
www.nrronline.org

597

NEURAL REGENERATION RESEARCH 

Evidence and explanation for the involvement of the 
nucleus accumbens in pain processing

Introduction
The nucleus accumbens (NAc) is a subcortical brain structure 
located within the ventral striatum. It is often referred to as 
the pleasure center of the brain for its primary role in pos-
itive affect and feelings of reward, but this is an incomplete 
description. There is also evidence of a role in motivation, be-
havior, and a limbic-motor interface (Floresco, 2015; Salgado 
and Kaplitt, 2015). Another well-known role of the NAc is in 
addiction and reactivity to several psychoactive drugs. Be-
cause of these various functions, the NAc has been implicated 
in numerous other psychological disorders, such as addiction, 
obsessive-compulsive disorder, anxiety, depression, Alzhei-
mer’s disease, Huntington’s disease, Parkinson’s disease, and 
obesity (Salgado and Kaplitt, 2015). Its wide range of neural 
connections has led to an increase in research prevalence in 
recent years, particularly as a target for potential treatments 
of both physiological and psychological disorders. However, 
an important aspect of NAc functioning that is frequently 
overlooked is pain. 

Pain is a predominant issue in modern healthcare; it can 
be an aversive sensory experience and is highly comorbid 
with injury and disease. The evolutionary benefit of pain that 
allows the detection and prevention of dangerous encounters 
can quickly become maladaptive in cases of chronic pain, 
lasting beyond treatment and preventing a return to normal 
functioning. Current pain management methods are not well 
suited to handle long-term pain treatment, and many pain 
medications come with extreme adverse side effects even in 
short term use, such as addiction and overdose. New devel-
opments in pain treatment are difficult to research because of 
the particularly complex nature of pain neurophysiology. This 

review explores the neural connectivity of the NAc in attempt 
to ascertain its involvement in pain and pain treatment.

Search Strategy
Articles cited in this neurological review were found via elec-
tronic searches of the following databases: Academic Search 
Complete, Medline, Science Direct, and PubMed. Searches 
were conducted using the phrase nucleus accumbens com-
bined with the following key words: pain, analgesia, noci-
ception, antinociception, reward circuitry, pain circuitry, 
and pain signaling. Articles were included if they were de-
termined to contribute to the understanding of the nucleus 
accumbens and the neuroscience of pain processing. 

Afferents and Efferents
Initial evidence of the role of the NAc in pain processing 
comes from its connections to other brain structures known 
for their roles in pain modulation. The NAc receives dopa-
minergic projections from the ventral tegmental area and 
substantia nigra and glutamatergic projections from the 
prefrontal cortex, amygdala, thalamus, prelimbic cortex, hip-
pocampus, and subiculum (Gupta and Young, 2018; Li et al., 
2018). The anatomically distinct shell and core of the NAc 
have additional distinctions in their input regions. Afferents 
to the core include the perirhinal cortices, dorsal prelimbic 
cortex, the substantia nigra, and the anterior cingulate cortex 
(Salgado and Kaplitt, 2015; Li et al., 2018). Afferents to the 
shell include, the ventromedial prefrontal cortex, the baso-
lateral amygdala, and the lateral hypothalamus (Salgado and 
Kaplitt, 2015; Li et al., 2018). The core and the shell of the 
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NAc both receive afferent input from the ventral tegmental 
area (Li et al., 2018). However, the core receives projections 
primarily from the lateral region of the ventral tegmental 
area, whereas the shell receives projections primarily from 
the medial region of the ventral tegmental area (Li et al., 
2018). Of note, researchers have found multitudes of neu-
rons from the spinal cord that directly innervate the NAc 
via retrograde labeling, suggesting a strong link to incoming 
pain messages (Gear and Levine, 2011; Salgado and Kaplitt, 
2015). 

Efferents from the NAc tend to travel to areas within the 
diencephalon and pallidal complex, such as the nucleus 
mediodorsalis thalami, stria terminalis, lateral habenular 
nucleus, lateral hypothalamus, substantia nigra, the glo-
bus pallidus, and the subpallidal region (Bálint et al., 2011; 
Salgado and Kaplitt, 2015). The core is known to project to 
areas such as the dorsolateral region of the ventral pallidum, 
whereas the shell is known to project to the rostral-caudal 
regions of the lateral hypothalamus, extended amygdala, 
and ventromedial region of the ventral pallidum (Bálint et 
al., 2011; Salgado and Kaplitt, 2015). Both core and shell 
have been found to project to the entopeduncular nucleus, a 
region of the rodent brain considered to be equivalent to the 
human globus pallidus. 

Links to areas known to be involved in pain processing, 
particularly the anterior cingulate cortex, prefrontal cortex, 
amygdala, somatosensory cortex, thalamus, and indeed the 
spinal cord itself as mentioned previously, suggest that the 
NAc receives nociceptive input (Bálint et al., 2011; Gear 
and Levine, 2011; Salgado and Kaplitt, 2015; Li et al., 2018). 
Lateral regions of the habenula have been shown to receive 
projections from both the medial frontal cortex and the 
NAc (Bianco and Wilson, 2009). Connections between these 
pain-related brain structures and the NAc suggest an NAc 
contribution to pain signaling. The NAc efferents to the 
amygdala and the ventral pallidum are noteworthy, as they 
have each been shown to be modulators of pain in previous 
and recent research (Kato et al., 2016). 

Connectivity of both the NAc core and shell include 
feedback loops with areas involved in pain processing. This 
suggests that the NAc receives nociceptive input and projects 
nociceptive signals along the pain pathway (Seminowicz et 
al., 2019). From this, it can be deduced that the NAc plays 
an active and important role in multiple aspects of pain, and 
may even be a critical structure for the neural oscillations 
involved in pain signaling (Rauschecker et al., 2015). Con-
nections with a wide variety of areas involved in sensation, 
emotion, and cognition could indicate that the NAc serves 
as a waystation for multiple components of pain processing, 
as pictured in Figure 1. The NAc and other structures of the 
reward pathway could be highly active in pain processing, 
due to the inherently rewarding aspect of relief from pain.

Functions
NAc functions also serve as particularly strong evidence for 
NAc involvement in pain processing. Specifically, the NAc 
and other pain-related structures engage in opioid regulation 
functions, which involve analgesia and reward. For instance, 

sites that have been identified as important in processing 
morphine-based antinociception include the nucleus raphe 
magnus, the locus coeruleus, the amygdala, the substantia 
nigra, the nucleus reticularis gigantocellularis, the periaque-
ductal gray (PAG), the habenula, and the NAc. It is logical to 
assert that these structures do not act independently in their 
mediation of analgesia. Evidence for this lies in morphine 
microinjection research, in which cannula injections of mor-
phine increase the pain thresholds of rabbits and rats when 
targeted to either the PAG, the habenula, or the NAc (Ma et 
al., 1992; Khalilzadeh and Saiah, 2017). Similarly, naloxone, 
a known opioid antagonist, will negate the antinociceptive 
effects of morphine when its microinjection is targeted to 
any one of the above structures, including the NAc alone (Dill 
and Costa, 1977; Saigusa et al., 2017). Previous literature in-
dicates a bidirectional loop of pain modulation between the 
PAG, the habenula, and the NAc (Ma et al., 1992; Borsook et 
al., 2016). Evidence for this statement comes from measure-
ment of rabbits’ escape response latency, which increased af-
ter injections of morphine into the PAG, habenula, and NAc, 
and then significantly decreased again with the introduction 
of naloxone to each of those areas. The authors argued for 
the existence of an analgesia-related pathway between these 
structures due to effects of analgesia from morphine that had 
been injected into the NAc, for instance, could be negated by 
injecting naloxone into the habenula (Ma et al., 1992). With 
this research, the authors claimed to prove not only bidirec-
tional pathways between the three structures, but also an 
ascending, analgesia-modulating pathway between them not 
previously known. Connections between these structures is 
illustrated in Figure 2.

Research on synaptic activity during motivational and 
emotional processing reveals brain structures that are in-
volved in motivational and emotional aspects of pain pro-
cessing (Okun et al., 2016; Massaly et al., 2019). Behavioral 
patterns that arise from noxious or reward stimuli are also 
occurring in response to many different dimensions of in-
formation processing and internal regulation (Okun et al., 
2016). Brain structures recently shown to be involved in 
these conflicts in motivational processing, such as the ventral 
tegmental area, the amygdala, the extended amygdala, and 
the NAc, are also involved in reward circuitry. Specifically, 
the aforementioned brain structures are considered vital 
for processing information and weighing conflicting values 
during emotional and motivational processing (Joseph et al., 
2016). These motivational functions tie in closely with not 
only reward-seeking behavior, but also behaviors of avoiding 
aversive or dangerous stimuli (i.e., pain). 

Structures in the reward pathway are most commonly 
considered to singularly involved in reward processing. 
However, researchers have postulated that aversive and re-
warding stimuli might function as two sides of one behavior-
al spectrum (Shur and Ritvo, 1970; Hu, 2016). One study of 
reward and aversion involved exposure of human subjects to 
noxious and nonnoxious thermal stimuli during functional 
magnetic resonance imaging (Becerra et al., 2001). In a 46oC 
thermal application, the NAc was observed to have separate 
temporal phases of activation. The experimenters posit that 
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differences between the noxious and nonnoxious thermal 
stimuli in timing of the activation could signify aversive ver-
sus noxious stimuli activations. The NAc and other reward 
regions primarily exhibited responses during the early phase 
activations, confirming previous suggestions of a primary 
function of stimulus evaluation regarding motivational di-
mensions (Breiter and Rosen, 1999). Increased signal in the 
early phase of activation was seen in the anterior portion 
of the NAc, whereas decreased signal was observed in the 
posterior portion during the later phase of the activation 
response. This signal decrease is in direct opposition to sig-
nal increases known to be associated with administration 
of morphine and cocaine in this region, which indicates ad-
ditional processing of stimuli in the NAc, outside of reward 
evaluation, at the onset of pain stimuli. 

Additional experiments have indicated endogenous opioid 
binding within the NAc of humans undergoing pain stimuli 
(Bodnar, 2018). These results corroborate results from stud-
ies of the NAc in various animals, implicating links to pain 
processing in the NAc (Kato et al., 2016). Studies involving 
blood-oxygen level dependency have revealed much more 
complex patterns in response to pain within the NAc (Becerra 
er al., 2001). The increased blood-oxygen level dependency 
signal during the early phases of pain stimulation and the 
decreased blood-oxygen level dependency signal during 
the later phases mentioned earlier has been seen in multiple 
studies, and has even been found in post hoc analyses of pre-
vious functional magnetic resonance imaging datasets (Bec-
erra et al., 2001). The replicability of this result suggests that 

Figure 2 Cortical connections between the nucleus accumbens and 
periaqueductal gray. 
This figure represents both ascending and descending pain pathways, 
highlighting the nucleus accumbens and periaqueductal gray involve-
ment, including excitatory (red) and inhibitory (blue) connections. 
ACC: Anterior cingulate cortex; Amy: amygdala; DH: dorsal horn of 
the spinal cord; Hab: habenula; Hyp: hypothalamus; Ins: insular cortex; 
LC: locus coeruleus; NAc: nucleus accumbens; NRM: nucleus raphe 
magnus; PAG: periaqueductal gray; RVM: rostral ventral medulla; S1: 
primary somatosensory cortex; Thal: thalamus.

Figure 1 Cortical connectivity of the nucleus accumbens. 
Highlighted are afferent, efferent, and reciprocal connections of the nucleus accumbens and other pain-related brain structures, including excit-
atory (red) and inhibitory (blue) connections and neurotransmitter systems. ACC: Anterior cingulate cortex; AMY: amygdala; BG: basal ganglia; 
GABA: γ-aminobutyric acid; L Hyp: left hypothalamus; PAG: periaqueductal gray; PFC: prefrontal cortex; Thal: thalamus; SN: substantia nigra; VP: 
ventral pallidum; VTA: ventral tegmental area.
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the positive or negative direction of the signal response in 
the NAc could be indicative of rewarding/aversive evaluation 
of the stimulus. In particular, the fact that this distinction 
in response times is also dispersed across locations within 
the structure of the NAc, with the early phase activating the 
anterior portion and the late phase activating the posterior 
portion, implies functional distinctions between these two 
sections (Becerra et al., 2001). 

Additionally, it has been argued that the activation in the 
NAc in the early phase of pain activation is reflective of an-
ticipation or evaluation functions (Kato et al., 2016; Shafiei et 
al., 2018). On the other hand, the activation in the late phase 
might work as an interpretation of stimulus valence and 
carry some analgesic functions (Shafiei et al., 2018). These 
results are also corroborated with animal studies (Kato et al., 
2016). Evidence for these hypotheses include examples of 
healthy non-pain control groups receiving low doses of mor-
phine, who were observed to have activation in the opposite 
direction (positive instead of negative) in the NAc (Becerra 
et al., 2001; Reakkamnuan et al., 2017). Additionally, studies 
that manipulate D1 and D2 dopamine agonists observe sim-
ilar patterns of early and late phase activation (Shafiei et al., 
2018). Finally, arguments that early phase activation in the 
NAc do not reflect simple valence or salience of motivational 
stimuli are supported with the theory that, mechanistically, 
the rewarding effects of various stimulants (amphetamine, 
morphine, cocaine, etc.) originate with the inhibition of in-
hibitory medium spiny neurons in the NAc, which lead to 
trans-synaptic, slow responses (Kohnomi et al., 2017). 

As mentioned previously, the NAc is associated most 
strongly with activation of the reward system and addiction. 
In fact, even accumbal involvement in pain processing can 
be traced to reward and reinforcement. Survival behaviors 
that reduce the possibility of injury or damage are negatively 
reinforced (Navratilova et al., 2012). Unfortunately, NAc 
involvement in negative reinforcement is much less well 
researched than its involvement in positive reinforcement. 
What little research there is has shown definite negative re-
inforcement orientation in this region. A primary example 
is that pain offset and placebo-based analgesia can both acti-
vate overlapping brain regions, particularly those involved in 
reward and approach behavior, such as the ventral tegmental 
area and its dopamine projection to the NAc (Becerra and 
Borsook, 2008; Zubieta and Stohler, 2009). Previous litera-
ture implicates accumbal neurons in the signaling of reward 
salience and decision making in terms of reward-based ap-
proach behaviors (Saunders and Robinson, 2012). In light 
of these assertions, Navratilova and colleagues hypothesized 
that the experience of relief from persistent pain would re-
sult in activation of the mesolimbic dopaminergic pathway, 
a necessary step in the negative reinforcement of aforemen-
tioned survival behaviors (Navratilova et al., 2012). They 
tested their hypothesis by inducing surgical incision-based 
pain in rats, which was alleviated with peripheral nerve 
block. The researchers posit that negative reinforcement was 
demonstrated when the peripheral nerve block led to in-
creased conditioned place preference. However, to definitive-
ly demonstrate that this mesolimbic dopaminergic pathway 

is truly necessary for peripheral nerve block-induced con-
ditioned place preference, Navratilova and colleagues tested 
whether conditioned place preference could be blocked by 
inactivating the dopamine neurons in the ventral tegmental 
area. A microinjection of lidocaine, which inhibits passage 
fibers, injected into the ventral tegmental area at least 10 
minutes before the peripheral nerve block did prevent the 
eventual conditioned place preference, suggesting a necessity 
of this dopamine transmission to the NAc in order for neg-
ative reinforcement to work and to affect behavior (Navra-
tilova et al., 2012). These results confirm previous results 
in human subjects that demonstrate increasing accumbal 
activation at the relief of acute painful stimulus (Becerra and 
Borsook, 2008).

Pharmacological Mechanisms of Pain in the 
Nucleus Accumbens
Opioid
Opiate drugs help decrease perceptions of painful stimuli 
by mimicking the effect of endorphins, which serve as an 
endogenous opiate system. These drugs act prominently in 
specific areas of the midbrain, medulla, and pons to elicit an-
tinociceptive effects, as identified by microinjection studies 
(Erfanparast et al., 2018). Whereas the first regions identified 
as strongly responsive to morphine were the PAG, locus coe-
ruleus, and nucleus raphe magnus, the NAc was eventually 
shown to respond to similar antinociceptive methods, such 
as morphine microinjection and electrical stimulation (Hong 
et al., 2017; Yoshida et al., 2019). In fact, the first method 
used to determine the involvement of the locus coeruleus in 
analgesia was deep brain stimulation, a method later extend-
ed to the PAG and the NAc with equally successful results 
(Segal and Sandberg, 1977). It has also been determined that 
there exists a descending pathway involving noradrenaline 
that originates from the locus coeruleus and culminates in 
the spinal cord that is said to be responsible for modulation 
of spinal antinociception (Llorca-Torralba et al., 2016; Yoshi-
da et al., 2019). In the nucleus raphe magnus, administering 
opiate drugs or electrically stimulating the area resulting in 
analgesic effect, and lesions to this area block the efficacy of 
analgesic relief of morphine (Campion et al., 2016; Yoshida 
et al., 2019). Additionally, studies on central microinjections 
of opioids suggest an involvement of the nucleus reticularis 
gigantocellularis in antinociception (Satoh et al., 1983). 

Overall, opioid-based analgesia involves processes under-
gone by opioid receptor subtypes (Mizoguchi et al., 2014). 
There is strong evidence for delta and kappa opioid recep-
tor-based analgesic processing in the spinal cord, whereas μ 
opioid receptors are most predominant in supraspinal anal-
gesic processing. Two subtypes of μ receptors include the μ1 
receptor, known to have high affinity binding to most opioids 
and enkephalins, and the μ2 receptor, which shows preferen-
tial affinity for binding to morphine (Mizoguchi et al., 2014). 
Sites of μ1 receptor binding have been shown to be involved 
in many opioid actions, supraspinal antinociception in par-
ticular (Mizoguchi et al., 2014). Increased levels of binding 
sites for μ1 have been identified in the PAG regions, and it 
has been posited that increased density of these binding sites 
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results in increased possibility of sensitivity to opioid anal-
gesics (Bodnar, 2018). The purpose of explaining the details 
of opioid processing in known pain processing regions is to 
demonstrate the synaptic similarities to the NAc. It is worth 
noting that the NAc also mediates opiate analgesia by way of 
μ-opioid receptors (Rosas et al., 2016). Research has shown 
that persistent pain increases the activity of opioids in the 
NAc (Bodnar, 2018). Morphine injection into the NAc has 
been shown to be sufficient to produce analgesia, suggesting 
an involvement of this structure in endogenous pain modu-
lation (Kohnomi et al., 2017).

Dopamine
Dopamine is known to be highly involved in both reward 
and addiction. The substantia nigra and ventral tegmental 
area send dopamine projections to the NAc (Hikida et al., 
2016). Projections from the latter part of the mesolimbic do-
paminergic pathway appear to target the shell in particular, 
whereas the core appears to be innervated by the nigrostri-
atal system (Salgado and Kaplitt, 2015). Additionally, do-
pamine turnover is significantly higher in the NAc than the 
rest of the striatum (Schepisi et al., 2014). 

The core has more dopaminergic transporters than the 
shell, and dopamine appears to have preferential binding to 
D2-type receptors in the core (Zhu et al., 2013; Salgado and 
Kaplitt, 2015). Conversely, the shell has a greater amount of 
dopamine receptors and opioids tend to cause more dopa-
mine increase in the shell than they do in the core (Zhu et 
al., 2013; Salgado and Kaplitt, 2015). In pain processing, do-
paminergic pathways are used in transmission between NAc, 
ventral tegmental area, and the medial prefrontal cortex. 

Activation of or agonists for receptors of several different 
neurotransmitter systems in the NAc, such as calcitonin 
gene-related peptide (CGRP), neuropeptide Y, opioid, and 
acetylcholine, have all been shown to elicit analgesic effects 
(Desai et al., 2013; Yan and Yu, 2013). However, the neu-
rotransmitter system most prevalent in this region is dopa-
mine, the stimulation of which has been demonstrated to 
produce significant antinociception (Moradi et al., 2015). 
In fact, endogenous dopamine gets released in the NAc at 
the onset of noxious stimulation and modulates analgesia 
(Moradi et al., 2015). Additionally, injection of dopamine 
antagonists into the NAc are known to prevent the analgesia 
that would have been derived from the drug stimulation of 
the ventral tegmental area (Navratilova et al., 2012). Regard-
less of agonist specific to particular dopaminergic receptor 
subtypes, it appears that increased dopamine in the NAc 
results in analgesia. Studies on this topic have explored this 
effect from many different angles. For instance, one laborato-
ry produced results demonstrating that bupivacaine, a local 
anesthetic, injected into the core of the NAc, actually en-
hances the nociceptive effect of formalin by inactivating the 
region, implicating accumbal involvement in ascending pain 
modulation (Magnusson and Martin, 2002). Interestingly, 
injection of another local anesthetic, lidocaine, into the NAc 
shell does not enhance the formalin effect, but alleviates pain 
(Magnusson and Martin, 2002; Chang et al., 2014). Magnus-
son and Martin (2002) suggested that this discrepancy might 

be due to the differential anatomy and connectivity of the 
core and shell, arguing that the core might be more involved 
in persistent behavior such as continuous pain, whereas the 
shell is more heavily involved in the onset of pain.

There is also strong evidence of two distinct dopaminergic 
innervations to the NAc, one rewarding and pleasurable, 
and the other aversive and negative (Lammel et al., 2011; 
Gentry et al., 2019). These networks are both responsible 
for evaluating affect and salience of stimuli, though they 
seem to respond to different types of stimuli (Hikida et al., 
2010). There is one pathway associated with positive affect 
and reward that operates on direct spiny neurons. This direct 
pathway acts primarily on D1 dopamine receptors, and its 
activity is enhanced by increased dopamine at these recep-
tors. The other pathway is associated with negative affect and 
aversion and operates on indirect spiny neurons. The activity 
of this indirect pathway is diminished when dopamine acti-
vates D2-type receptors (Hikida et al., 2010; Lammel et al., 
2011; Ren et al., 2015). 

Exogenous introduction of selective dopamine agonists 
into the NAc elicits analgesia. Similarly, injection of quin-
pirole, a selective D2 dopamine receptor agonist, blocked 
nociception during phase 2 of formalin stimulation in the 
same study (Taylor et al., 2003). The quinpirole might have 
accomplished this by causing interference with ascending 
pain messaging or modifying D2 neuron output (Escobar et 
al., 2015). Finally, the analgesic effect of the quinpirole could 
be reversed with induction of raclopride, a D2 dopamine 
receptor antagonist, solidifying the idea that stimulating D2 
receptors in the NAc can block acute inflammatory pain 
(Taylor et al., 2003). Previous research suggests that this 
might be due to primary afferent C-fiber depletion (and to 
a lesser extent some Aδ-fibers), as shown in experiments 
with capsaicin in phase 2 specifically (Sheibani et al., 2010). 
Because Taylor and colleagues found that quinpirole worked 
specifically during phase 2 rather than phase 1 of formalin 
stimulation, it’s possible that accumbal D2 receptor agonism 
specifically targets noxious stimuli transmission via C-fibers 
(Taylor et al., 2003). 

Additional literature corroborates these findings. For 
instance, one laboratory found that microinjections of ra-
clopride into the NAc also blocked the analgesic effects of 
ventral tegmental area-injected morphine and NAc-injected 
amphetamine (Oswald et al., 2015). Additionally, another 
laboratory discovered that neuronal death of dopamine via 
6-hydoxydopamine in the NAc prevents the analgesic effect 
of amphetamine (Clarke and Franklin, 1992). It has also 
been shown via microdialysis that various types of noxious 
stimuli, such as tail pinch and capsaicin in rats, elicit the 
release of dopamine in the NAc (Rougé-Pont et al., 1993; 
Schmidt et al., 2002; Dias et al., 2015). 

Finally, there have been clinical studies of dopamine use in 
human subjects for the treatment of neuropathic pain. These 
studies include the use of levo-dopa, and have been demon-
strated to be effective (Zeng et al., 2018). This suggests a 
likelihood of efficacy in persistent pain management with 
dopamine receptor agonists. 
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Calcitonin gene-related peptide
CGRP is a neuropeptide known widespread nervous system 
applications. CGRP has been shown to be important in cer-
tain aspects of pain modulation as well, such as the potentia-
tion of excitatory signals induced by dorsal horn substance P 
(Bree and Levy, 2018). CGRP8–37, a selective CGRP recep-
tor antagonist, can cause severe nociception in rats without 
previous painful stimulus, rats with inflammatory pain, and 
rats experiencing neuropathic pain (Yu et al., 2009). Opioid 
peptides and CGRP interactions have been observed during 
pain modulation in rat spinal cords. For instance, CGRP 
produced analgesic effects in the nucleus raphe magnus 
involving opioid receptors (Roeder et al., 2016). This is pos-
sibly indicative of some of the CGRP activity that occurs in 
the NAc, given its quantity of opioid receptors. Direct ad-
ministration of CGRP into pain structures can alleviate pain, 
as demonstrated in experiments in which CGRP injections 
into the PAG increase hindpaw withdrawal latency (Roeder 
et al., 2016). 

Morphological studies have indicated significantly high 
densities of receptor binding sites for CGRP in the NAc 
(Liu and Borgland, 2015). One study that involved the 
administration of CGRP into the NAc demonstrated sig-
nificant increases in hindpaw withdrawal latency, proving 
a CGRP-mediated analgesic effect in the NAc, and linking 
pain processing in the NAc to similar pain processing in 
the PAG (Li et al., 2001). To further prove this point, the 
researchers administered the CGRP antagonist CGRP8–37 
into the NAc and observed an antagonization of the analge-
sic effect. These results were also demonstrated earlier in a 
1989 study, in which CGRP injected into the NAc resulted in 
significant analgesia, which was then attenuated by adminis-
tration of CGRP antagonist (Liu and Borgland, 2015). Over-
all, these results suggests a significant role of the CGRP1 
receptor in the NAc specifically in terms of pain modulation, 
as the selectivity of the CGRP8–37 antagonist is very high, 
and primarily binds with the CGRP1 receptor subtype (Bell 
and McDermott, 1996). 

Studies have revealed innervations from the NAc to the 
habenula, which has been shown to innervate the PAG. Lat-
er research demonstrated the nociception-related pathway 
between the NAc and the PAG specifically as well (Yu et al., 
1988; Yu and Han, 1990; Sardi et al., 2018). Arguably, the ad-
ministration of CGRP into the NAc activates and facilitates 
the descending pain pathway from the NAc through the 
PAG to mediate antinociceptive response. 

γ-Aminobutyric acid
γ-Aminobutyric acid (GABA)ergic pathways are used in 
transmission between the NAc, ventral pallidum, ventral 
tegmental area, and rostromedial tegmentum. Research 
has effectively demonstrated the use of GABA secretion in 
descending pain modulation from specific brain structures 
involved in pain processing, such that it might inhibit the 
transmission of pain signals in the appropriate pathways 
(Kanematsu et al., 2006). Recently, research has shown that 
GABA receptors and dopamine receptors are both involved 
in large amounts of activity regulation in the NAc specifically 

(Hjelmstad, 2004; Chen et al., 2006). It has previously been 
suggested that exogenous administration of GABA could 
attenuate responses of “pain-excited neurons” in the NAc, 
leading to antinociception modulated by GABAA receptors 
(Xu et al., 2005).

Introduction of noxious stimulation to morphine-depen-
dent rats and measurement of GABA influences on synaptic 
activity in the NAc revealed prolonged latency of electrical 
activity in the NAc after GABA injection (Xu et al., 2008). 
The researchers hypothesize that GABA regulates pain pro-
cessing in cases of morphine dependency, with the activation 
of the GABAA receptor. They also report that administering 
GABA would cause GABAergic neurons to antagonize the 
effects of morphine, additionally weakening excitability of 
dopaminergic neurons. Finally, during the duration of a pain 
stimulus, dopamine concentration in the NAc gradually 
elevates while GABA concentration in that region gradual-
ly diminishes. Thus, the excitability of GABA neurons are 
gradually inhibited, reducing pain threshold. 

Glutamate
Additionally, glutamatergic innervation of NAc GABAergic 
inhibitory neurons from the ventral tegmental area has been 
shown to drive aversive responses, in contrast to the typical 
excitatory glutamatergic input from other structures. Pho-
toactivation by the NAc on mesoaccumbic glutamate fibers 
has been shown to promote this aversive response (Qi et 
al., 2016). One group of researchers has examined vesicular 
glutamate transporters (VGLUTs) levels in the NAc in terms 
of a reward model, in which rats self-administer sucrose, 
and a pain model, in which rats undergo spared nerve injury 
(Tukey et al., 2013). Previously, this sucrose administration 
has been shown to result in increased psychomotor activity, 
which indicates reward-seeking behavior in rodents, and the 
spared nerve injury model has been shown to lead to sen-
sory allodynia and other pain behaviors (Wang et al., 2011). 
What they found was decreases in VGLUT1 and VGLUT3 
during the pain model and an increase in VGLUT3 during 
sucrose administration. It could be argued from these results 
that co-release of glutamate with acetylcholine and other 
neurotransmitters decrease under painful stimulation and 
increase in the presence of reward (Tukey et al., 2013). The 
decrease in VGLUT1 in the pain model could arise from a 
change in connectivity due to motivational learning. 

Substance P
In the spinal cord specifically, substance P is active in pain 
signaling and mediates the autonomic reflexes that activate 
in response to noxious stimuli (O’Connor et al., 2004). Sub-
stance P is also one of the neuropeptides that are believed 
to affect functioning of dopamine in the NAc. The first bit 
of evidence for this claim is the locations substance P can 
be found in. The largest densities of substance P are found 
in the nigrostriatal dopamine system, and slightly smaller 
densities are found in the ventral tegmental area and the 
NAc-specifically in the terminals of dopamine neurons (Al-
Hasani et al., 2015). Researchers have discovered that inject-
ing substance P into the ventral tegmental area, which proj-
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ects dopamine to the NAc, will lead to dopamine increase 
(Xia et al., 2010). Additionally, a specific interaction between 
dopamine and substance P in the NAc has been identified. 
In their research, it was discovered that substance P can pro-
long the effects of dopamine activation (Koob and Volkow, 
2010). However, there remains much to investigate in terms 
of what the role is of substance P in the NAc, and what it 
means for pain processing. 

why would the nucleus accumbens be involved in pain 
processing? 
Evolution, biology, and behavior answer ‘why’ questions 
with resourcefulness, intelligence, and natural selection. 
Keeping warm and fed through winter, providing for off-
spring, and reducing injury all promote survival, and each of 
these behaviors is inherently rewarding because of this. One 
prime example of this phenomenon is the rewarding aspects 
of relief from pain or avoidance of pain. 

It seems obvious at first why organisms must experience 
pain: it is an adaptive, survival-promoting phenomenon 
that alerts to the possibility of tissue damage, which leads 
to behaviors such as tending to the wound or removing the 
noxious stimulus, increasing probability of recovery and sur-
vival. Thus, the ‘why’ of the existence of pain could be con-
veniently answered by promoting the organism’s likelihood 
to engage in survival behavior. However, this definition only 
applies to acute pain experienced in the face of actual dan-
ger. There are numerous instances in which pain lasts well 
beyond the treatment of a disease or the healing of an injury, 
and there are numerous other instances in which pain arises 
seemingly without a physiological cause. 

Clearly, pain is a highly subjective individual experience 
with dimensions that include sensation, affect, and cognition. 
While the sensory aspect of pain such as stimulus source, lo-
cation, and intensity is associated with nociceptor activation, 
the overall experience of the nociception can be altered by 
context and motivation. In fact, the activation of nociceptors 
does not always result in pain, and the sensation of pain can 
be experienced without nociceptive stimulus (Fields and 
Margolis, 2015). Thus, the affective, aversive aspect of pain 
is vital for promoting survival behaviors, such as withdrawal 
from the noxious stimulus. Additionally, it is critical that the 
aversion that results from pain experience is rewarding, so 
that it affects memory and promotes learning actions to avoid 
and safety behaviors to engage in in order to prevent future 
harm (Fields and Margolis, 2015). Therefore, neural circuitry 
involved in reward, motivation, and learning, such as in the 
NAc are essential aspects of pain processing. 

An important point to note is that pharmacologically, the 
pain relief depends heavily on the reward system. For in-
stance, opioids as analgesics do not work simply by blocking 
the transmission of pain messages; they mimic the effects 
of endogenous endorphins that get released in response to 
a complex situation. For instance, these endorphins can be 
released to help actively suppress pain when there is some 
painful stimulus present that it would be rewarding to ig-
nore, such as when ignoring a broken ankle to outrun a bear. 
In this way, pain and pleasure must be analyzed within one 

circuit or structure, so that competing motivations even in 
the presence of pain can be weighed and assigned value. The 
NAc is a motivational behavior region of the brain, and it is 
one of the sources of conflicting motivations that are experi-
enced during pain. Without its involvement in both pain and 
reward/motivation, humans and animals would not be able 
to make these decisions in complex situations. 

Therapeutic Targeting: Deep Brain 
Stimulation in the Nucleus Accumbens for 
Analgesia
Recently, research into deep brain stimulation as a treatment 
for intractable pain has increased. This process has been 
used to successfully reduce chronic and treatment-resistant 
pain in humans, and acute pain in animal models, although 
the regions typically targeted for pain have included the 
thalamus, hypothalamus, motor cortex, anterior cingulate 
cortex, and the ventral tegmental area (Levy et al., 2010; Li 
et al., 2016). Because of the involvement of the NAc in pain 
processing, it is reasonable to suggest that deep brain stim-
ulation of this region will also alleviate pain, particularly 
since the areas previously targeted in analgesic deep brain 
stimulation are so highly connected to the NAc, which for-
wards inhibitory projections to the medial thalamus, which 
projects forward to dorsal horn neurons, effectively closing 
the gate and producing analgesia. In fact, there have been a 
couple studies that have demonstrated effective alleviation of 
pain via deep brain stimulation of the NAc in humans (Levy 
et al., 2010; Mallory et al., 2012). 

Conclusion
The NAc, often overlooked as nothing more than a pleasure 
center, has widespread cortical connections that imply its 
involvement in numerous areas of functioning. This region 
is particularly overlooked in pain research, where the sen-
sation component of the pain neuromatrix is often the pri-
mary focus of study, leading to the exclusion of the affective 
and cognitive components to which the NAc is so highly 
linked. The NAc is in a prime location for pain signaling, as 
it receives innervation from both the prefrontal cortex and 
limbic regions (such as the hippocampus and amygdala), 
and projects forward to motor regions (Mallory et al., 2012). 
In this way, the NAc plays a direct role in the modulation of 
pain processing via cortical circuitry and chemical neuro-
transmission. 
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