore investigated whether CeA morphine may 

restore functional engagement of the descending pain pathways during the DNIC response. 

Randall-Selitto paw pressure threshold measurements on the right or left hind paws were used as 

the test stimuli and intradermal application of capsaicin into the left forepaw was used as the 

second (conditioning) stimulus. The schematics of the experimental design is depicted in Figure 

2A. First, we evaluated the effect of nerve injury on the effectiveness of the DNIC response in 

rats receiving saline in the right CeA. In sham rats, capsaicin significantly increased withdrawal 

thresholds of both the left and right hind paws, demonstrating an effective DNIC analgesic 

response at 20 min post-capsaicin (Figure 2B,C; three-way ANOVA; Tukey’s post-test, Table 1). 

However, compared to shams, the DNIC response in the left (injured) hind paw was significantly 

diminished in SNL rats (Figure 2B; Table 1). No significant reduction in the right (uninjured) 

hind paw DNIC response was observed in SNL, compared to sham rats receiving R-CeA saline 

(Figure 2C; Table 1). These results confirm predominantly site-specific (ipsilateral) attenuation 

of the DNIC effect in the injured hind paw of R-CeA-saline treated SNL rats.  

Morphine microinjection into the right CeA restores the DNIC response in SNL rats.  

Next, we evaluated the effects of morphine microinjection in the right CeA on the DNIC 

response. There was no effect of R-CeA morphine on the DNIC response in either paw in sham-

operated rats. In SNL rats, R-CeA morphine had no significant effect on DNIC measured in the 

right hind paw (Figure 2C). However, in the left (injured) hind paw, SNL rats pre-treated with 
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morphine into the right CeA showed a significantly larger DNIC response at 20 min post 

capsaicin than the saline-pretreated group (Figure 2B, Table 1). To further compare the effects of 

pain and drug treatment on ipsilateral (left) and contralateral (right) DNIC amongst all groups, 

we plotted the percent PWT increase between baseline and 20 min post capsaicin [(PWT at 

20)/(PWT at 0)*100%] for all experimental groups in a bar graph (Figure 2D). Three-way 

ANOVA confirmed a significant effect of the paw side tested, as well as a significant effect of 

the interaction between the drug and pain condition and the drug and the ipsilateral or 

contralateral paw (Table 1). Tukey’s post-test shows significant loss of DNIC in the ipsilateral 

paw of R-CeA saline-treated SNL rats and DNIC restoration in R-CeA morphine treated SNL 

rats (Figure 2D). These results suggest that right CeA morphine reinstates normal function of 

descending pain modulation during DNIC in SNL rats.  

Morphine microinjection into the right, but not left, CeA produces CPP in SNL rats.  

We used the conditioned place preference (CPP) procedure to assess whether activation of opioid 

receptors in the CeA can relieve the aversive aspects of ongoing neuropathic pain. In sham rats, 

morphine administration into either the right or left CeA did not produce CPP (Figure 3A,B), 

demonstrating that in uninjured rats these sites do not mediate the rewarding effects of opioids. 

However, SNL rats showed significant place preference for the chamber paired with 

microinjection of morphine in the right CeA (Figure 3A; one sample t-test; Table 2). SNL rats 

did not develop CPP to morphine administration in the left CeA (Figure 3B; one sample t-test; 

Table 2). 
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Morphine microinjection into the right CeA elicits NAc dopamine release in SNL rats.  

Motivated behavior to pain relief has been shown to depend on dopamine (DA) release in the 

nucleus accumbens [36]. To investigate if CPP observed in SNL rats following morphine 

administration in the right CeA involves activation of dopaminergic neurons, we measured 

dopamine levels in the NAc using in vivo microdialysis and high-performance liquid 

chromatography (HPLC) quantification in separate cohorts of SNL and sham rats. Compared to 

baseline, DA concentrations increased in SNL rats following morphine administration into the 

right CeA. In contrast, no change was observed after CeA morphine administration in sham rats 

or after administration of saline in either group (Figure 3C; one-way ANOVA, Table 2). Tukey’s 

multiple comparison test shows significant difference between SNL saline and SNL morphine 

groups (p = 0.0418).  

Anti-aversive effects mediated by right CeA morphine are dependent on endogenous opioid 

activity in the rACC.  

Since pain relief-motivated behavior also depends on endogenous opioid activity in the rACC, 

we investigated if the effects of morphine administration in the right CeA on CPP and NAc 

dopamine release would be prevented by blocking endogenous opioid signaling in the ACC with 

a long-lasting mu opioid antagonist, β-FNA. We implanted SNL rats with bilateral cannula in the 

rACC and a single cannula in the right CeA. Rats were pre-treated with either saline or β-FNA 

bilaterally into the rACC and the next day all rats were conditioned in the CPP boxes with R-

CeA saline injection in one chamber and R-CeA morphine injection in the opposite chamber, as 

in the previous experiment. In SNL rats that were pre-treated with saline into the rACC, we 

observed significant CPP to R-CeA morphine, similar to rats without any ACC manipulations 
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(Figure 4A; one sample t-test; Table 2). However, no CPP was observed following R-CeA 

morphine in SNL rats pretreated with ACC β-FNA. The difference between saline-pretreated and 

β-FNA-pretreated rats was statistically significant (Figure 4A; unpaired t-test; Table 2). 

Consistent with the CPP results, in vivo microdialysis revealed increased NAc dopamine levels 

following R-CeA morphine administration in rACC saline-pretreated, but not β-FNA-pretreated, 

SNL rats. The difference between the two groups was statistically significant (Figure 4B; 

unpaired t-test; Table 2). Thus, in SNL rats, R-CeA morphine-induced CPP and NAc dopamine 

release were both prevented by rACC β-FNA. 

Morphine in the right BLA is not anti-allodynic and does not elicit CPP in SNL rats.  

To determine if the observed anti-aversive effects of right CeA morphine are specific to this 

amygdala sub-region, we investigated if microinjection of morphine into the neighboring 

basolateral amygdala would modulate sensory or affective pain responses. Administration of 

morphine into the right or left BLA 14 days post SNL or sham surgery did not affect mechanical 

withdrawal thresholds (Figure 5A,B; three-way ANOVA, Table 1). Right BLA morphine 

administration also did not elicit CPP in sham or SNL rats (Figure 5C). Thus, in the amygdala, 

the anti-aversive effects of morphine appear to be localized to the right (contralateral) CeA.  

 

Discussion  

Opioids preferentially modulate aversive qualities of pain within corticolimbic circuits, with 

preservation of physiological nociceptive inputs allowing safety from self-harm in patients [1; 

18; 52]. We have shown that engagement of MORs within the rat rACC modulated affective 
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qualities of ongoing pain without altering thresholds to evoked stimuli [14; 38]. Supraspinal 

MOR-rich regions are also implicated in the modulation of sensory thresholds during CPM [30; 

31]. Engagement of top-down circuits to modulate nociception is important for action selection 

in pain-related behavioral responses [50]. CPM/DNIC is a bottom-up phenomenon involving a 

spino-bulbo-spinal pathway that is influenced by poorly understood inputs from cortical and 

subcortical areas including the ACC and the amygdala [30; 31]. CPM/DNIC allows prioritization 

of some nociceptive inputs that may be critical for learning while suppressing others [42].  

We determined if MOR activation in two amygdala subnuclei would (a) preferentially modulate 

pain aversiveness; (b) require functional relationships with the rACC for the modulation of 

ongoing pain, and (c) influence the DNIC response. Using the rat SNL model of neuropathic 

pain, we demonstrate that 1) morphine in the left or right CeA does not modulate mechanical 

allodynia or hyperalgesia; 2) right (contralateral to injury) CeA morphine restores the loss of 

DNIC on the injured (left) side; 3) morphine in the right CeA selectively modulates affective 

components of pain; 4) the anti-aversive effects of right CeA morphine depend on endogenous 

opioid signaling in the rACC; and 5) BLA morphine did not alter affective measures of pain or 

reflexive thresholds.  

The CeA has been reported to modulate the affective qualities of acute or chronic pain in several 

pain models [21; 22; 46; 58]. How the amygdala participates in reflexive responses and in 

descending pain circuits is less clear, with reports of both inhibition and lack of effects on 

reflexive behaviors [13; 45; 53; 58]. While electrophysiological in vivo recordings demonstrate 

that CeA neurons exhibit an increased response with increasing intensity of the noxious 
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stimulation, the receptive fields of these neurons are large and often bilateral, suggesting that the 

CeA does not play a major role in the sensory-discriminative aspects of pain [15; 20]. 

Opioid receptors are expressed in the amygdala and electrophysiological studies suggest multiple 

possible sites of action of opioid agonists within the CeA. MOR agonists can regulate glutamate 

release from presynaptic terminals in the CeA [59], or hyperpolarize intercalated cells (ITCs) 

located between the BLA and the CeA thereby attenuating GABA-ergic transmission to CeA 

cells [5]. Furthermore, MOR agonists were found to directly inhibit neurons in the medial CeA, 

including neurons projecting to the parabrachial area [8]. However, bilateral opioid 

microinjection into the CeA had no effect on tail flick latency or on the discharge of pain 

modulatory cells in the rostral ventromedial medulla (RVM) [28]. Consistent with these 

observations, we did not observe effects on tactile allodynia in awake neuropathic rats following 

right or left CeA morphine at three different post-injury timepoints. Additionally, right or left 

CeA morphine at 14 days post-injury had no effect on suprathreshold paw pressure withdrawal 

responses in sham-operated or SNL rats. These results are consistent with the lack of effect of a 

MOR agonist on thermal responses in inflammatory pain in rats [58]. These results suggest that 

activation of MORs in the CeA does not directly modulate mechanical withdrawal responses. 

Previous studies have demonstrated that bilateral microinjection of morphine into the BLA 

caused pain inhibitory “OFF” cells in the RVM to become tonically active while inhibiting tail-

flick responses and corresponding “ON” cell discharges in anesthetized uninjured rats [27]. 

However, our results in awake rats showed that right or left BLA morphine at 14 days post SNL 

did not alter responses to stimulation with von Frey filaments. The reasons for these differences 

are not clear but could include time-dependent plasticity within the amygdala circuits that result 
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from ongoing pain and possible influence of anesthesia [15]. BLA morphine failed to reduce 

mechanical hypersensitivity in an inflammatory pain model, but reversed anxiety-like behaviors 

and cognitive impairments [17]. The effects of MOR activation in the BLA on modulation of 

sensory aspects of ongoing pain may therefore be state dependent. 

However, amygdala activity has been shown to correlate with nociceptive thresholds during the 

CPM response. In a recent electroencephalogram (EEG)-based standardized low-resolution brain 

electromagnetic tomography (sLORETA) study in healthy subjects, increased amygdala 

activation corresponded to increased heat thresholds during the CPM effect [30]. Many pain 

conditions are characterized by ineffective CPM responses and this has been replicated in SNL 

rats as a loss of DNIC [2; 47]. Here, we demonstrate that loss of DNIC in rats with left sided 

nerve injury is restored by MOR activation in the right CeA. Thus, right (in this case 

contralateral) CeA opioid signaling may be involved in descending pain modulation under 

conditions when a concurrent noxious stimulus demands prioritization over a noxious test 

stimulus.  

We used the conditioned place preference procedure, in which animals learn to associate a 

context with a treatment producing effective pain relief [37], to determine the effects of MOR 

activation in the CeA on the affective qualities of ongoing pain. A previous study has shown that 

CeA DAMGO inhibited conditioned place aversion (CPA) in a rat model of inflammatory pain 

without altering heat-evoked paw withdrawal latencies [58]. We found that right CeA morphine 

produced CPP in SNL, but not sham, rats, suggesting modulation of aversive qualities of 

neuropathic pain by opioid circuits in the right CeA. Morphine in the left CeA did not produce 

CPP in either injured or uninjured rats. Additionally, right BLA morphine did not induce CPP in 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



 20

either sham or SNL rats. We have previously demonstrated that relief of ongoing pain produces 

negative reinforcement, assessed by CPP, and is associated with the activation of mesolimbic 

dopamine reward circuits [36]. Complementary to our current CPP observations, R-CeA 

morphine increased NAc dopamine levels in SNL, but not sham, rats, while R-CeA saline had no 

effect. These data demonstrate that the anti-aversive effects of amygdalar morphine can be 

elicited and are lateralized to the right CeA, at least with contralateral injury.  

MOR activation within the ACC is known to modulate the aversive aspects of pain [60]. The 

critical role of opioids in this region is supported by human neuroimaging and by preclinical 

studies. Notably, functional connectivity between the amygdala and the rACC correlates with 

placebo analgesia [3]. To investigate this functional interaction and possible interdependency of 

MOR circuits in the CeA and the rACC, we blocked endogenous opioid signaling in the rACC 

with bilateral injections of β-FNA, a selective MOR antagonist, and investigated the effects on 

right CeA morphine-induced CPP and NAc dopamine release. We found that while SNL rats 

pretreated with rACC saline demonstrated CPP and increased NAc dopamine levels following 

right CeA morphine, rACC β-FNA, administered prior to right CeA morphine, prevented both 

the development of CPP and increased NAc dopamine release. These findings demonstrate that 

the anti-aversive effects mediated by MOR activation in the right CeA are dependent on 

endogenous opioid release in the rACC, and are consistent with our previous observations that 

rACC opioid circuits are necessary for pain relief elicited by systemic administration of opioid or 

non-opioid analgesics [38]. Therefore, activation of subcortical opioid receptors in the CeA 

promotes pain relief through the release of endogenous opioids within the rACC. 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



 21

The lateralization of pain modulation to the right, but not left, CeA has been reported in previous 

studies, including pERK expression following inflammatory injury [7], neuronal activity 

following knee inflammation [20], increased neuronal discharge after nerve injury [15], and 

visceromotor responses from urinary bladder distension [48]. The pain-related effects were 

localized to the right CeA regardless of which hindlimb was injured [7; 15]. A predominant 

pronociceptive role of the right CeA is also supported by human imaging studies [56]. Other 

studies, however, have reported that the side of injury and modality of pain evaluated may 

influence outcomes [9]. Our studies therefore focused on the role of the right CeA in animals 

with left-sided spinal nerve ligation. Whether right CeA opioids also modulate affective aspects 

of pain and the DNIC response in animals with right-sided injuries requires further investigation. 

While the current study focused on the consequences of MOR activation in pain modulation 

from the amygdala, other opioid receptors may also participate. In this regard, we previously 

reported lateralized pronociceptive effects of kappa opioid receptor (KOR) signaling in the right, 

but not left, CeA in models of stress-related functional pain [32; 57] and have recently 

demonstrated that blockade of KOR in the right CeA inhibited the aversive qualities of SNL-

related neuropathic pain [34]. These findings highlight opposing roles of KOR and MOR 

activation within the right CeA that, respectively, promote and relieve affective pain responses. 

The functional organization of MOR and KOR-expressing cells in the CeA may therefore 

resemble the ON and OFF cells within the RVM [12] and may represent a general principle of 

pain modulation in the brain. These outcomes may guide therapeutic approaches that could 

utilize KOR antagonist and MOR agonist strategies for treatment of stress-related pain 

conditions.  
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Figure Legends: 

Figure 1. Morphine microinjection into the right or left CeA has no effect on mechanical 

allodynia and hyperalgesia in SNL. (A-C; F-H) SNL, but not sham-operated, rats developed 

tactile allodynia 2–14 days following surgery, demonstrated as significantly reduced ipsilateral 

(left) hind paw withdrawal thresholds from pre-surgery baselines (BL). Time courses of hind 

paw withdrawal thresholds following morphine microinjection into the right (A, B, C) or left (F, 

G, H) CeA show no effect of morphine at any time point after the surgery. In SNL rats, PWT 

remain significantly lower than BL and significantly lower than in sham rats at corresponding 

times. (D, I) Compared to baseline (BL), SNL, but not sham, rats developed mechanical 

hyperalgesia in the left hind paw, shown by significantly decreased paw withdrawal thresholds 

(PWT) with the Randall-Selitto test at 14 days post-surgery (SNL). (E, J) No hyperalgesia was 

observed in the right hind paw. Administration of morphine into the right (D, E) or left (I, J) CeA 

did not affect withdrawal thresholds in any group (CeA). Data display means ± SEM, n= 5-8 

rats/group, (three-way ANOVA with Tukey’s post-hoc test; # represents a significant difference 

from BL, * represents a significant difference from sham rats at corresponding times). 

Figure 2. Loss of the DNIC response observed selectively in the ipsilateral hind paw is 

restored by morphine microinjection into the right CeA. (A) A schematic depicting the sides 

of SNL surgery, conditioning stimulus with capsaicin and the side of CeA injections. (B) Time-

course of DNIC experiment in the ipsilateral hind paw. A significant loss of DNIC was seen at 

20 minutes post-capsaicin in SNL rats pretreated with saline in the right CeA, but not in 

SNL/Morphine treated rats. (C) Time-course of DNIC in the contralateral hind paw of right 

CeA-pretreated rats. (D) DNIC responses at 20 min post capsaicin from Figs B and C are plotted 
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as percent increase from BL. Data display means ± SEM, n= 4-10 rats/group, *p<0.05 

(sham/saline vs. SNL/saline, three-way ANOVA with Tukey’s post-test); #p<0.05 (SNL/saline 

vs. SNL/morphine, three-way ANOVA with Tukey’s post-test). 

Figure 3. Morphine microinjection into the right CeA produces CPP and dopamine release 

in the NAc of SNL rats. (A) SNL, but not sham-operated, rats showed conditioned place 

preference for the chamber paired with microinjection of morphine into the right CeA (n= 14-19; 

*p=0.0248; one sample t-test). (B) Neither sham, nor SNL rats developed CPP to morphine 

administration in the left CeA (n= 14). (C) Microdialysis evaluation of dopamine levels in the 

NAc revealed increased DA concentration compared to baseline in SNL, but not sham, rats 

following morphine administration into the right CeA (n= 6-11; *p=0.0418; one-way ANOVA 

with Tukey’s multiple comparison test). Data display means ± SEM. 

Figure 4. The effects of right CeA morphine on CPP and dopamine release are blocked by 

rACC ββββ-funaltrexamine. (A) In SNL rats, CPP to morphine infused into the right CeA is 

observed only in rats that were pre-treated with saline, but not β-FNA, in the rACC (n= 12; 

*p=0.0267; one sample t-test). (B) Microdialysis shows that NAc dopamine levels are increased 

following morphine administration into the right CeA in SNL rats pre-treated with saline, but not 

β-FNA, in the rACC (n= 11-15; *p=0.0129; unpaired t-test). Data are shown as means ± SEM. 

Figure 5. Morphine microinjection into the right BLA has no effect on tactile allodynia and 

does not produce CPP in SNL rats. (A, B) At 14 days after surgery, SNL, but not sham-

operated, rats developed tactile allodynia, demonstrated by significantly reduced hind paw 

withdrawal thresholds from pre-surgery baselines (BL). Time courses of hind paw withdrawal 

thresholds following morphine microinjection into the right (A) or left (B) BLA show no effect 
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of morphine (n= 5-6 rats/group; *p<0.05; three-way ANOVA with Tukey’s post-hoc test; * 

represents a significant difference from BL and # represents a significant difference from sham 

rats at corresponding times). (C) Sham and SNL rats show no preference for right BLA morphine 

paired chamber (n= 9-15). Data display means ± SEM. 

Table Legends: 

Table 1. Summary of statistical analyses. P values and F ratios for statistical data analyses 

used in Figures 1, 2 and 5.  

Table 2. Summary of statistical analyses. P values, t and F ratios and degrees of freedom (df) 

for statistical data analyses used in Figures 3-5.  
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Table 1 

Figure Analysis Time Pain Drug Time ×××× Pain Time ×××× Drug Pain ×××× Drug T ×××× P ×××× D 
1A 3-way  

ANOVA 
P<0.0001 
F (5, 128) = 16.23 

P<0.0001 
F (1, 128) = 111.2 

P=0.2395 
F (1, 128) = 1.396 

P<0.0001 
F (5, 128) = 6.899 

P=0.8346 
F (5, 128) = 0.4193 

P=0.6454 
F (1, 128) = 0.2128 

P=0.9920 
F (5, 128) = 0.0997 

1B 3-way  
ANOVA 

P<0.0001 
F (5, 114) = 26.17 

P<0.0001 
F (1, 114) = 660.0 

P=0.3215 
F (1, 114) = 0.9915 

P<0.0001 
F (5, 114) = 25.12 

P=0.8115 
F (5, 114) = 0.4514 

P=0.6814 
F (1, 114) = 0.1694 

P=0.9832 
F (5, 114) = 0.1378 

1C 3-way  
ANOVA 

P<0.0001 
F (5, 150) = 32.47 

P<0.0001 
F (1, 150) = 760.9 

P=0.3430 
F (1, 150) = 0.9049 

P<0.0001 
F (5, 150) = 32.30 

P=0.5427 
F (5, 150) = 0.8123 

P=0.0482 
F (1, 150) = 3.969 

P=0.9567 
F (5, 150) = 0.2128 

1D 3-way  
ANOVA 

P<0.0001 
F (2, 63) = 47.89 

P<0.0001 
F (1, 63) = 141.7 

P=0.1877 
F (1, 63) = 1.774 

P<0.0001 
F (2, 63) = 37.59 

P=0.3863 
F (2, 63) = 0.9657 

P=0.0685 
F (1, 63) = 3.435 

P=0.5132 
F (2, 63) = 0.6742 

1E 3-way  
ANOVA 

P=0.0230 
F (2, 63) = 4.006 

P=0.0032 
F (1, 63) = 9.391 

P=0.3755 
F (1, 63) = 0.7965 

P=0.1823 
F (2, 63) = 1.749 

P=0.8358 
F (2, 63) = 0.1799 

P=0.0400 
F (1, 63) = 4.396 

P=0.4385 
F (2, 63) = 0.8353 

1F 3-way  
ANOVA 

P<0.0001 
F (5, 102) = 204.5 

P<0.0001 
F (1, 102) = 3150 

P=0.7577 
F (1, 102) = 0.0957 

P<0.0001 
F (5, 102) = 128.4 

P<0.0001 
F (5, 102) = 6.342 

P=0.0951 
F (1, 102) = 2.839 

P=0.9487 
F (5, 102) = 0.2298 

1G 3-way  
ANOVA 

P<0.0001 
F (5, 120) = 51.45 

P<0.0001 
F (1, 120) = 1047 

P=0.6073 
F (1, 120) = 0.2655 

P<0.0001 
F (5, 120) = 42.59 

P=0.9831 
F (5, 120) = 0.1382 

P=0.8181 
F (1, 120) = 0.05313 

P=0.2042 
F (5, 120) = 1.471 

1H 3-way  
ANOVA 

P<0.0001 
F (5, 114) = 76.32 

P<0.0001 
F (1, 114) = 1968 

P=0.4119 
F (1, 114) = 0.6782 

P<0.0001 
F (5, 114) = 73.17 

P=0.2347 
F (5, 114) = 1.386 

P=0.4199 
F (1, 114) = 0.6553 

P=0.0072 
F (5, 114) = 3.364 

1I 3-way  
ANOVA 

P<0.0001 
F (2, 54) = 12.10 

P<0.0001 
F (1, 54) = 51.47 

P=0.2140 
F (1, 54) = 1.581 

P<0.0001 
F (2, 54) = 12.84 

P=0.6565 
F (2, 54) = 0.4241 

P=0.1970 
F (1, 54) = 1.707 

P=0.4155 
F (2, 54) = 0.8928 

1J 3-way  
ANOVA 

P=0.0278 
F (2, 54) = 3.832 

P=0.4521 
F (1, 54) = 0.5737 

P=0.1621 
F (1, 54) = 2.009 

P=0.8039 
F (2, 54) = 0.2192 

P=0.2517 
F (2, 54) = 1.415 

P=0.0653 
F (1, 54) = 3.541 

P=0.3131 
F (2, 54) = 1.187 

2B 3-way  
ANOVA 

P<0.0001 
F (4, 125) = 61.65 

P<0.0001 
F (1, 125) = 120.6 

P<0.0001 
F (1, 125) = 24.90 

P<0.0001 
F (4, 125) = 8.641 

P=0.2807 
F (4, 125) = 1.282 

P=0.0015 
F (1, 125) = 10.51 

P=0.2616 
F (4, 125) = 1.332 

2C 3-way  
ANOVA 

P<0.0001 
F (4, 125) = 54.07 

P=0.2528 
F (1, 125) = 1.320 

P=0.7617 
F (1, 125) = 0.09236 

P=0.7111 
F (4, 125) = 0.5338 

P=0.9183 
F (4, 125) = 0.2347 

P=0.4385 
F (1, 125) = 0.6040 

P=0.7480 
F (4, 125) = 0.4832 

5A 3-way  
ANOVA 

P<0.0001 
F (5, 108) = 286.1 

P<0.0001 
F (1, 108) = 6869 

P<0.0001 
F (1, 108) = 17.66 

P<0.0001 
F (5, 108) = 277.2 

P=0.4474 
F (5, 108) = 0.9573 

P=0.0013 
F (1, 108) = 10.83 

P=0.0985 
F (5, 108) = 1.910 

5B 3-way  
ANOVA 

P<0.0001 
F (5, 120) = 416.1 

P<0.0001 
F (1, 120) = 10217 

P=0.0077 
F (1, 120) = 7.352 

P<0.0001 
F (5, 120) = 431.7 

P=0.1520 
F (5, 120) = 1.650 

P=0.7880 
F (1, 120) = 0.07264 

P=0.0001 
F (5, 120) = 5.501 

Figure Analysis Test side Pain Drug Side ×××× Pain Side ×××× Drug Pain ×××× Drug S ×××× P ×××× D 

2D 3-way  
ANOVA 

P=0.0401 
F (1, 25) = 4.688 

P=0.4481 
F (1, 25) = 0.5940 

P=0.2142 
F (1, 25) = 1.624 

P=0.5761 
F (1, 25) = 0.3209 

P=0.0267 
F (1, 25) = 5.540 

P=0.0111 
F (1, 25) = 7.520 

P=0.1953 
F (1, 25) = 1.771 
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Table 2 
Figure Analysis Sham SNL Sham ×××× SNL 
3A t-test P=0.9406 

t=0.07593 df=13 
P=0.0248 
t=2.448 df=18 

P=0.0656 
t=1.909 df=31 

3B t-test P=0.4394 
t=0.7977 df=13 

P=0.9411 
t=0.07537 df=13 

P=0.5261 
t=0.6426, df=26 

3C 1-way 
ANOVA 

  P=0.0367 
F (3, 29) = 3.232 

5C t-test P=0.8044 
t=0.256 df=8 

P=0.6947 
t=0.4007 df=14 

P=0.6613 
t=0.4442, df=22 

Figure Analysis Saline bFNA Saline ×××× bFNA 
4A t-test P=0.0267 

t=2.557 df=11 
P=0.4102 
t=0.8595 df=10 

P=0.0212 
t=2.49 df=21 

4B t-test   P=0.0129 
t=2.685 df=24 
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