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Abstract

Modulation of pain may result from engagement of opioid receptors in multiple brain regions. 

Whether sensory and affective qualities of pain are differentially affected by brain opioid receptor 

circuits remains unclear. We previously reported that opioid actions within the rostral anterior 

cingulate cortex (rACC) produces selective modulation of affective qualities of neuropathic pain in 

rodents but whether such effects may occur in other areas of the anterior cingulate cortex (ACC) is 

not known. Here, morphine was microinjected in three regions of the ACC or in the rostral 

ventromedial medulla (RVM) and pain behaviors in naïve, sham or spinal nerve ligated (SNL) rats 

were evaluated. In naïve animals, the tail-flick response was inhibited by RVM, but not ACC, 

morphine. ACC morphine did not affect tactile allodynia (von Frey test) or mechanical (Randall-

Sellito) or thermal (Hargreaves) hyperalgesia in SNL rats. In contrary, RVM morphine reduced 

tactile allodynia and produced both antihyperalgesic and analgesic effects against mechanical and 

thermal stimuli as well as conditioned place preference selectively in nerve injured rats. Within the 

RVM, opioids inhibit nociceptive transmission reflected in both withdrawal thresholds and 

affective pain behaviors. Activation of mu opioid receptors within specific rACC circuits, however, 

selectively modulates affective dimensions of ongoing pain without altering withdrawal behaviors. 

These data suggest that RVM and ACC opioid circuits differentially modulate sensory and 

affective qualities of pain, allowing optimal behaviors that promote escape and survival. Targeting 

specific ACC opioid circuits may allow for treatment of chronic pain while preserving the 

physiological function of acute pain.
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Introduction

One of the major challenges in the development of therapies for the unmet medical need 

presented by chronic pain is the effective relief of ongoing pain while preserving the vital 

protective function of acute pain. Correlational imaging analyses suggest that different brain 

regions contribute to the perception, or modulation of sensory and affective aspects of pain 

[41]. While these dimensions of pain are integrated to form the human pain experience, 

psychophysical and neuroimaging observations suggest that sensory and affective aspects 

may be partially separable and subject to preferential modulation by medications acting in 

specific circuits. In this regard, clinically used opioids are known to predominantly influence 

affective dimensions of pain while largely leaving responses to noxious stimuli unchanged 

[6; 35].

Substantial evidence from human and animal studies implicates the anterior cingulate cortex 

(ACC) in processing of affective aspects of pain. For example, following hypnotic 

suggestions [40] or during positive emotional states [51], the engagement of ACC circuits 

has been shown to be associated with modulation of the affective component without change 

in pain intensity. PET studies using opioid radiotracers found increased release of 

endogenous opioids in this region during acute experimental pain in healthy subjects [48; 

50], and during a migraine attack in migraneurs [9], supporting the role of endogenous 

opioid neurotransmission in modulation of pain affect. Notably, reduced MOR availability in 

the ACC was found in patients with fibromyalgia [47] and post-stroke pain [56] suggesting 

deficiencies in pain modulatory mechanisms. We have previously reported in rats, that 

release of endogenous opioids in the rostral ACC (rACC) is necessary for relief of the 

aversiveness of ongoing pain [34]. Thus, blockade of rACC MORs in rats with spinal nerve 

ligation (SNL) prevented conditioned place preference (CPP) to different non-opioid pain-

relieving treatments. Additionally, direct microinjection of morphine in the rACC promoted 

CPP in injured rats but had no effect on tactile withdrawal responses.

The periaqueductal gray area (PAG) and the rostral ventromedial medulla (RVM) are 

structures that contribute to an opioid-sensitive descending bidirectional modulation of 

nociceptive signaling [37]. Electrophysiological studies in rodents have identified pain OFF 

and ON cells in the RVM, that respectively inhibit and facilitate nociception [14; 19] and 

likely modulate the resulting pain experience based on factors including, for example, 

context, past memories and others allowing for determination of optimal behavioral choices. 

Functional connectivity between the ACC and brainstem regions comprising the descending 

pain pathways have been observed in a number of pain neuroimaging studies in humans [5] 

but whether and how opioid activity in this cortical region participates in descending 

modulation is not well understood. While neuroimaging studies reveal the network of brain 

regions that may be associated with modulation of pain, investigations of causal opioid 

effects in a single brain area are not readily achievable in humans. The goal of the present 

study was to determine whether microinjections of morphine in the RVM, or in three 

separate subdivisions of the ACC, may selectively modulate affective and sensory aspects of 

acute and ongoing neuropathic pain in rats.
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Materials and methods

2.1. Animals

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

Indianapolis, IN. Animals were group housed on a 12 h/12 h light/dark cycle. Food and 

water were available ad libitum. All described procedures received approval from the 

Institutional Animal Care and Use Committee (IACUC) of the University of Arizona. 

Animals were monitored throughout the duration of the study to reduce unnecessary stress 

and/or pain and the number of animals was used in accordance with the International 

Association for the Study of Pain ethical guidelines. Investigators for all behavioral 

experiments were blinded to the treatment groups.

2.2 Surgery

2.2.1. 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 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.

2.2.2. Intracranial ACC and RVM cannulation—Stereotaxic cannulation surgeries 

were performed in animals anesthetized with a ketamine/xylazine combination (80/12 

mg/kg, i.p.; Western Medical Supply/Sigma). Bilateral cannulation of the ACC was 

performed as previously described [21; 34]. A pair of 26-guage stainless steel guide 

cannulas cut 4 mm below the pedestal (Plastics One Inc., Roanoke, VA) were directed 

toward the following ACC injection sites: ACC site 1 (anteroposterior (AP): +4.0 mm from 

bregma; medial-lateral (ML) ± 0.6 mm; dorsoventral (DV): −2.0 mm from skull), ACC site 2 
(AP: +2.6 mm from bregma; ML: ± 0.6 mm; DV: −1.8 mm from skull) or ACC site 3 (AP: 

+0.2 mm from bregma; ML: ± 0.6 mm; DV: −1.8 mm from skull) [38]. Stainless steel guide 

cannulas (26-guage) cut 11 mm below the pedestal were directed toward the RVM injection 

site (AP: −2.1 mm from interaural line; ML ± 0.6 mm; DV: −8.5 mm from dura) [38]. 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) injection, were housed 

individually, and were allowed to recover for 7–10 days. Animals were monitored and 

assessed daily for overall health.

2.3 Behavioral testing

2.3.1. Von Frey testing—On the day of the experiment, animals 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 
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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 [11].

2.3.2 Hargreaves assay—Nociceptive paw-withdrawal latencies to noxious radiant 

heat were performed according to the Hargreaves method [18]. Rats were allowed to 

acclimate in Plexiglas enclosures with raised glass floors for 2 days at 30 min/day and for 15 

minutes prior to testing. After acclimation, a radiant heat source (115V, UGO Basile 

Biological Research Apparatus Model 7371, Comerio VA, Italy) was positioned under the 

glass floor directly beneath the hind paw. The radiant heat source was activated with a 

reaction time counter (timer) and paw-withdrawal latency was determined by a motion-

sensitive detector source that halted both the timer and the heat source when the hindpaw 

was withdrawn. The withdrawal latency to the nearest 0.1 s was automatically recorded. 

Baseline latencies were established at 17–25 s to allow a sufficient window for the detection 

of possible hyperalgesia. A maximal cutoff of 33 s was used to prevent tissue damage.

2.3.3. Tail-flick assay—The tail-flick assay was performed to evaluate thermal 

nociception. Animals were gently held around the trunk, and the distal half of the tail was 

immersed in a 52°C circulating warm-water bath (Neslab Instruments, Inc., Newington, 

N.H.). The latency to tail flick was measured in the number of seconds it took for the rat to 

withdraw its tail. A maximal cut off of 13 s was used to avoid tissue damage.

2.3.4 Randall-Selitto assay—Nociceptive withdrawal thresholds were assessed using 

the Randall-Selitto algesimeter (UGO Basile Biological Research Apparatus Model 7200, 

Comerio VA, Italy). On the day of experimentation, rats were allowed to acclimate for 15–

20 minutes prior to testing. Following acclimation, animals were placed onto a soft cotton 

cloth and the hind paw was placed onto a stable base of the device. Controlled, increasing 

mechanical pressure was applied with a blunt point until a withdrawal response or 

vocalization resulted. The maximum force applied was 500 g to avoid tissue damage.

2.3.5 Open field assay—The open field test was performed to measure locomotion, 

grooming, and rearing. Animals were placed into a large, Plexiglas cubic box, measuring 47 

cm3. The top of the cube was left uncovered. The bottom of the box was divided into nine 

even squares. The rat was injected with either saline or morphine into the ACC or RVM and, 

after 20 min, placed into the center of the cubic box and left to freely explore for five 

minutes while it’s movement, grooming, and rearing behavior was recorded by a video 

camera (Logitech C270 HD Webcam) positioned directly above the box.

2.3.6 Conditioned place preference (CPP)—A single trial conditioning protocol was 

used for CPP as previously described [25; 33]. Rats underwent daily handling by the 

experimenter before the preconditioning phase. On preconditioning day, rats were placed 

into the CPP boxes with free access to all chambers. To verify whether a preexisting 

chamber bias existed, automated software (Photobeam Activity System 2.0.7) was used to 

determine the time spent in each chamber across 15 minutes. Animals spending more than 

Gomtsian et al. Page 4

Pain. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



80% (720 s) or less than 20% (180 s) of the total time in either chamber were eliminated 

from further testing (23/112 animals). On conditioning day, rats with ACC or RVM cannulas 

received a saline injection into the ACC or RVM and were placed into a conditioning 

chamber for 30 min. Four hours later, rats received morphine into the ACC or RVM, 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 for 15 minutes; the time in 

chambers was automatically recorded using the Photobeam Activity System 2.0.7 to 

determine chamber preference. Difference scores were calculated as test time minus 

preconditioning time spent in the morphine-paired chamber.

2.4. Drug administration:

2.4.1. Intra-brain injections—Unilateral injection cannulae extending 1 mm beyond 

the end of the guide cannulae were connected to a 2 μL Hamilton syringe and driven by a 

syringe pump (Stoelting, Quintessential Stereotaxic Injector). Microinjections of morphine 

sulfate (National Institute of Drug Abuse Drug Supply Program) or vehicle (saline) were 

administered bilaterally into one of three ACC sites referred to as ACC sites 1, 2, or 3 (see 

below) at a dose of 20 μg/0.5 μL/side or into the RVM at a dose of 10 μg/0.5 μL/side. A 

lower dose (10 μg/0.5 μL/side) was used in the CPP experiment with ACC site 2 as a follow 

up to our previously published data with 20 μg/0.5 μL/side [33]. Post-experiment, animals 

were euthanized with CO2 overdose and 0.5 μL of Black India Ink was injected into the 

ACC or the RVM to verify cannula placement. Data from animals with misplaced cannulas 

were removed from analyses.

2.5. Statistical analysis:

Statistical analyses were calculated using GraphPad Prism 7 (GraphPad Software, La Jolla, 

CA). Evoked pain time-course experiments were analyzed using a 2-way repeated measures 

ANOVA with time as a within-subject factor and treatment as a between-subject factor. 

Where significance was observed, a Sidak’s multiple comparison post hoc test was 

performed for tail flick experiments (2 groups) and a Tukey’s post hoc test was performed 

for von Frey, Hargreaves and Randall-Sillito experiments (4 groups). For CPP experiments, 

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

drug-paired chamber on testing day and 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 [27; 31]. To 

evaluate whether the animals 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

This study investigated the role of opioid activation in the ACC and the RVM in modulation 

of sensory and affective components of acute and chronic pain in rats. Three separate sites in 

the ACC referred to as: ACC site 1 (AP: +4.0 mm), ACC site 2 (equivalent to previously 
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reported rostral ACC; AP: +2.6 mm [22]) and ACC site 3 (equivalent to previously 

published caudal ACC; AP: +0.2 mm [22]) were investigated. Multiple modalities of sensory 

stimuli were employed including normally innocuous tactile stimulation and noxious 

thermal and mechanical stimulation applied to either the hindpaw or the tail.

1 Morphine microinjection in the RVM, but not in the ACC, inhibits tail flick responses in 
naïve rats.

To determine if opioid activation in the ACC or the RVM modulates spinal reflexes in naïve 

rats, we used the 52°C hot water tail immersion test. Bilateral microinjection of morphine 

(20 μg/0.5 μl) or saline (vehicle) into any of the three studied ACC sites had no effect on tail 

withdrawal latencies (Fig. 1A-C). In contrast, microinjection of morphine (10 μg/0.5 μl) 

directly into the RVM produced a robust anti-nociceptive effect, demonstrated by increased 

tail flick latency (Fig. 1D). Peak anti-nociceptive effects occurred at 40 min following 

injection and was significantly different from that of saline injected animals (2-way 

ANOVA; F (4, 56) = 8.07; P<0.0001; Sidak’s post hoc test).

2 Morphine microinjection in the RVM but not in the ACC reverses mechanical allodynia 
in rats with neuropathic pain.

Rats with SNL surgery developed tactile allodynia, as indicated by significant reductions in 

hindpaw withdrawal thresholds to probing with von Frey filaments when compared with pre-

SNL baseline levels (Fig. 2; P<0.0001, unpaired t-test). Sham surgery had no significant 

effect on tactile responses. Bilateral microinjection of saline into the ACC or the RVM of 

SNL and sham animals did not elicit any changes in paw-withdrawal. Administration of 

morphine (20 μg/0.5 μl) into any of the three ACC locations had no effect on paw 

withdrawal thresholds (Fig. 2A-C). However, tactile allodynia was significantly reversed 20 

minutes after morphine (10 μg/0.5 μl) microinjection into the RVM (P < 0.05). The maximal 

anti-allodynic effect of morphine was observed 60 minutes after microinjection into the 

RVM and was significantly different from saline treated rats for the 90 min duration of the 

experiment (2-way ANOVA; F (15, 125) = 12.42; P < 0.0001; Tukey’s post hoc test) (Fig. 

2D).

3 Morphine microinjection in the RVM, but not in the ACC, produces antihyperalgesic and 
analgesic effects to mechanical stimulus.

SNL rats developed mechanical hyperalgesia, as measured using Randall-Selitto paw 

pressure test. Compared to pre-surgery baselines, SNL rats showed significantly reduced 

paw withdrawal thresholds (Fig. 3; P<0.0001, unpaired t-test). Sham surgery had no 

significant effect on tactile responses. Saline microinjections had no effect in any group of 

rats. Morphine (20 μg/0.5 μl) administration into any of the three ACC locations did not 

change paw withdrawal thresholds (Fig. 3A-C). In contrast, RVM morphine (10 μg/0.5 μl) 

increased paw withdrawal thresholds above the baseline in both sham and SNL rats, 

demonstrating anti-hyperalgesic and analgesic effects (2-way ANOVA; F (15, 140) = 152.8; 

P < 0.0001) (Fig. 3D). Compared to saline treated groups, the effects of RVM morphine 

were significantly different in SNL as well as in sham rats during the entire 90 min time 

course (Tukey’s post hoc test).
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4 Morphine microinjection in the RVM but not in the ACC reverses thermal hyperalgesia 
in rats with neuropathic pain.

Rats with SNL surgery developed thermal hyperalgesia, demonstrated by decreased latency 

to withdraw the injured paw relative to pre-surgery baselines (Fig. 4; P<0.0001, unpaired t-

test). Sham-operated rats maintained similar withdrawal latencies to their pre-surgery 

baseline measurements. Saline injections had no effect on withdrawal latencies. Likewise, 

microinjection of morphine (20 μg/0.5 μl) into any of the three ACC locations did not 

change paw withdrawal latencies (Fig. 4A-C). However, microinjection of morphine (10 

μg/0.5 μl) into the RVM increased paw withdrawal latencies above baseline in both SNL and 

sham groups, demonstrating anti-hyperalgesic and analgesic effects (2-way ANOVA; F (15, 

160) = 39.27; P < 0.0001) (Fig. 4D). Compared to saline treated animals, the effects of RVM 

morphine were significantly different in SNL as well as in sham rats during the entire 90 

min time course (Tukey’s post hoc test).

5 Morphine microinjection in the ACC site 1 and 3 does not relieve the aversiveness of 
chronic neuropathic pain.

The conditioned place preference (CPP) paradigm was used to assess whether opioid activity 

in a selected brain circuit can relieve the aversiveness of ongoing neuropathic pain. We have 

shown previously that bilateral microinjection of morphine (20 μg/0.5 μl) into the rostral 

ACC (site 2) produced robust CPP in animals with neuropathic pain [34]. Here, we extended 

our previous findings using a lower dose of morphine (Fig. 5B). Bilateral administration of 

10 μg/0.5 μl morphine produced significant CPP only in SNL rats (P = 0.003; one sample t-

test) and the difference between SNL and sham groups was significant (P = 0.035; unpaired 

t-test). Furthermore, we investigated two additional ACC sites. When morphine was 

microinjected bilaterally into site 1 or site 3 of the ACC, even at the higher dose of 20 μg/0.5 

μl, SNL animals did not show significant preference for the morphine-paired chamber and 

were comparable to sham-operated animals (Fig. 5A, 5C). Microinjection of morphine (10 

μg/0.5 μl) into the RVM produced significant preference for morphine-paired chamber in 

SNL rats (P = 0.013; one sample t-test). In contrast, sham-operated control rats 

demonstrated small, non-significant aversion to morphine-paired chamber (P = 0.181; one 

sample t-test) (Fig. 5D). The effect of morphine was significantly different between SNL 

and sham groups (P = 0.0038; unpaired t-test). The locations of morphine microinjections in 

the three ACC sites and in the RVM are shown schematically in Supplementary Figure S1.

6 ACC morphine does not produce motor impairments.

To determine if morphine administration in the ACC could produce motor effects that would 

interfere with the ability of the animals to withdraw from noxious stimulation, we measured 

the number of crossings and the number of rearing in the open field test in sham and SNL 

rats following microinjection of morphine or saline into the ACC site 1, 2, or 3. Figure 6 

demonstrates that SNL surgery had no effect on rats’ exploratory and rearing behavior. 

Moreover, the number of crossings and the number of rearing was not different between rats 

receiving saline and morphine microinjections into any of the three ACC sites.
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Discussion

The present study investigated the role of opioid signaling in three sub-regions of the ACC 

and in the RVM on sensory and affective pain responses in naïve, sham and SNL rats. Using 

intracranial microinjections of morphine, our studies reveal that activation of opioid 

receptors in the RVM (a) produces analgesic responses to noxious thermal and mechanical 

stimulation in uninjured rats, (b) reverses nerve injury-induced hypersensitivity and elicits 

analgesia in injured rats and (c) inhibits motivated behavior resulting from injury-induced 

aversive qualities of ongoing pain. In contrast, morphine microinjection into three different 

ACC sites had no effect on thermal or mechanical responses in both uninjured and injured 

rats and modulated injury-induced ongoing pain only in one of the three ACC sites 

evaluated. These data differentiate opioid actions on acute and ongoing pain within cortical 

and brainstem circuits and are consistent with clinical observations that systemically-given 

opioids preferentially act in the ACC, and other affect-related regions, to alleviate affective 

qualities of pain without altering nociceptive thresholds. [6; 34]. Opioids have been reported 

to modulate thresholds in humans with experimental hyperalgesia [36]. Thus, in addition to 

the ACC, systemic opioids may act via synergistic effects at multiple levels of the neuraxis 

[26; 43; 44], including the RVM, to modulate sensory aspects of normally innocuous stimuli.

The ACC has been implicated in cognitive, evaluative and motivational functions [32; 57; 

58] and plays a major role in processing the affective qualities of pain [52]. Glutamatergic 

activation of the ACC has been shown to elicit aversive pain-like behaviors in naive rats 

[21], while ACC lesion can selectively inhibit affective, but not sensory, qualities of 

neuropathic pain [22; 39]. Yalcin and colleagues reported that optogenetic activation of the 

ACC in the absence of injury produced pain-related depressive-like behaviors without 

influencing tactile thresholds [2] and that optogenetic inhibition of the ACC was sufficient to 

alleviate the aversive consequences of neuropathic pain [49]. Other preclinical reports, 

however, have shown modulation of injury-related hypersensitivity using different 

pharmacological or optogenetic manipulations in the ACC [17; 23; 30; 42; 45; 46].

It has long been recognized that nociception produces variable pain responses [4] based on 

interpretation of threat due to context, memories and other factors (reviewed in [8; 55]). 

Modulation of nociceptive signals can occur within spinal circuits as well as from 

supraspinal sites via descending pathways [3]. A number of cortical and subcortical regions 

including prefrontal, somatosensory and insular cortices participate in descending pain 

modulation through projections to the PAG-RVM pathway. Outputs from the RVM comprise 

a well-characterized, opioid-sensitive bidirectional modulatory pathway that ultimately 

influences nociception at the spinal level [15]. Release of endogenous opioids in the 

brainstem has been suggested in human studies to account for the analgesic effects of 

placebo during acute noxious stimulation [5; 29; 60]. However, how brain circuits above the 

brainstem, participate in descending modulation of sensory or affective qualities of pain 

remains poorly understood.

Opioids are known to preferentially modulate affective, rather than sensory, qualities of pain 

in humans [35]. Consistent with this, preclinical studies from Fuchs [28] and our [34] 

laboratories investigating opioid actions within the rat ACC have similarly concluded that 
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opioids selectively modulate affective, but not sensory features of neuropathic pain. 

Additionally, opioid receptors within the ACC were required for the relief of affective 

qualities of ongoing pain with non-opioid pain relief [34]. The ACC has anatomical and 

functional connections to the PAG and human neuroimaging investigations support a role of 

this cortical area in naloxone-sensitive top-down modulation of nociceptive transmission in 

the spinal cord [13]. Preclinical studies of cortical modulation of acute or neuropathic pain, 

however, have generally targeted a limited subdomain termed the rostral ACC (+2.6 mm 

from bregma in rats) [22]. In contrast, the perigenual regions of the ACC have been 

suggested to be required for visceral pain [12; 59].

We evaluated possible modulation of different modalities of acute or chronic pain within 

three ACC subdomains to determine contributions to affective and sensory qualities of pain. 

We compared morphine effects in the ACC with actions within the RVM. Morphine 

administration at a dose of 10 μg in the RVM of naïve or sham-operated rats, produced a 

time-related antinociceptive effect following noxious thermal stimuli applied to the tail or to 

the hindpaw (hot water tail flick test, Hargreaves test) and following noxious mechanical 

hindpaw stimulation (Randall Selitto test). In rats with SNL injury, RVM morphine injection 

reversed tactile allodynia and thermal and mechanical hyperalgesia and produced an 

analgesic response reflected by increased response thresholds above baseline. These findings 

are consistent with previous work that has shown that MOR agonists directly inhibit the 

activity of RVM ON cells and disinhibit OFF cells, resulting in the inhibition of nociceptive 

transmission at the dorsal horn of the spinal cord in uninjured animals as well as in animals 

with nerve injury [14; 19]. Additionally, we demonstrated that RVM morphine elicited CPP 

in SNL, but not sham, rats. These findings correspond to our previous observation that 

inactivation of the RVM with lidocaine produced CPP in animals with nerve injury [39] and 

in animals with inflammatory mediators applied to the dura mater to model headache pain 

[10]. It therefore seems likely that opioid actions within the RVM have significant effects to 

modulate affective qualities of ongoing pain by inhibiting injury-induced nociceptive input 

through descending projections to the spinal or medullary dorsal horn.

In contrast to the results observed within the RVM, we were unable to detect effects of ACC 

morphine administration on tactile, thermal or mechanical stimulation in uninjured or SNL 

rats. No significant effects were observed following morphine microinjection in three 

separate sites in the ACC (site 1: +4.0 mm from bregma; site 2: +2.6 mm from bregma; site 

3: +0.2 mm from bregma) in spite of administration of a 20 μg dose, 2-fold higher than that 

shown to be effective in the RVM. This dose of morphine did not produce effects on 

generalized behavior following injection into any of the three ACC sites studied as 

quantified by the number of open field crossing and rearing. Thus, opioids in these ACC 

locations do not appear to modulate evoked mechanical and thermal pain responses in 

uninjured rats or in animals with neuropathic injury. These findings are also consistent with 

previous reports from multiple laboratories of lack of opioid actions on evoked behaviors 

using site 2 co-ordinates for microinjection of morphine [28; 34]. Together, these findings 

suggest that opioid circuits within the ACC do not appear to engage the PAG-RVM-spinal 

cord pain pathways to modulate nociception. Although there was no effect of opioid 

activation in the ACC on reflexive pain responses, we confirmed and extended our previous 

finding that administration of morphine in the rACC (site 2) elicited CPP in SNL rats [34], 
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demonstrating that opioid analgesics may act at this subdivision of the ACC to modulate 

affective/motivational aspects of ongoing pain. Fuchs and colleagues reported similar 

selective actions of ACC morphine using an assay that captures the aversive qualities of 

evoked stimuli [16]. In the present study, morphine administration into two neighboring sites 

in the ACC did not promote CPP, suggesting that affective features of pain are localized to 

some, but not all, ACC sub-regions. In support of this, Johanson et al. similarly found that 

lesion of the rACC (equivalent to site 2) but not caudal ACC (equivalent to site 3) blocked 

pain-induced conditioned place avoidance [22].

It should be noted that our observations on morphine-induced activation of ACC or RVM 

opioid circuits may not necessarily be generalizable to other neurotransmitter systems. 

Nevian and colleagues reported that ACC serotonin may be important in modulation of 

nerve-injury related evoked responses [45; 46]. Zhou and colleagues have reported that an 

adenylyl cyclase AC1 inhibitor was effective in nerve-injured animals [54]. Notably, this 

study was performed in mice using comparably larger injection volumes that likely 

encompass additional brain regions. It is not clear how the coordinates employed may 

translate to rat studies as the size of the ACC differs between these species [53]. 

Additionally, in spite of investigating three ACC opioid sites, it is possible that other ACC 

regions may be important in descending modulation of nociception. It should also be noted 

that other clinically used therapeutics may similarly show separation between modulation of 

affective and sensory qualities of pain through actions in the ACC. Neuroimaging studies in 

humans with experimental sensitization showed gabapentin-induced cortical deactivation 

[20] including within the ACC. We have previously reported that ACC microinjection of 

gabapentin elicited CPP in nerve-injured rats without modulation of evoked hypersensitivity 

[1]. The separation of modulation of sensory and affective qualities of pain within the ACC 

are also supported by human cingulotomy evaluations that have demonstrated relief of 

intractable pain with minimal, or no, sensory disturbances [7]. These findings suggest that 

selective modulation of affective qualities of pain and pain-related depressive effects may be 

achievable by targeting specific neuronal pathways within the ACC [2; 22; 39]. 

Characterization of ACC neurons that modulate pain affect through emerging strategies 

including cell-specific manipulations, may therefore be exploited to identify new non-opioid 

therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Morphine administration in the RVM but not the ACC produces analgesia in 
uninjured rats.
Tail withdrawal latencies to thermal heat (52°C water bath) were measured at baseline and 

during a 90 min time course after brain microinjections. (A) Morphine (20 μg/0.5 μl) (N=8) 

or saline (N=8) administration into the ACC site 1 had no effect. (B) Morphine (20 μg/0.5 

μl) (N=8) or saline (N=9) into the ACC site 2 had no effect. (C) Morphine (20 μg/0.5 μl) 

(N=7) or saline (N=7) into the ACC site 3 had no effect. (D) Morphine (10 μg/0.5 μl) 

microinjection into the RVM (N=9) significantly increased tail withdrawal latency to 
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thermal heat compared to saline-injected controls (N=7). *P<0.05 (2-way ANOVA with 

Sidak’s post hoc test). Data are means ± SEM.
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Figure 2. Morphine administration in the RVM but not the ACC reverses tactile allodynia in 
SNL rats.
Tactile withdrawal thresholds of the ipsilateral hindpaws were measured using von Frey 

filaments before surgery (PRE), post-surgery at baseline (Time=0) and during a 90 min time 

course after brain microinjections. All SNL groups developed tactile allodynia #P<0.0001 

(unpaired t-test). (A) Morphine (20 μg/0.5 μl) or saline administration into the ACC site 1 of 

SNL and sham rats had no effect (N=7–8). (B) Morphine (20 μg/0.5 μl) or saline into the 

ACC site 2 had no effect (N=7–8). (C) Morphine (20 μg/0.5 μl) or saline into the ACC site 3 

had no effect (N=6). (D) Microinjection of morphine (10 μg/0.5 μl) into the RVM 

significantly increased paw withdrawal thresholds in SNL rats compared to saline-injected 

animals (N=6–9). *P<0.05 (2-way ANOVA with Tukey’s post hoc test). Data are means ± 

SEM.
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Figure 3. Morphine administration in the RVM but not the ACC reverses mechanical 
hyperalgesia in SNL rats.
Noxious mechanical withdrawal thresholds of the ipsilateral hindpaws were measured using 

the Randall-Selitto test before surgery (PRE), post-surgery at baseline (Time=0) and during 

a 90 min time course after brain microinjections. All SNL groups developed mechanical 

hyperalgesia #P<0.0001 (unpaired t-test). (A) Morphine (20 μg/0.5 μl) or saline into the 

ACC site 1 of SNL and sham rats had no effect (N=8–13) on paw withdrawal thresholds. (B) 

Morphine (20 μg/0.5 μl) or saline into the ACC site 2 had no effect (N=9–18). (C) Morphine 

(20 μg/0.5 μl) or saline into the ACC site 3 had no effect (N=7–12). (D) Compared to saline, 

microinjection of morphine (10 μg/0.5 μl) into the RVM significantly increased paw 

withdrawal thresholds in both SNL (N=8; *P<0.05) and sham (N=8; +P<0.05) rats. (2-way 

ANOVA with Tukey’s post hoc test). Data are means ± SEM.
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Figure 4. Morphine administration in the RVM but not the ACC reverses thermal hyperalgesia 
in SNL rats.
Thermal withdrawal latencies of the ipsilateral hindpaws were measured using the 

Hargreaves test before surgery (PRE), post-surgery at baseline (Time=0) and during a 90 

min time course after brain microinjections. All SNL groups developed thermal hyperalgesia 

#P<0.0001 (unpaired t-test). (A) Morphine (20 μg/0.5 μl) or saline into the ACC site 1 of 

SNL and sham rats had no effect (N=8–12). (B) Morphine (20 μg/0.5 μl) or saline into the 

ACC site 2 had no effect (N=6–9). (C) Morphine (20 μg/0.5 μl) or saline into the ACC site 3 

had no effect (N=6–10). (D) Compared to saline, microinjection of morphine (10 μg/0.5 μl) 

into the RVM significantly increased paw withdrawal latency in both SNL (N=8–9; 

*P<0.05) and sham (N=9–10; +P<0.05) rats. (2-way ANOVA with Tukey’s post hoc test). 

Data are means ± SEM.
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Figure 5. Morphine administration into the RVM and the rACC (site 2), but not ACC site 1 or 3, 
elicits CPP in SNL rats.
(A) Administration of morphine (20 μg/0.5 μl) into the ACC site 1 did not elicit CPP in 

either SNL (N=16) or sham (N=18) rats. (B) Morphine (10 μg/0.5 μl) into the ACC site 2 

produced CPP in SNL (N=10) but not sham (N=8) rats. (C) Morphine (20 μg/0.5 μl) into the 

ACC site 3 did not produce CPP in SNL (N=18) or sham (N=12) rats. (D) Microinjection of 

morphine (10 μg/0.5 μl) into the RVM produced CPP in SNL (N=9) but not sham (N=10) 

rats. *P<0.05, unpaired t-test. Data are means ± SEM.
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Figure 6. Morphine administration into the ACC has no effect on motor activity.
SNL surgery had no effect on the number of crossings (A, B, C) and rearing (D, E, F) in the 

open field test. Administration of morphine (20 μg/0.5 μl) into the ACC site 1 (A) site 2 (B) 

or site 3 (C) did not influence the number of crossings in either SNL or sham rats. Morphine 

in the ACC site 1 (D) site 2 (E) or site 3 (F) did not influence rearing in either SNL or sham 

rats. Data are means ± SEM.
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