
Activision of Reward Pathway by Pain Relief

Item Type text; Electronic Thesis

Authors Ci, Shuang

Citation Ci, Shuang. (2011). Activision of Reward Pathway by Pain Relief
(Bachelor's thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:00:44

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/229772

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/229772






  1 

Honors Thesis 
Shuang Ci 
08/07/2011 
 
 

Activation of Reward Pathway by Pain Relief 

 

Abstract: 

 Recent progress in the pain research field has shed light on the role of dopaminergic 

neurotransmission in pain perception. However, the relationship between pain relief and 

reward, and how pain relief modulates the reward circuitry is not well understood.  

Previous conditioned place preference studies (CPP) in our laboratory have demonstrated 

that pain relief is rewarding and established the essential role of the ventral tegmentum 

area (VTA) in the reward that results from pain relief. Based on these observations, we 

hypothesized that pain relief will activate neurons in the reward pathway. Using 

immunohistochemical studies, we investigated changes in cFos-staining, a marker for 

neural activation, in tyrosine hydroxylase-labeled dopaminergic neurons in the VTA. We 

found that peripheral nerve block selectively increased staining for cFos in the VTA in 

rats with hind paw incision pain, indicating activation of reward circuitry upon pain 

relief.  Additionally, many of these c-Fos positive cells in the VTA were also tyrosine 

hydroxylase (TH) positive, suggesting that these were dopaminergic neurons that may 

underlie the reward associated with pain relief. 
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Introduction:         

 Over the past decades, remarkable progresses have been made regarding our 

knowledge of the neurophysiologic and neuropharmacological bases of pain (Potvin, 

2009). Pain is a complex, multi-faceted phenomenon that has sensory, affective, and 

cognitive components (Marchand, 2005; Potvin et al., 2009). It is a subjective experience 

that results from nociceptive stimuli which is first carried from peripheral afferent 

neurons to spinal cord and then from the spinothalamic pathways to the somatosensory 

cortex (Peyron et al., 2000; Potvin et al., 2009). The affective component of pain, its 

unpleasantness, depends on the insula and the anterior cingulate cortex (ACC) of the 

brain (Peyron et al., 2000; Rainville et al., 1997; Potvin et al., 2009), whereas the 

dorsolateral prefrontal cortex is responsible for the cognitive component of pain (Lorenz 

et al., 2003; Potvin et al., 2009).  Cognitive (expectations, distractions, etc.) and 

emotional (anxiety, etc.) factors can influence pain perception by modulating the 

descending pathway of pain, which is located in the brainstem. This pathway enables 

communication between neurons in the prefrontal cortex (PFC), the hypothalamus, the 

amygdala, periaqueductal gray (PAG) and rostral ventromedial medulla (RVM) to 

modulate the ascending nociceptive afferent pathway in the spinal cord and trigeminal 

dorsal horn (Leknes and Tracey, 2008; Rainville et al., 1997; Potvin et al., 2009).  

 For the better understanding of pain, a simplifying framework has been proposed 

that takes pain to be one of the motivations that competes with many other conflicting 

motivations, such as pleasure. Together these motivations trigger behavioral responses of 

an individual (Fields, 2007). Thus, motivation can be divided into two broad categories, 

which are appetitive and aversive motivation (Esch & Stefano, 2004). Appetitive 
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motivation involves pursuing positive hedonic, i.e., pleasurable, processes (food, 

recreational drugs, sex, etc.) (Esch & Stefano, 2004). On the other hand, aversive 

motivation involves avoiding hedonically unpleasant processes (Bozarth, 1994; Esch & 

Stefano, 2004). Consequently, two fundamental forces rule motivation: pleasure and pain, 

which are interpreted by the nervous system as aversive and rewarding processes, 

respectively (Esch & Stefano, 2004; Borsook et al, 2006).  

 Reward has been identified as the biological mechanism responsible for mediating 

behavior directed towards goals that are associated with pleasure (Esch & Stefano, 2004). 

Rewards can be defined as objects or events that generate approach and consummatory 

behavior, reinforce occurrence and produce learning of such behavior, represent positive 

outcomes of economic decisions and engage positive emotions and hedonic feelings 

(Schultz, 2010). Rewards are critical for individual and gene survival and support of 

essential and beneficial biological processes such as drinking, eating and reproduction 

(Schultz, 2010). 

 A crucial component of the central nervous system reward circuitries are nerve cells 

that originate in the ventral tegmental area (VTA), near the base of the brain. These cells 

project to target regions in the frontal brain, most notably to a structure deep beneath the 

frontal cortex named nucleus accumbens (Nacc) (Nestler et al., 2001; Nestler, 2001; Esch 

& Stefano, 2004). Dopamine is the important neurotransmitter in this connection (Esch & 

Stefano, 2004). The reward circuit is also integrated with several other brain regions that 

controls the emotional dimension and directs the individual’s behavior toward rewarding 

stimuli (Nestler et al., 2004; Esch & Stefano, 2004). The amygdala, which is closely 

associated with emotion, is one of these structures that function in the limbic and reward 
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systems (Esch & Stefano, 2004).  

 Dopamine is the main neurotransmitter associated with reward, reinforcement and 

motivation. The mesolimbic pathway, which begins in the ventral tegmental area of the 

midbrain and connects to the limbic system via the nucleus accumbens, the amygdala, 

and the hippocampus, is one of the dopaminergic pathways and is hypothesized to form 

the reward pathway.  The other three main brain pathways that dopamine may act in are 

the mesocortical system, the nigrostriatal system and the tuberoinfundibular system 

(Potvin et al., 2009).  

 Dopaminergic cell bodies of the mesolimbic dopamine system are located in VTA. 

Dopamine is synthesized from the amino acid tyrosine and its biosynthesis occurs in the 

cell bodies of dopaminergic neurons.  The rate-limiting step in the biosynthetic pathway 

is the conversion of L-tyrosine to dihydroxyphenylalanine (DOPA), catalyzed by the 

active form of tyrosine hydroxylase, phospho-tyrosine hydroxylase. Dopamine binds to 

five different G protein-coupled receptors, namely D1-, D2-, D3-, D4-, and D5-dopamine 

receptors (Potvin et al., 2009). Once released in the synaptic cleft, dopamine is bound by 

its own transporter for recapture (Potvin et al., 2009). Dopamine is metabolized into 

homovanillic acid by diverse enzymes, including monoamine oxidase-A (MAO-A), 

monoamine oxidase-B (MAO-B), and catechol-O-methyltransferase (COMT) (Potvin et 

al., 2009). 

 Emerging evidence in the pain and pleasure research field has pointed to the 

possibility of there being extensive overlap in the neural circuitry and chemistry of pain 

and pleasure processing at the system level (Leknes and Tracey, 2008). Recent studies 

have also identified the important role of the dopamine and opioid systems in modulating 
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both pain and pleasure (Pecina et al., 2003; Hnasko et al., 2005; Barbano et al., 2006; 

Leknes and Tracey, 2008) 

 There has been some evidence of disruption of dopamine and opioid transmission 

in chronic pain patients (Leknes and Tracey, 2008). One study showed that, compared 

with controls, patients suffering from generalized pain released less dopamine in 

striatum, which contains Nucleus Accumbens, yet found hypertonic-saline-induced deep 

muscle pain more painful (Wood et al., 2007; Leknes and Tracey, 2008). Evidence of 

dopamine’s involvement in pain processing also comes from positron emission 

tomography (PET) studies (Potvin et al., 2009). PET studies published so far have shown 

that increased dopamine activity is linked to diminished subjective pain, and conversely, 

reduced dopamine activity is associated with greater subjective pain (Potvin et al., 2009). 

Results from PET imaging study by Hagelberg et al. (2003), involving pain patients, also 

confirmed dopamine’s implication in pain processing. In this study, an increase in D2/D3 

receptor availability in patients suffering from burning mouth syndrome was observed, 

which suggested a reduction in dopaminergic activity (Potvin et al., 2009; Hagelberg et 

al., 2003). In the same patients, Jasskelainen et al. (2001) observed a reduction in 

presynaptic dopamine in striatum, confirming that diminished dopamine activity is 

associated with increased pain response.  In line with these observations, in rat models of 

acute pain, it has been demonstrated that dopamine is released into the NAcc  (Schmidt et 

al., 2002; Austin et al., 2010), and that activation of D2 receptors in the NAcc has anti-

nociceptive effects, whereas D2 antagonists enhance pain perception, as shown by 

withdrawal thresholds to mechanical and thermal stimuli (Taylor et al., 2003; Austin et 

al., 2010). Dopamine depletion within mesolimbic pathways following VTA 6-OHDA 
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lesions, has also been shown to enhance pain perception, as evidenced by induction of 

autotomy (Sotres-Bayon et al., 2001; Austin et al., 2010). In contrast, electrical activation 

of the VTA delayed autotomy after nociceptive stimuli (Sotres-Bayon et al., 2001; Austin 

et al., 2010). In an animal model of neuropathic pain, it has been shown that activation of 

D2 receptors in the striatum alleviated mechanical and thermal hyperalgesia, meaning 

abnormally heightened sensitivity to pain, whereas D2 antagonists enhanced these 

responses (Ansah et al., 2007; Austin et al., 2010).  These results further supported 

mesolimbic dopaminergic pathway’s involvement in pain processing.  

 Clearly, the research focus of most studies to date has been the role of 

dopaminergic neurotransmission in pain perception. But the relationship between pain 

relief and reward, and how pain relief modulates the reward circuitry remains largely 

unknown. Previous conditioned place preference (CPP) studies in our laboratory have 

established that VTA is necessary for the pain relief-induced preference. In the 

conditioned place preference paradigm, the primary motivational properties of a drug or 

non-drug treatment serve as an unconditioned stimulus that is repeatedly paired with a 

previously neutral set of environmental stimuli which acquire, during the course of 

conditioning, secondary motivational properties such that they can act as conditioned 

stimuli, which can elicit approach (Tzschentke, 2007). More specifically, we used a well-

established rat model of incisional pain (Brennan, 1996), in which the incision of the rat 

foot has been shown to cause a reliable and quantifiable mechanical hyperalgesia, 

meaning abnormally heightened sensitivity to pain. After the incision or sham surgery, 

preconditioning to an automated 3 chamber CPP box was first performed, during which 

rats were exposed to the environment with full access to all chambers. Next day  the rats 
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received saline injection in popliteal fossa paired with a randomly chosen chamber, and 

lidocaine injection in popliteal fossa paired with the other chamber four hours later. On 

test day, rats were placed in the CPP box with access to all chambers and their behavior 

was recorded for analysis for chamber preference. We found that rats with incision spent 

more time in the chamber associated with lidocaine, which suggested that pain relief is 

rewarding. The same experiment was repeated with lidocaine injection in VTA prior to 

lidocaine injection in popliteal fossa. In response to nerve block in VTA, rats with 

incision no longer demonstrated preference for the chamber associated with pain relief, 

which suggested that VTA is required for pain relief-induced reward. .  

 Based on these observations, we hypothesize that that pain relief will activate the 

reward pathway and produce reward.  
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Materials and methods 

 

Animals 

Adult male Sprague-Dawley rats (weight 300-350 g, Harlan Sprague Dawley, Houston, 

TX) were used. All preparations and testing were performed in accordance with the 

policies and recommendations of IASP, NIH and IACUC of the University of Arizona. 

Rats were housed three per cage with food and water ad libitum. 

 

Surgery 

Rats were anesthetized with 2% isoflurane. A plantar incision was performed on the left 

hind paw according to the protocol described by Brennan (Brennan et al.,1996). More 

specifically, a 1 cm longitudinal incision was made through skin and fascia of the plantar 

aspect of the left hind paw. The plantaris muscle was elevated and incised longitudinally. 

The cut skin was then stitched with two 5-0 nylon sutures and the wound site treated with 

neomycin. Sham animals were anesthetized and the left hind paw cleaned, but no incision 

was made. 

 

Lidocaine nerve block 

20-26h post incision/sham surgery, the rats were again anesthetized with 2% isoflurane 

and injected with 200 µl lidocaine or saline into the left popliteal fossa. This treatment 

has been shown to induce a complete nerve block lasting approximately 60 min (Okun et 

al., 2011). 
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Tissue preparation 

For immunohistochemistry, four treatment groups of rats were used in two separate 

experiments: sham rats with popliteal fossa saline, sham rats with popliteal fossa 

lidocaine, rats with incision injected in popliteal fossa with saline and rats with incision 

injected in popliteal fossa with lidocaine. Brain tissue from all rats was collected 2h after 

popliteal fossa lidocaine/saline injection. Five rats were used in each group. Animals 

were deeply anesthetized by IP injection of ketamine+xylazine (1ml/kg) and perfused by 

thoracotomy and aortic cannulation using 100 ml 0.1M phosphate buffered saline (PBS) 

followed by 500 ml of 4% paraformaldehyde fixative solution in PBS. The brain was 

removed, postfixed in the same fixative overnight and then cryoprotected with 30% 

sucrose in PBS. A 5 mm thick coronal brain block containing the VTA was cut using the 

brain matrix, embedded in OCT and frozen at -20ºC. Coronal sections 20 µm thick were 

then cut in a cryostat and mounted on Superfrost Plus slides. Three series of slides were 

collected with each series containing brain sections 100 µm apart. Slides were air dried 

and stored at -20ºC until they were processed for immunohistochemistry. 

 

Immunohistochemistry 

All brain sections underwent permeabilization with 0.2% TritonX100 in PBS for 10 min 

before blocking with 5% normal goat serum and 1% bovine serum albumin (BSA) in 

PBSTX (PBS containing 0.02% TritonX100) for 1h to prevent nonspecific antibody 

binding.  Sections were then incubated overnight at room temperature with the mixture of 

primary antibodies of rabbit polyclonal anti-cFos (Santa Cruz, sc-52, 1:25,000) and 

mouse monoclonal anti-tyrosine hydroxylase (Millipore, MAB55280, 1:3,000) in PBSTX 
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in the presence of 1.5% normal goat serum and 1% BSA. Endogenous peroxidases were 

quenched with 0.3% H2O2 + 10% methanol in PBS. To amplify anti-cFos staining, the 

sections were treated with biotinylated anti-rabbit antibody (Vectastain Elite ABC kit, 

Vector Labs. 1/5 recommended dilution) in PBSTX containing 1.5% normal goat serum 

and 1% BSA for 60 min, prior to 60 min treatment with the ABC complex (Vectastain 

Elite ABC kit, Vector Labs, 1/5 recommended dilution). cFos-like immunoreactivity was 

visualized using TSA Plus Fluorescein Kit (Tyramide Signal Amplification, Perkin 

Elmer) according to the manufacturer’s instructions. To visualize anti-tyrosine 

hydroxylase staining the slides were incubated with anti-mouse Alexa Fluor 555 

(Molecular Probes, Invitrogen, 1:1,000) at room temperature. Three washes with PBSTX 

were performed following each incubation. Slides were dried and mounted in Vectashield 

mounting medium (Vector Lab. Inc., Burlingame, CA) and examined under an Olympus 

BX51 microscope equipped with a Hamamatsu C8484 digital camera and a 4X objective. 

Confocal images were obtained with a Zeiss LSM520 laser scanning confocal 

microscope and 10X or 40X oil objectives using 488 and 543 nm excitation wavelength. 

Images were processed in Adobe Photoshop CS4 and ImageJ software. 

 

Cell counting 

To count the total number of cFos positive cells in the VTA, fluorescent images taken 

with a 4X objective were used. 4-8 sections within the Bregma -5.60 mm and Bregma -

6.04 (Atlas of Paxinos and Watson), 100 µm apart were selected. In the ImageJ software 

the VTA area including the PBP, RLi, PN and IF was outlined according to the tyrosine 

hydroxylase staining. Tyrosine hydroxylase staining (red channel) was then turned off 
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and cFos nuclear puncta within the outlined area counted manually by an observer blind 

to the treatment conditions. 

To evaluate whether the cFos positive cells are dopaminergic (TH positive) or non-

dopaminergic (TH negative), confocal images within a rectangle area (Fig 1) of the VTA 

taken with a 10X or 40X oil objective were used. All cells with a clear cFos labeled 

nucleus were included; cells with nuclear cFos staining and a visible cytoplasmic TH 

staining were counted as TH positive, cFos positive cells without a clear cytoplasmic TH 

staining were counted as TH negative. 2-3 sections at Bregma -5.80 were counted for 

each rat.  

 

Statistical analysis 

Statistical analyses of data were calculated using GraphPad Prizm 5 software. Data in bar 

graphs are expressed as mean ± SEM. One way ANOVA with Tukey’s multiple 

comparison post hoc test was used for between groups comparison.  
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Results:  

 We focused our immunohistochemical studies on VTA from Bregma distance  

-5.6mm to -6.04mm, according to the atlas of Paxinos and Watson, and we investigated 

cFos expression, a marker for neural activation, in the parabrachial pigmented area 

(PBP), interfascicular nucleus (IF), rostral linear nucleus raphe (RLi) and paranigral 

nucleus (PN) of VTA. The PBP and PN are rich in dopaminergic cells.   

 Lidocaine is a common local anesthetic that inhibits signal conduction in neurons 

by blocking the fast voltage gated sodium channels in the neuronal membrane that are 

responsible for signal propagation. Using immunohistochemical techniques, we 

demonstrated that inhibition of afferent input in popliteal fossa by lidocaine selectively 

increases cFos-staining in tyrosine hydroxylase-labeled dopaminergic neurons in VTA in 

rats with incision pain.  

 As shown in Figure 4, quantitative analysis of cFos expression demonstrates that 

lidocaine injection in the politeal fossa has significantly increased the total number of 

cFos positive cells within the VTA area including the PBP, RLi, PN and IF in rats that 

have sustained incision surgery, as compared to the total number of cFos expressing cells 

in injured animals treated with saline and in sham animals (one way ANOVA with 

Tukey’s multiple comparison post hoc test; all values represent mean±SEM, n = 4-5 rats 

per group, 4-8 sections per rat; * indicates p<0.05).  

 Quantitative analysis of cells double stained with cFos and tyrosine hydroxylase 

(TH) within a rectangular area of the VTA shown in Figure 1 demonstrates that the 

number of cFos positive and TH positive cells is significantly increased in rats with the 

incision surgery injected with lidocaine in popliteal fossa, compared to the other three 
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groups, while no significant changes in the number of cFos positive and TH negative 

cells are observed among the treatment groups (one way ANOVA with Tukey’s multiple 

comparison post hoc test; all values represent mean±SEM, n = 4-5 rats per group, 2-3 

sections per rat; * indicates p<0.05).  
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Discussions:  

 Recent insights into the neuropharmacological bases of pain have revealed an 

important role of dopaminergic neurotransmission in modulating pain perception (Leknes 

and Tracey, 2008). However, there is still a lack of knowledge on the relationship 

between pain relief and reward. According to Seymour (2005), termination of a painful 

stimulus can be rewarding. However, the neural processes that underlie pain relief and 

analgesia-induced reward remains poorly understood.  

 Using CPP testing, we have been able to measure relief of pain and pain relief-

associated reward.  The results from CPP testing have also pointed to VTA as being 

necessary for generating pain relief-induced reward.  Using immunohistochemical 

techniques, we detected an increase in the expression of cFos in tyrosine hydroxylase 

labeled cells in VTA in rats with incision surgery that were subsequently treated with 

lidocaine in popliteal fossa, compared to rats with incision surgery that received saline in 

popliteal fossa and sham animals that received either saline or lidocaine in popliteal 

fossa. The increase in the expression in cFos corresponds to increased level of activity in 

dopaminergic neurons in VTA in rats with incision surgery that received pain relief in the 

form of popliteal fossa nerve block.   

 Our current finding is in support of our hypothesis that pain relief activates the 

reward pathway and produce reward. It also suggests that dopamine release may be 

proven as a useful marker for effective analgesics in clinical settings. Since activation of 

the reward pathway is closely linked to pain relief, dopamine release due to the activation 

of the reward circuitry may potentially be utilized clinically to screen drugs for their 

efficacy in pain relief.  
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 According to the atlas of Paxinos and Watson, VTA starts at Bregma distance -4.80 

and ends at Bregma distance -6.70, and can be roughly divided into rostral (-4.80 ~ -

5.60), medial (-5.60~-6.04) and caudal (-6.04~-6.70) VTA. Preliminary studies on cFos 

staining in our laboratory has shown that most increase in cFos staining due to nerve 

block in popliteal fossa occurs in the medial to caudal region of VTA. Thus, for this 

study, we focused on the medial region of VTA, spanning from Bregma distance -5.60 to 

-6.04.  A study investigating changes in cFos expression, in rats with incision treated with 

lidocaine or saline in popliteal fossa and sham animals treated with lidocaine or saline in 

popliteal fossa, along the axis of VTA, from the rostral to the caudal region, is currently 

underway.   

 In order to further verify our conclusion, double staining with phospho-tyrosine 

hydroxylase and tyrosine hydroxylase could be done. According to our proposal that 

reward pathway is activated upon pain relief, we would expect increased level of the 

active form of tyrosine hydroxylase- phospho-tyrosine hydroxylase in rats with surgical 

incision that are treated with lidocaine in popliteal fossa.  

 In rats that have received the incision surgery, lidocaine injection in popliteal fossa 

blocks the afferent input, so the nociceptive signal resulting from the incisional pain, 

which is first transmitted from the primary afferent neurons to dorsal root ganglion, and 

via secondary neurons in the spinal cord dorsal horn, carried to neurons in the thalamus, 

is blocked. However, little is known about how the signal that indicates termination of 

pain is further transmitted to VTA and activates the dopaminergic neurons there. This 

remains an area of interest for future research effort.  

  The VTA also consists of GABAergic and glutamatergic neurons. Opioids in the 
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brain can produce reward by modulating the mesolimbic dopaminergic pathway; opioids 

in the VTA inhibit GABA interneurons, resulting in disinhibition of dopaminergic 

neurons and dopamine release.   

 Under certain circumstances, anticipated harm or reward may conflict with the 

motivation to avoid a noxious stimulus (Fields, 2007). The decision to respond to the 

greater harm or the reward via inhibition of the response to noxious stimulus has been 

shown to be implemented by the opioid-mediated, descending pain-modulatory pathway 

via the PAG and RVM projection to the dorsal horn (Fields, 2007). Further, opioid 

receptors in VTA have been shown to contribute to reward and stress-induced analgesia 

(Altier & Stewart, 1996). Most of the stressors, capable of inducing analgesia, have been 

shown to activate dopamine neurotransmission (Deutch et al., 1990; Altier & Stewart, 

1996). But both peripheral and intra-VTA injections of opioid receptor antagonists have 

been demonstrated to prevent footshock stress-induced activation of dopamine 

metabolism in mesocorticolimbic neurons (Miller et al., 1984; Kalivas et al., 1987; Altier 

& Stewart, 1996). Dopamine metabolism refers to the breakdown of dopamine in 

synaptic cleft by monoamine oxidase and catechol-O-methyltransferase. Reduced 

metabolism of dopamine is an indication of decreased release of dopamine by presynaptic 

mesocorticolimbic neurons. Further support that opioid receptors in the VTA play a role 

in stress-induced activation of dopaminergic neurons comes from the findings that intra-

VTA infusions of morphine leads to increased dopaminergic activity and induces 

analgesia in the formalin test (Morgan, 1990; Altier & Stewart, 1996). By contrast, intra-

VTA infusions of the opioid antagonist, naloxone methylbromide (NMB), can block both 

the analgesic effects of systemic morphine in the formalin test and stress-induced 
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analgesia in the test (Morgan, 1990; Altier & Stewart, 1996). Together these findings 

suggest that opioid receptors in the VTA can contribute to analgesia in tonic pain via 

activation of the mesocorticolimbic dopaminergic neurons (Altier & Stewart, 1996). 

Thus, based on our current findings, it would be potentially interesting to investigate the 

role of opioid receptors in pain relief-induced reward.  

 Nucleus Accumbens (NAcc), which can be divided into two structures—the 

nucleus accumbens core and the nucleus accumbens shell, is a major part of the ventral 

striatum and is thought to play an important role in reward in animals and humans. 

(Lyness et al., 1979; Olds, 1982; Borsook et al., 2007) Dopaminergic neurons located in 

the ventral tegmental area are one of the major inputs to the NAcc. Projects are underway 

to study which brain structures on the reward pathway dopaminergic neurons in VTA 

project to. Additionally, dopamine release assay has been done in NAcc in rats with 

incision surgery injected in popliteal fossa with either lidocaine or saline and in sham 

animals injected in popliteal fossa with either lidocaine or saline to investigate the 

potentially important role of NAcc in pain relief-induced reward.  

 In conclusion, using immunohistochemical studies, we investigated changes in 

cFos-staining, a marker for neural activation, in tyrosine hydroxylase-labeled 

dopaminergic neurons in VTA and we found that nerve block by lidocaine in popliteal 

fossa increases staining for cFos in rats that have sustained pain associated with surgical 

incision. This result is consistent with our hypothesis that pain relief activates the reward 

pathway.  

 

 



  18 

References: 

Altier, N. & Stewart J. Opioid receptors in the ventral tegmental area contribute to stress-

induced analgesia in the formalin test for tonic pain. Brain Research 718, 203-206 

(1996). 

Ansah, O.B., Leite-Almeida, H., Wei, H., Pertovaara, A. Striatal dopamine D2 receptors 

attenuate neuropathic hypersensitivity in the rat. Exp Neurol 205, 536–546 (2007). 

Austin, P. J., Beyer, K., Bembrick, A. L., Keay, K. A. Peripheral Nerve Injury 

Differentially Regulates Dopaminergic Pathways In The Nucleus Accumbens Of 

Rats With Either ‘Pain Alone’ Or ‘Pain And Disability’. Neuroscience 171, 329-343 

(2010). 

Barbano, M. F. & Cador, M. Differential regulation of the consummatory, motivational 

and anticipatory aspects of feeding behavior by dopaminergic and opioidergic drugs. 

Neuropsychopharmacology 31, 1371–1381 (2006). 

Borsook, D., Becerra, L., Carlezon, W. A., Shaw, M., Renshaw P., Elman, I., et al. 

Reward-aversion circuitry in analgesia and pain: Implications for psychiatric 

disorders. European Journal of Pain 11, 7-20 (2007). 

Bozarth M.A. Pleasure systems in the brain. New York: Wiley & Sons (1994). 

Brennan T. J., Vandermeulen, E. P., Gebhart, G. F. Characterization of a rat model of 

incisional pain. Pain 64, 493-501 (1996). 

Deutch, A.Y. and Roth, R.H., The determinants of stress-induced activation of the 

prefrontal cortical dopamine system, Prog. Brain Res 85, 367-402 (1990). 

Esch, T. & Stefano, G. B. The neurobiology of pleasure, reward processes, addiction and 

their health implications. Neuroendocrinology Letters 25, 235-251 (2004). 



  19 

Fields, Howard L. Understanding How Opioids Contribute to Reward and Analgesia. 

Regional Anesthesia and Pain Medicine 32, 242-246 (2007). 

Hagelberg, N., Forssell, H., Rinne, J.O., Scheinin, H., Taiminen, T., Aalto, S., Luutonen, 

S., Nagren, K., Jaaskelainen, S. Striatal D1 and D2 receptors in burning mouth 

syndrome. Pain 101, 149–154 (2003). 

Hnasko, T. S., Sotak, B. N. & Palmiter, R. D. Morphine reward in dopamine-deficient 

mice. Nature 438, 854–857 (2005). 

Jaaskelainen, S.K., Rinne, J.O., Forssell, H., Tenovuo, O., Kaasinen, V., Sonninen, P., 

Bergman, J. Role of the dopaminergic system in chronic pain—A fluorodopa-PET 

study. Pain 90, 257–260 (2001). 

Kalivas, P.W. and Abhold, R. Enkephalin release into the ventral tegmental area in 

response stress: modulation of mesocorticolimbic dopamine. Brain Res 414, 339-348 

(1987). 

Lorenz, J., Minoshima, S., Casey, K.L.  Keeping pain out of the mind: The role of the 

dorsolateral prefrontal cortex in pain modulation. Brain 126, 1079–1091 (2003). 

Lyness, W.H., Friedle, N.M., Moore, K.E. Destruction of dopaminergic nerve terminals 

in nucleus accumbens: effect on D-amphetamine self-administration. Pharmacol, 

Biochem Behav 11, 553–6 (1979). 

Marchand S. Chapitre 1: Neurophysiologie de la douleur. In: Beaulieu P, editor. 

Pharmacologie de la douleur. Montre´al: Les Presses de l’Universite´ de Montre´al. 

3–37 (2005). 



  20 

Miller, J.D., Speciale, S.G., McMillan, B.A. and German, D.C. Naloxone antagonism of 

stress-induced augmention of frontal cortex dopamine metabolism. Eur. J. 

Pharmacol 98, 437-439 (1984). 

Morgan, M.J. Opioid-Dopamine Interactions in Analgesia in the Formalin Test. Doctoral 

Dissertation, McGill University, Montreal, Quebec, Canada, 1990. 

Nestler, E. J. Molecular basis of long-term plasticity underlying addiction. Nat Rev 

Neurosci 2, 119–28 (2001). 

Nestler, E.J., Malenka R.C., Hyman S.E. Molecular basis of neuropharmacology. 

Columbus: McGraw-Hill (2001). 

Nestler, E.J., Malenka R.C. The addicted brain. Sci Am 290, 78–85 (2004). 

Okun, A., DeFelice, M., Eyde, N., Ren, J., Mercado, R., King. T., Porreca, F. Transient 

inflammation-induced ongoing pain is driven by TRPV1 sensitive afferents.  

Molecular Pain 7, 4-14 (2011). 

Olds, M.E. Reinforcing effects of morphine in the nucleus accumbens. Brain Res 237, 

429–40 (1982). 

Pecina, S., Cagniard, B., Berridge, K. C., Aldridge, J. W. & Zhuang, X. 

Hyperdopaminergic mutant mice have higher “wanting” but not “liking” for sweet 

rewards. J. Neurosci. 23, 9395–9402 (2003). 

Peyron, R., Laurent, B., Garcia-Larrea, L. Functional imaging of brain responses to pain. 

A review and meta-analysis. Neurophysiol Clin 30, 263–288 (2000). 

Potvin, S., Grignon, S., Marchand, S. Human Evidence of a Supra-Spinal Modulating 

Role of Dopamine on Pain Perception. Synapse 63, 390-402 (2009). 



  21 

Rainville, P., Duncan, G.H., Price, D.D., Carrier, B., Bushnell, M.C. Pain affect encoded 

in the human anterior cingulate but not somatosensory cortex. Science 277, 968–971 

(1997). 

Schmidt, B.L., Tambeli, C.H., Barletta, J., Luo, L., Green, P., Levine, J.D., Gear, R.W. 

Altered nucleus accumbens circuitry mediates paininduced antinociception in 

morphine-tolerant rats. J Neurosci 22, 6773–6780 (2002). 

Schultz, W. Dopamine signals for reward value and risk: basic and recent data. Schultz 

Behavioral and Brain Functions 6, 24-32 (2010). 

Seymour, B., O’Doherty, J. P., Koltzenburg, M., Wiech, K., Frackowiak, R., Friston K., 

et al. Opponent appetitive-aversive neural processes underlie predictive learning of 

pain relief. Nature Neuroscience 8, 1234-1240 (2005). 

Sotres-Bayon, F., Torres-Lopez, E., Lopez-Avila, A., del Angel, R., Pellicer, F. Lesion 

and electrical stimulation of the ventral tegmental area modify persistent nociceptive 

behavior in the rat. Brain Res 898, 342–349 (2001). 

Taylor, B.K., Joshi, C., Uppal, H. Stimulation of dopamine D2 receptors in the nucleus 

accumbens inhibits inflammatory pain. Brain Res 987, 135–143 (2003). 

Tracey, I. & Leknes, S. A common neurobiology for pain and pressure. Nature 9, 314-

320 (2008). 

Tzschentke, T. M. Measuring reward with the conditioned place preference (CPP) 

paradigm: update of the last decade. Addiction Biology 12, 227–462 (2007). 

Wood, P. B. et al. Fibromyalgia patients show an abnormal dopamine response to pain. 

Eur. J. Neurosci. 25, 3576–3582 (2007). 

 



  22 

Figures: 

Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 



  23 

Figure 2 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  25 

Figure 4  
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Figure legends: 

Figure 1: The divisions of VTA at Bregma -5.8 showing tyrosine hydroxylase and cFos 

labeled cells. A micrograph of a coronal brain section through the VTA area (Bregma -

5.8 mm according to the atlas of Paxinos and Watson) showing substructures of the VTA. 

VTA is labeled with both tyrosine hydroxylase (red) and cFos (green). RLi rostral linear 

nucleus raphe, PBP parabrachial pigmented area, IF interfascicular nucleus, PN 

paranigral nucleus, R red nucleus, SNc substantia nigra compacta, SNr substantia nigra 

reticulata, IP interpedincular nucleus, ml medial lemniscus, mp mammillary peduncle. 

 

Figure 2: Confocal microscope images used in evaluation of cells doubled-stained with 

tyrosine hydroxylase and cFos. Confocal microscope images within the area indicated by 

a rectangle in Figure 1 were taken to evaluate whether the cFos positive cells are 

dopaminergic (TH positive) or non-dopaminergic (TH negative). Scale bar represents 100 

µm. 

 

Figure 3:  Representative images of cFos labeled cells that are either TH positive or TH 

negative. Scale bar represents 10 µm. 

 

Figure 4. Nerve block by lidocaine in popliteal fossa in rats with incision pain selectively 

increases the number of tyrosine hydroxylase and cFos positive cells in the ventral 

tegmental area. (A) Quantitative analysis of changes in cFos expression in the four 

treatment groups (sham rats with popliteal fossa saline, sham rats with popliteal fossa 

lidocaine, rats with incision injected in popliteal fossa with saline and rats with incision 
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injected in popliteal fossa with lidocaine) demonstrates that the total number of cFos 

positive cells within the VTA area including the PBP, RLi, PN and IF is significantly 

increased in rats with the incision injected in the popliteal fossa with lidocaine, compared 

to the other three groups (one way ANOVA with Tukey’s multiple comparison post hoc 

test; all values represent mean±SEM, n = 4-5 rats per group, 4-8 sections per rat; * 

indicates p<0.05). (B, C)  Quantitative analysis of double stained cells within a 

rectangular area of the VTA shown in Figure 1, demonstrates that the number of cFos 

positive and TH positive cells is significantly increased in the incision plus lidocaine 

group compared to the other three groups (B) while no significant changes in the number 

of cFos positive and TH negative cells are observed among the treatment groups (C); 

(one way ANOVA with Tukey’s multiple comparison post hoc test; all values represent 

mean±SEM, n = 4-5 rats per group, 2-3 sections per rat; * indicates p<0.05).  
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