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Pain is a complex phenomenon which can be influenced by various factors. Placebo analgesia 

(PA) is the experience of pain relief after the administration of a physiologically inert 

intervention via the expectation of benefit. However, adequate animal models of PA in chronic 

neuropathic pain were unavailable to determine how PA occurs in neuropathic pain. Neuropathic 

pain (NP) is a chronic pain condition characterized by a dysfunction of the peripheral or central 

nervous system. There is still limited progress in translating the findings of preclinical studies to 

address the clinical burden of chronic pain. This is thought to partly reflect difficulties in reliably 

assessing pain in animals. Hence, we employ a translational approach in both rodents and 

humans to explore the occurrence of PA in chronic NP. 

First, I tested the hypothesis that the facial grimace scale is a useful metric of spontaneous pain 

in rodents. We performed a chronic constriction injury of the infraorbital nerve (CCI-ION) and 

tested for changes in mechanical hypersensitivity and grimace scores. Results showed rodents 

with CCI-ION had significantly higher grimace scores and lower mechanical withdrawal 



 

thresholds compared to controls. These changes were reversed by an opioid, indicating the 

grimace scale as a sensitive metric for assessing ongoing pain in CCI-ION. 

Secondly, I tested the hypothesis that pharmacological conditioning with fentanyl would produce 

PA in a rat model of CCI-ION. Rats were pharmacologically conditioned with or without 

contextual cues. We administered a placebo and found marginally significant PA effect via the 

grimace scale but not in mechanical sensitivity. These findings suggest that PA may be more 

challenging to induce in rodents. 

Finally, in humans, I investigated how NP-like symptoms in Temporomandibular Joint Disorder 

alter PA. The effect of NP on PA is yet to be fully understood. I tested the hypothesis that the 

presence of NP-like symptoms would decrease PA in TMD. NP assessment was carried out both 

in the orofacial region and across the whole body using validated screening tools. Our results 

showed that the presence of co-occurring NP-like symptoms increased PA in TMD. We also 

show that this effect is mediated by reinforced expectation. 
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Chapter 1. General Introduction 
 
The Placebo Effect 
 

The “Placebo effect”, coined directly from the Latin word “placebo” which means “I shall 

please” refers to positive physiological changes after the administration of a 

pharmacologically inert substance or manipulation. This induced treatment effect of the 

substance or manipulation can be attributed to the cognitive and psychophysiological 

processes that emanate from the patient’s previous experience, perception or expectation of 

some therapeutic benefit. The scientific study of the placebo effect was inspired by Henry K. 

Beecher in 1955. Historically, the scientific interest in probing the placebo effect stemmed 

predominantly from the need to decipher pharmacological effects of therapeutics from the 

non-specific effects of suggestion and to experimentally derive unbiased assessments of 

drugs (Beecher, 1955). Prior to this, a mechanistic understanding of the placebo effect was 

largely experimentally ignored by the scientific community. Beecher’s systematic review of 

over 1,000 patients spanning a variety of ailments, including headaches, post-operative 

wound pain, anxiety, cold and angina pectoris showed that placebo administration produced a 

significant physiological improvement of symptoms in about 30% of clinical cases (Beecher, 

1955). 

Placebo effects have not only been reported in physiological responses that may be 

considered as subjective measures (like pain or affect) but also in more objective measures 

like changes in pupil diameter (KEATS & BEECHER, 1952) and gastric acidity (ABBOT, 

MACK, & WOLF, 1952). Placebos have also been shown to cause changes in essential 

tremor (Calzetti, Findley, Gresty, Perucca, & Richens, 1981), lower blood pressure in 

patients with hypertension (Palmer 1955) and reduce nausea and vomiting due to motion 
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(GAY & CARLINER, 1949) or radiation (PARSONS, WEBSTER, & DOWD, 1961). 

Because of this ability of placebos to induce clear positive and measurable therapeutic 

effects, their potential therapeutic role in clinical settings should not be underestimated. Since 

these pioneering reports, the view on the placebo effect has gradually shifted from being seen 

merely as a hurdle to be overcome in drug development pursuits to one of greater 

appreciation and with a push to harness its therapeutic benefits.  

Placebo effects have been demonstrated to function via multiple neurobiological pathways, 

involving the release of various neuroactive molecules. The substances involved depend on 

the specific neurobiological system and illness being probed including endogenous opioids 

(Amanzio & Benedetti, 1999; Eippert et al., 2009; Levine, Gordon, & Fields, 1978), 

dopamine (Benedetti et al., 2004; Lidstone et al., 2010), endocannabinoids (Benedetti, 

Amanzio, Rosato, & Blanchard, 2011), vasopressin (Colloca, Pine, Ernst, Miller, & Grillon, 

2016) and oxytocin (Kessner, Sprenger, Wrobel, Wiech, & Bingel, 2013). Arguably, the 

most prominent and well-studied form of the placebo effect is placebo analgesia and is the 

focus of this project. 

 

Theories of Placebo Analgesia 
 
Placebo analgesia (PA) describes, specifically, reductions in pain perception after an inactive 

pharmacological substance or treatment is administered. It involves cognitive pain 

modulation and brain-mind-body responses to the contexts in which a manipulation is 

delivered. Though modern medicine has achieved considerable success over the years in 

alleviating many types of disease, the field of pain has lagged behind in these advancements 

due to the complexity of the pain experience—involving not only objective pathological 

processes but also more affective factors. With the push for new therapeutic avenues to treat 
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chronic pain, PA is of interest to the field of pain because of its potential added benefits in 

influencing health outcomes positively. Two conceptual frameworks identified to explain the 

manner in which placebo effects are generated are expectancy and conditioning, which are 

discussed below. Though they can be initiated via different processes, they closely interact 

with each other as well as with other psychological processes including emotions, somatic 

focus, motivation and cognition.  

Expectancy and Expectations in Placebo Analgesia 
 
The framework of expectancy can be described as the substrate that mediates all placebo 

effects. Kirsch first explored this model of expectancy, derived from cognitive processes that 

lead to an anticipation of a response based on situational cues combined with internal beliefs 

and prior experiences (Kirsch, 1997). The complex psychosocial events that underlie this 

expectancy model of PA can include verbal suggestions, social observations and interactions 

that combine to produce an anticipation of a future outcome of reduced pain. For this 

discussion, it is helpful to differentiate between expectancies and expectations. While, 

generally, expectancies can be generated either consciously or subconsciously, expectation 

refers to the form of expectancies that can be accessed consciously (Colloca & Barsky, 

2020). In the context of analgesia and treatment of pain patients, expectations play a 

significant role due to frequent doctor-patient interactions, and individual appraisals of 

previous treatment effectiveness and other past experiences that generate individual beliefs 

and perceptions. 

The role of expectancy in the formulation of placebo responses has been evidently shown (D. 

D. Price et al., 1999; Vase, Robinson, Verne, & Price, 2003). Previous studies indicating the 

differential effects of overt versus covert administration of analgesics have been instrumental 
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in demonstrating these effects. Colloca et al. demonstrated the differences between open and 

hidden injections of four painkillers: buprenorphine, tramadol, ketorolac, and metamizole 

(Colloca, Lopiano, Lanotte, & Benedetti, 2004). Colloca and collaborators compared the 

situation where the drug was openly administered with the doctor stating a powerful 

analgesic was being given versus when administration was hidden, with the drug pumped 

through an infusion machine without any clinician in the room. The authors found that a 50% 

higher dose was needed for the hidden administration to produce similar analgesic effects as 

the open administration (Colloca et al., 2004). These findings show that positive expectations 

can greatly influence the therapeutic potential of any treatment. 

Conditioning Effects and Learning Mechanisms 
 
Primarily derived from Ivan Pavlov’s famous experiments in dogs (Pavlov, 2010), the 

conditioning theory in the context of PA involves the repeated pairing of a neutral cue (e.g. 

visual, auditory or other), also known as the conditioned stimulus (CS), with an active 

analgesic treatment or manipulation (the unconditioned stimulus, US) to induce a conditioned 

response (CR) of analgesia when the CS alone is presented. The ability of the presented cues 

to take on the signaling properties of the active treatment and to initiate similar physiological 

processes has been the subject of extensive study (Colloca & Benedetti, 2006; Colloca & 

Miller, 2011). Studies elaborating on this phenomenon have demonstrated that after a period 

of conditioning, expectation cues will produce PA, similar to an active analgesic. For 

instance, administering morphine for two consecutive days was sufficient to produce a 

placebo analgesic response when a placebo alone was administered (Amanzio & Benedetti, 

1999). In other non-pharmacological conditioning paradigms, conditioned placebo analgesic 

responses (CR) have been generated with pairings of a sham analgesic manipulations (e.g. a 
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sham electrical stimulation, or analgesic cream) with visual and the cues alone subsequently 

producing analgesic responses (Colloca, Petrovic, Wager, Ingvar, & Benedetti, 2010). In this 

conditioning framework, the CR that is induced is thought to initiate learning mechanisms 

that create a physiological memory of a learned response which can then be re-evoked over 

time with the associated cues (Colloca & Miller, 2011). Pharmacological conditioning has 

also been investigated in select animal models where it especially has great use due to the 

fact that the use of verbal suggestions to create associations is generally limited to use in 

humans (Guo, Wang, & Luo, 2010; Guo et al., 2011; Zhang, Zhang, Wang, & Guo, 2013). 

A particularly exciting line of research proposing the possibility of dose-extending placebos 

via pharmacological conditioning shows the relevance of conditioning mechanisms for 

potential use in pain alleviation (Colloca, Enck, & DeGrazia, 2016). Ader and Cohen initially 

proposed this idea when they reported that two doses of an immunosuppressant, 

cyclophosphamide, induced a dose-dependent immunosuppressive placebo effect in rats 

when placebo alone was administered—with the strength of the placebo response greater 

with two associative pairings as compared to one (Ader & Cohen, 1982). This correlation 

between the length of conditioning and the placebo response has been highlighted suggesting 

an ability to modulate the strength of conditioned placebo responses (Colloca & Miller, 2011; 

Colloca et al., 2010). 

Mechanisms of Placebo Analgesia 
  
Pioneering studies on the mechanism of PA implicated the endogenous opioid system 

(Levine et al., 1978). Drawing from earlier studies on the “pharmacology” of placebos 

showing that the opioid antagonist –naloxone— was less effective for pain relief than 

placebos (Lasagna, 1965; LASAGNA, LATIES, & DOHAN, 1958), Levine and 
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collaborators hypothesized that the endogenous opioid system might mediate PA. They thus 

investigated the direct effect of naloxone on placebo-induced analgesia in patients with 

dental post-operative pain. Their study showed that naloxone, when administered after a 

placebo, blocked the pain relief previously experienced and resulted in greater pain, 

suggesting that endorphin release mediated PA in these patients (Levine et al., 1978). 

Subsequent studies have supported this hypothesis, showing that the endogenous opioid 

system mediates PA in post-thoracotomy pain, ischemic arm pain and post-thoracotomy pain 

(Gracely, Dubner, Wolskee, & Deeter, 1983; Levine & Gordon, 1984; Levine, Gordon, & 

Fields, 1979). Another study investigating the concentration of endorphins in the 

cerebrospinal fluid of chronic pain patients found greater concentrations of endorphins in 

patients who responded to placebo when compared to those who did not (Lipman et al., 

1990). 

Still other studies have shown that PA can be mediated, at least in part, by other non-opioid 

neurobiological systems. This also appears to be dependent on the procedure used to induce 

PA. A very insightful study by Amanzio and Benedetti demonstrated how the effects of 

cognitive factors such as expectation versus conditioning on PA could be mediated by 

different neurobiological subsystems (Amanzio & Benedetti, 1999). In an experimental 

human model of ischemic arm pain, they showed that placebo analgesic responses were 

mediated by different processes depending on if the placebo effect was evoked by 

expectation, by drug conditioning or both (Amanzio & Benedetti, 1999). In this study, the 

experiments administered induce PA via conditioning with either morphine or the 

nonsteroidal anti-inflammatory drug (NSAID), ketorolac.  
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PA was completely antagonized by naloxone only when induced by verbal suggestion and / 

or morphine conditioning and was only partially inhibited when verbal suggestion and 

ketorolac conditioning were utilized together. PA was naloxone-insensitive when induced by 

ketorolac conditioning alone suggesting that expectancy was mediated by the opioid system 

while PA produced via conditioning mechanisms can be mediated by non-opioid 

mechanisms (Amanzio & Benedetti, 1999). A greater understanding of the different 

mechanisms that lead to PA is crucial for exploring its benefits and potential clinical uses. 

 

Placebo Analgesia in Animal Models 
 
The field of PA has been led primarily by advances in human research (Colloca & Benedetti, 

2005; Colloca, Enck, et al., 2016; Wager & Atlas, 2015), this is unlike many other fields of 

research. In the context of animal models of PA, it is a matter of great consideration to 

determine how best to model placebo analgesic effects due to the apparent inability to offer 

suggestions verbally to animals. It is also possible that certain prejudices against the capacity 

of non-human animals to display PA exist and have contributed to the paucity of research in 

this field (McMillan, 1999). In fact, the first systematic studies of placebo analgesia in 

rodents have only appeared as recently as this decade. This may also simply reflect the 

historical origins of placebo research that emerged from attempts to better control clinical 

trials. This deficiency is unfortunate because of the distinct advantages of animal research for 

revealing the underlying mechanisms of clinical phenomena, which has been shown 

especially in the field of pain (Burma, Leduc-Pessah, Fan, & Trang, 2017; Mogil, 2009; 

Mogil, Davis, & Derbyshire, 2010; Munro, Jansen-Olesen, & Olesen, 2017). Such 

advantages as the ability to generate reproducible models of pain, the ease of use of 



 8 
 

transgenic animals or the ability to perform certain experimental manipulations that would be 

unethical to perform in humans (e.g. brain lesions, optogenetic manipulations of brain 

circuitry, or measurements of related neurochemicals). As a result of this, the field has 

missed out on the useful synergy that animal studies could provide. 

In addition, there are only a handful of animal studies of PA and they have all be conducted 

in models of acute pain (Keller, Akintola, & Colloca, 2018). Though, these studies provide 

evidence for the ability of rodents to develop placebo analgesic responses, they center only 

on acute pain which is thought to be mediated by different mechanisms than chronic pain 

(Markenson, 1996). Studying PA in models of chronic pain is important because the 

pathogenesis of chronic pain involves brain structures and mechanisms that differ 

substantially from those related to acute pain (Baliki & Apkarian, 2015; Tracey, 2016). 

Animal studies attempting to investigate the occurrence of PA in chronic pain are even 

fewer. McNabb et al. conditioned rats with chronic neuropathic pain from a ligation of the L5 

spinal nerve by pairing various analgesic drugs with environmental cues (McNabb, White, 

Harris, & Fuchs, 2014). After four days of conditioning, pairing saline administration with 

the cues alone on the fifth day failed to produce PA. A more recent study in a similar injury 

model, found that pharmacological conditioning with gabapentin for four days produced 

significant (i.e. not partial) PA in ~30% of the rats  (Zeng et al., 2018). However, this study 

did not include appropriate control groups that would clearly delineate PA from other non-

specific responses such as the natural history of the disease. 

Furthermore, the reduced success in the development of PA in these animal models of 

chronic neuropathic pain as compared to animal models of acute pain suggests that the 

mechanisms underlying PA in chronic pain may differ substantially from those related to PA 
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in acute pain. This further emphasizes the need for such research in animal models of chronic 

pain. 

Reflexive versus Non-Reflexive Assessments of Pain in Animals 

 
Despite great advancements in understanding the underlying molecular mechanisms, there 

remains widespread frustration in the field over the lack of translation of these pre-clinical 

findings into safe and effective clinical therapies (Institute of Medicine (US) Committee on 

Advancing Pain Research, 2011). This has been stated to be due, at least in part, to the 

inadequacy of current pain metrics to reliably report pain (Burma et al., 2017). In a bid to 

model placebo analgesia in animal models of chronic pain, careful consideration must be 

taken in the ensuring the face validity of the assays of pain. Because the development of PA 

is dependent on the relief of a painful experience, an accurate assessment of ongoing pain is 

essential for this discussion (Levine, Gordon, Bornstein, & Fields, 1979). For instance, the 

most commonly recorded outcome measures in chronic pain models are reflexive behaviors 

such as the hind-paw withdrawal test or tail flick test in response to evoked- pain. These 

unlearned responses are thought to reflect spinal reflexes to stimuli mediated by the 

brainstem and not affective-motivational avoidance behavioral responses to pain (Cobos & 

Portillo-Salido, 2013). In addition, these reflexive responses to painful stimuli have been 

demonstrated in decerebrate animals thus they do not provide information on higher order 

cerebral functions and are not extensive measures of pain (Chapman et al., 1985; Woolf, 

1984). Because spontaneous (also referred to as ongoing) pain is more characteristic of 

chronic neuropathic pain and is the common complaint of patients, a PA model in 

neuropathic pain would need to utilize such assays of pain (G. J. Bennett, 2012). 
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Examples of measures of spontaneous pain (non-reflexive tests) in animal models include 

assessments of spontaneously emitted behaviors such as weight-bearing and gait analyses 

(Combe, Bramwell, & Field, 2004; Lau et al., 2013; Mogil, Graham, et al., 2010; Piesla et 

al., 2009) and open-field arena tests. Specifically, other measurements of normal behaviors 

(such as social interaction, feeding, rearing, grooming, ultrasonic vocalization) or putative 

pain-related behaviors (such as flinching and paw-lifting or licking) which are used to assess 

the wellbeing  or pain state in animals have been reported to have no significant correlation 

with neuropathic pain (Mogil, Graham, et al., 2010). In addition to them being non-reflex-

dependent tests, these methods are attractive because they are non-invasive and avoid the 

confounds of stress-related changes in nociception that could result from repeated testing 

with noxious stimuli.  

Other non-reflexive tests in animal models include cold / heat aversion tests that incorporate 

more cognitive function by allowing freely-moving animals make a choice on temperature 

preference (Walczak & Beaulieu, 2006), wheel-running activity (Cobos et al., 2012; Grace, 

Strand, Maier, & Watkins, 2014) and burrowing (Andrews et al., 2012; Lau et al., 2013). 

These and other free choice tests such as the Conditioned Place Preference (CPP) Test and 

Conditioned Place Avoidance (CPA) or Place Escape Avoidance Paradigm (PEAP) attempt 

to address the question of the interplay of affect and motivation with relation to pain, 

interpreting a greater desire to escape noxious stimuli as an indication of increased 

spontaneous pain. However, it is difficult to decipher if the preferences & changes in activity 

are specifically due to ongoing pain or merely an avoidance of the mechanical 

hypersensitivity expected from performing the tasks or a change in motivation. In addition, 

place preference or avoidance tests involve a component of learning and memory which adds 
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an additional level of complexity that is often not controlled for. 

These limitations have prompted a need for more specific and accurate pain metrics and the 

emergence of the facial grimace test in 2010, provided a less intrusive way of assaying 

spontaneous pain in veterinary and laboratory settings (Langford et al., 2010). Owing to the 

historical use of facial expressions in pain assessments (Descovich et al., 2017) and its 

clinical significance and face validity in humans (Kappesser, 2019; Williams, 2002) the 

facial grimace test has been validated in a variety of pain models and species including in the 

mouse (Langford et al., 2010), rat (Sotocinal et al., 2011), rabbit (Keating, Thomas, 

Flecknell, & Leach, 2012), horse (Dalla Costa et al., 2014; Gleerup, Forkman, Lindegaard, & 

Andersen, 2015) and sheep (Guesgen et al., 2016). Though the grimace scale is a promising 

because it has been shown to be consistently reliable in these various models of pain, its 

utility in neuropathic pain is still uncertain. Specifically, Langford et al. (Langford et al., 

2010) tested a battery of classical pre-clinical pain models in mice, including chronic 

constriction injury (CCI-SN) and spared nerve injury of the sciatic nerve (SNI-SN). Nerve 

damage failed to produce a significant increase in Mouse Grimace Scale (MGS) scores 

leading the authors to conclude that the grimace test is only valid for models of acute pain. 

They proffered that this might be due to the paroxysmal nature of spontaneous pain. More 

recently, a few recent studies have examined the rat grimace scale in neuropathic injury 

models and both have been in spinal cord injury models (Philips, Weisshaar, & Winkelstein, 

2017; Schneider et al., 2017). No further studies have been performed in mice and 

particularly, to our knowledge, no study has evaluated the utility of the facial grimace in a rat 

model of peripheral neuropathy. 

Placebo Analgesia in Humans 
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Our understanding about the neurobiological and psychological and mechanisms of PA has 

increased significantly over past decades due to extensive study in humans (Beecher, 1955; 

Benedetti, 2008; Colloca, Klinger, Flor, & Bingel, 2013; Levine et al., 1978). In studies of 

both experimental and clinical pain, the presence of PA has been demonstrated as well as 

factors that influence its development, variability and maintenance (D. D. Price et al., 1999; 

Vase, Petersen, Riley, & Price, 2009; Vase et al., 2003; Wall, 1993). Specifically, in clinical 

pain research efforts in humans have investigated PA in multiple conditions including 

irritable bowel syndrome (Kaptchuk et al., 2008; Vase et al., 2003; Vase, Robinson, Verne, 

& Price, 2005), low back pain (Carvalho et al., 2016; Hashmi et al., 2012), migraine (Kam-

Hansen et al., 2014), knee osteoarthritis (Gollub et al., 2018; Tétreault et al., 2016), post-

surgical pain (Gracely et al., 1983) and neuropathic pain (Petersen, Finnerup, Grosen, et al., 

2014; Petersen et al., 2012; Vase, Petersen, & Lund, 2014) and TMD (Wang et al., 2020). 

Various studies have also highlighted the variable magnitude of PA seen across clinical 

analgesia studies that include a placebo arm only as control e.g. Randomized Clinical Trials 

(RCTs) versus experimental placebo studies that study PA in relation to a natural history 

control group to understand placebo mechanisms. Though the study of PA had its origins in 

RCTs, more and more studies through the years have delved into PA mechanistic 

(experimental) studies with appropriate controls finding robust PA effects (Gracely et al., 

1983; Grevert, Albert, & Goldstein, 1983; Vase, Riley, & Price, 2002). A comparison of PA 

effects in clinical analgesic trials and placebo mechanistic studies show a greater PA effect 

size in the latter (Vase et al., 2002). These differences in the effect size of PA have been 

attributed to the different levels of expected pain relief, the manner in which suggestions 

were made as well as characteristics of the pain itself (Vase et al., 2009). The possibility to 
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modify PA responses and understanding the factors that modulate PA holds promise for 

potentially increasing the clinical benefits of PA in chronic pain conditions. 

Placebo Analgesia and Descending Pain Modulation 
 
Brain imaging techniques such as positron emission tomography (PET) studies and 

functional magnetic resonance imaging (fMRI) studies have aided in the discovery of the 

specific neural correlates involved in PA (Bingel & Tracey, 2008; Fields  , Basbaum  , & 

Heinricher, 2006). The descending pain modulatory system is composed of spinal, supra-

spinal and cortical brain structures that function together to inhibit nociceptive transmission 

at the level of the spinal cord as well as reduce activation in pain-promoting brain regions 

which consequently reduces the experience of pain (H. Fields, 2004). Importantly these 

studies indicate that opioidergic signaling, which is one of the major mechanisms of PA, is 

significantly ramped up in certain pain modulating areas, especially in neural structures 

involved in descending pain modulation.  

For example, PET studies using mu-opioid selective tracers have demonstrated the increased 

activity and release of endogenous opioids in regions associated with pain modulation during 

placebo analgesia (Bingel & Tracey, 2008; H. L. Fields, 2000). This includes the dorsolateral 

prefrontal cortex (DLPFC), orbitofrontal cortex (OFC), rostral anterior cingulate cortex 

(rACC), and periaqueductal gray (PAG) (Elsenbruch et al., 2012; D. D. Price, Fillingim, & 

Robinson, 2006; Wiech, Ploner, & Tracey, 2008). In addition, neuroimaging (fMRI) studies 

further demonstrated PA-induced decreases in activation in pain-sensitive regions of the 

brain including the insula, thalamus and the dorsal anterior cingulate cortex (dACC) (Bingel, 

Lorenz, Schoell, Weiller, & Büchel, 2006; Petrovic, Kalso, Petersson, & Ingvar, 2002; 

Wager et al., 2004).  
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The opioidergic system plays in important role in activation of the descending pathway from 

the periaqueductal grey (PAG) to the rostroventral medulla (RVM) and then the spinal cord. 

The PAG receives direct projections from the cortical structures ventromedial PFC (vmPFC), 

ventrolateral PFC (vlPFC) (Barbas, Saha, Rempel-Clower, & Ghashghaei, 2003; J. L. Price, 

1999). The PAG also receives projections from the amygdala, nucleus accumbens (NAc) and 

hypothalamus, which allows for limbic control over pain circuitry (Barbas et al., 2003; Keay 

& Bandler, 2001; J. L. Price, 1999). Further down the descending pain modulatory system, 

projections from the brainstem to the spinal cord have a dual function to either facilitate or 

attenuate nociceptive responses (Fig. 1). 

 

Figure 1: Placebo Analgesia and Descending Pain Modulation 

Schematic representation of the mechanism by which descending pain modulatory system produces placebo 
analgesia (PA). Expectancy, generated by verbal suggestions, social interactions, conditioning from previous 
experiences initiate psychoneurobiological processes. Neural peptides (e.g. opioids) released from frontal 
cortical structures (vmPFC, dlPFC) trigger the activation of midbrain (e.g. PAG) and limbic neurons (the NAc-
VS exerts motivational-affective influence on the pain experience), which show increased activation in placebo 
analgesia. Areas such as the aINS, ACC, mThal, S1 which process nociceptive information show reduced 
activation during PA. Both the PAG and RVM and spinal cord have dual roles and are tightly modulated by 
descending modulatory processes. Abbreviations: ACC, anterior cingulate cortex; aINS, anterior insula; dlPFC, 
dorsolateral prefrontal cortex; mThal, medial thalamus; NAc-VS, nucleus accumbens-ventral striatum; PAG, 
periaqueductal gray; RVM, rostroventral medulla; S1, primary somatosensory area; SII, secondary 
somatosensory area; dpINS, dorsal posterior insula; vmPFC, ventromedial prefrontal cortex. Figure re-
published from Colloca 2019, Annual Rev Pharmacol Toxicol, with copyright permission. 
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An  underlying mechanism to explain these observations has been deduced: PA  recruits the 

activation of the opioidergic descending pain control system (Basbaum & Fields, 1984; 

Fields   et al., 2006; Millan, 2002) leading to inhibition of nociceptive transmission at the 

spinal cord. This occurrence and the subsequent decreases in neural activity in pain-

responsive brain regions results in an overall reduced experience of pain. 

Neural basis of expectancy 

The neural substrates of the anticipatory phase of an impending stimulus have been studied 

with neuroimaging techniques, including both positron emission tomography (PET) and 

functional magnetic resonance imaging (fMRI). The neural response during the anticipatory 

phase is a complex phenomenon. In the context of pain, anticipation is what takes place 

before the painful stimulus is presented. The state of anticipation is organized by many 

factors which contribute to the unpleasant experience that accompanies pain (Palermo, 

Benedetti, Costa, & Amanzio, 2015; D. D. Price et al., 1999; Staub, Tursky, & Schwartz, 

1971). The neural activity that occurs during the anticipatory period is thought to be shaped 

by cognitive factors that give meaning to the intensity of the painful stimulus and the 

predictability of its delivery (Ploghaus, Becerra, Borras, & Borsook, 2003. The conclusion on 

how painful a stimulus can be anticipated to be is partially determined during this 

anticipatory phase. In 2010 study, investigating the functional connectivity among brain 

regions during the anticipatory phase, (Ploner, Lee, Wiech, Bingel, & Tracey, 2010) explored 

the dynamics of determining whether a stimulus will be painful even before the stimulus is 

presented. This was done using a near-threshold pain detection paradigm which delivered 

brief pulses of heat at an intensity near the pain threshold. Fluctuations in the rating of a 

stimulus as painful or non-painful were attributed to changes in pain susceptibility. Brain 

activity was measured three seconds before the presentation of the thermal stimulation. 

Results showed that the left anterior insular was highly active during this short 3-second 
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period even before the presentation of the noxious stimulus suggesting that the anterior 

insular was responsible for the decision of whether a stimulus would be painful. Based on 

this anticipatory phase and the decision made, the anterior insular likely plays a role in 

activation of the PAG and pain modulation. Moreover, pre-stimulus connectivity between the 

anterior INS and brainstem determined whether a noxious event would be perceived as 

painful. These responses were shown to co-vary with relevant personality traits. For instance, 

more anxious individuals displayed weaker descending connectivity in these pain modulatory 

brain areas. These findings support prior findings assessing the regional activity during the 

anticipatory phase since pre-stimulus functional connectivity between regions also influences 

impending pain perception. 

In a recent meta-analysis, Palermo et al., used an activation likelihood estimation to 

analyze pain anticipation across neuroimaging studies and showed that there were twenty-

one activation and six deactivation clusters that appeared to be relevant for pain anticipatory 

activity (Ploghaus, Becerra, Borras, & Borsook, 2003). During anticipation, activated foci 

were found in the dorsolateral prefrontal cortex (dlPFC), the anterior insular, the medial and 

inferior frontal gyri, the middle and superior temporal gyrus, inferior parietal lobule and the 

thalamus. A connectivity model was created that suggested the anterior insular and anterior 

cingulate cortex selectively coordinate attentional, affective, and sensory resources when the 

system is activated by anticipatory activity. Overall these results suggest that self-regulation 

can prime brain regions associated with emotions as well as act on the perception of a pain 

stimulus. 

Neuropathic Pain 
 
The International Association for the Study of Pain in 2011, defined neuropathic pain as pain 

that is related to or caused by a lesion or disease of the somatosensory system (Merskey & 

Bogduk, 1994). Though epidemiological studies indicate that its prevalence may be 
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underestimated (Bouhassira, Lantéri-Minet, Attal, Laurent, & Touboul, 2008), neuropathic 

pain is reported to affect 7 – 17.9 % of people and this proportion expected to rise through 

the years with the advance of medicine and an increasingly aging population in the developed 

world. Neuropathic pain is generally considered chronic and disabling and is among more 

difficult to treat (Attal et al., 2010; R. H. Dworkin et al., 2003; Finnerup, Otto, McQuay, 

Jensen, & Sindrup, 2005). This difficulty is attributed to its unique pathophysiological 

mechanisms (Woolf & Mannion, 1999) but also to an underestimation of its occurrence, 

especially in patients that may have no definite neurological lesion condition (Harden & 

Cohen, 2003). Central neuropathic pain is due to a lesion or disease of the spinal cord and/or 

brain. Studies into the mechanism of neuropathic pain over the years in both animals and 

humans have aided our understanding of how a nerve injury alters the nervous system. From 

these have come the discovery of novel therapeutic targets that have facilitated the translation 

of knowledge from animal models to clinical practice. Insights from these animal and human 

studies on the pathophysiology of neuropathic pain have elucidated the plastic changes that 

take place including: ion channel alterations, changes to pain signaling, and deficits in 

inhibitory modulation.  

Mechanisms of Neuropathic Pain in Animal Studies 
 
The differences between animal assays for pain (highlighted above) and the specific features 

of neuropathic pain in humans, as well as the homogeneity of animal genetic strains pose a 

challenge in the translation of the findings from preclinical studies to effective therapies in 

humans. Despite the challenges, preclinical studies have revealed some of the molecular and 

electrophysiological changes that occur in neuropathic pain. For example, common animal 

models of neuropathic pain include the surgical constriction or ligation of sensory nerves 
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(Burma et al., 2017). After such surgical manipulations, mechanical or thermal 

hypersensitivity to external stimuli is common and these are typically assessed via the use of 

von Frey filaments, cold or hot plate tests. More recently, these measures of sensitivity have 

been shown to be reflective of spinal reflexes since they are preserved in decerebrate animals 

(Chapman et al., 1985; Woolf, 1984) and outcome measurements that are thought to be 

associated with higher-level cognitive function have been investigated. Because spontaneous, 

non-evoked, pain is more commonly associated with neuropathic pain in humans these tests 

of the spontaneous pain experienced by patients have recently been introduced in the array of 

animal models of neuropathic pain (Okun et al., 2016). These include tests that assess the 

performance of motivation-affective behaviors that are suggestive of reward from pain relief.  

From these pre-clinical studies, one finding in neuropathic pain is that there is an 

upregulation of excitation and process that facilitate pain while pain inhibitory processes are 

downregulated both in the periphery and in the central nervous system. These changes to 

sensory pathways bring about the general state of hyperexcitability that is characteristic of 

neuropathic pain. Pre-clinical findings from basic research have led to the development of 

some successful therapeutic targets. For example, the use of voltage-gated sodium channel 

blockade topical treatments such as such as lidocaine and carbamazepine, were derived from 

insights from preclinical studies examining sodium channels after  peripheral nerves damage 

(Demant et al., 2015; Demant et al., 2014) . Moreover, the investigation of abnormal sodium 

channel activity in animals led to the discovery of oxcarbazepine which has been shown to be 

useful in certain neuropathic patients (Demant et al., 2014). 

Mechanisms of Neuropathic pain in Human Studies 

Pain signaling changes in neuropathic pain have also been identified in humans including 

changes to the electrical properties of sensory nerves in the periphery. Subsequent 
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imbalances in excitatory and interneuron signaling cascade to facilitate this general 

hyperexcitability in second order neurons at the level of the spinal cord. Furthermore, 

damage to nerves may cause ectopic activity and spontaneous discharges from primary 

afferent fibers contributing to a hyperexcitable state. In support of spontaneous activity, 

microneurography studies have reported C-fiber dependent spontaneous activity that is 

related to pain, suggesting a potential peripheral mechanism for neuropathic pain 

(Kleggetveit et al., 2012; Serra, 2012). In patients suffering from diabetic polyneuropathy 

and traumatic peripheral nerve injury, studies indicate an attenuation of spontaneous and 

evoked pain upon application of a nerve block agent (e.g. voltage-gated sodium channels 

(Haroutounian et al., 2014). Studies in phantom-limb pain also showed pain relief after 

administration of nerve blocking agents such as lidocaine (Vaso et al., 2014). These findings 

provide evidence to support the hypothesis that nerve damage results in overall 

hyperexcitability as a result of ion channel function alterations as well as changes to second-

order neurons and inhibitory interneurons. 

Other mechanisms identified in humans by which nerve damage initiates neuropathic pain 

are by causing alterations to ion channels, by second-order neuronal changes and by loss of 

inhibitory interneurons. Increased expression and function of voltage-gated sodium channels 

at the spinal terminus of sensory nerves as well as increased expression of the α2δ subunit of 

calcium channels have been shown to result in an enhancement of neurotransmitter release 

leading to increased signal transmission. This importance of this effect is highlighted by 

losses or gain in pain in people with hereditary channelopathies (Yang et al., 2004). In 

addition, this increase in activity and transmission of first order sensory neurons (Aβ and Aδ 

afferent fibers) also leads to an enhancement in the activity of second-order neurons, 
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expanding their receptive fields and producing a more pronounced response to third-order 

neurons. This priming and upregulation of activity contributes to central sensitization given 

stimulus excites more second-order nociceptive neurons, generating the so-called central 

sensitization (Woolf, 2011).  

Finally, losses in inhibitory interneurons and dysfunctions in descending modulatory control 

systems have been noted in neuropathic pain. The role of inhibitory interneuron is to 

maintain the delicate balance between excitation and inhibitions in the nervous system.  

Altered projections to the thalamus and cortex and parallel pathways to the limbic regions 

account for high pain ratings and anxiety, depression and sleep problems, which are relayed 

as painful messages that dominate limbic function. Indeed, projections from these forebrain 

areas modulate descending controls running from the periaqueductal grey (the primary 

control center for descending pain modulation) to the brainstem and then act on spinal 

signaling. Numerous studies have shown that brainstem excitatory pathways contribute to the 

maintenance of the pain state than in its induction. 

Placebo Analgesia and Neuropathic Pain 
 
There have been considerable advances in the understanding of neuropathic pain and how it 

affects pain modulation over the last decade (Damien, Colloca, Bellei-Rodriguez, & 

Marchand, 2018) (Jensen and Baron, 2003 Woolf, 2004). However, how neuropathic pain 

specifically alters placebo analgesia has not been expressly studied. In humans, most studies 

of placebo analgesia in chronic pain have predominantly been examined in nociceptive or 

idiopathic pain such as Irritable Bowel Syndrome (IBS) (Craggs, Price, Verne, Perlstein, & 

Robinson, 2007; Kaptchuk et al., 2010; Vase et al., 2003), Fibromyalgia (Chen et al., 2017; 

Kosek et al., 2017). Only two mechanistic studies have investigated placebo analgesia in post 
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thoracotomy neuropathic pain and reported large placebo analgesia effects in an open and 

hidden administration paradigm with topical lidocaine (Vase et al., 2014; Vase, Skyt, & Hall, 

2016). This is comparable to the effect sizes found in the clinical studies of placebo analgesia 

in randomized clinical trials of neuropathic pain (Tuttle et al., 2015). Similarly, over the last 

decade the magnitude of placebo analgesia effects has been shown to be increasing in RCTs 

for neuropathic pain treatments making the development of effective therapies even more 

difficult (Häuser, Bartram-Wunn, Bartram, Reinecke, & Tölle, 2011; Tuttle et al., 2015). 

These studies, however, did not compare these observed placebo effects with non-

neuropathic pain population serving as an appropriate control.  A comparison of placebo 

analgesia in nociceptive versus neuropathic pain profiles is beneficial to understand how the 

presence of neuropathic pain may alter the ability to engage the descending pain modulatory 

systems involved in the placebo analgesia responsiveness. 

Furthermore, studies indicate that some descending pain modulatory processes may be 

inhibited with conditioned pain modulation being less efficient and temporal summation 

being increased, with an even higher slope in neuropathic pain (Lewis, Rice, & McNair, 

2012; Yarnitsky, 2015; Yarnitsky, Granot, Nahman-Averbuch, Khamaisi, & Granovsky, 

2012). A greater understanding of how endogenous pain modulatory systems are changed in 

various pain states will aid in characterizing the manifestation and development of chronic 

pain as well as help in predicting individualized responses to potential pain-relieving 

treatments. 

Significance and Scope of Work 
 
The significance of this project lies greatly in its basic and translational aspects. Though 

many advances have been made in the field of chronic pain, there has been limited progress 
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in the translation of these findings to clinically beneficial therapies (Medicine, 2011). Given 

the prevalence and difficulty in treating neuropathic pain, the selection of appropriate pre-

clinical models is essential to increasing the translational value of any finding. Thus, the first 

goal of my project was to validate an appropriate assay for ongoing, spontaneous pain that is 

unique to neuropathic pain. Armed with a viable tool for assessment, the second goal was to 

induce placebo analgesia via effective conditioning mechanisms in a preclinical model of 

orofacial neuropathic pain. The rodent model of pain used—chronic constriction of the 

infraorbital nerve—is a well-validated model of orofacial neuropathic pain that produces 

robust and long-lasting pain. This characteristic of the model was essential to the induction of 

placebo analgesia as significant pain and the experience of pain relief are both necessary for 

the induction of placebo effects, especially in a pre-clinical model where verbal suggestions 

cannot be made. The importance of modelling placebo analgesia in chronic orofacial pain in 

animals provides ample opportunity to explore the molecular and neurobiological 

underpinnings of placebo analgesia in a way that would be unethical to conduct in humans. 

Though we observed marginal placebo effects in this model, our findings provide a 

methodological background for future studies and suggest that placebo analgesia in rodent 

models of chronic pain are feasible. Furthermore, our results point to differences in placebo 

analgesia that could be due to differences in baseline levels of pain suggesting that different 

intensities and possible phenotypes of pain may differentially modulate placebo analgesic 

responses. Future studies taking into account the limitations discussed previously, would be 

very beneficial for the field of chronic pain research as a whole. 

 

Finally, though, the benefits of preclinical research are very clear, the opportunity to transfer 

these findings to a clinically relevant population of patients was a joy of mine. The third and 
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final goal of my project was to translate these findings to humans and test the effect that 

neuropathic pain profiles had on placebo analgesia in humans. Given that RCTs of 

neuropathic pain over time record greater placebo effects (Tuttle et al., 2015) and a failure of 

pharmacological agents to out-perform non-active treatments has been a source of concern to 

drug development professionals and has resulted in continued suffering of neuropathic pain 

patients. The understanding of how neuropathic pain phenotypes modulate placebo 

responsiveness and who may be responsive to beneficial endogenous pain modulatory 

processes is crucial to assessing benefit and developing individualized therapies for patients.
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Chapter 2: The Grimace Scale Reliably Assesses Chronic Pain in a Rodent Model of 
Trigeminal Neuropathic Pain 

 
Introduction 

Despite advances in understanding the mechanisms of chronic pain, and despite significant 

commercial attempts to develop therapies for it, there has been limited progress in translating 

these investments to address the personal, societal and economic burden of chronic pain 

(Medicine, 2011). This failure has been a significant contributor also to the opioid epidemic 

(Skolnick & Volkow, 2016; Volkow & McLellan, 2016). The failure to translate research and 

industry investments in basic science into effective therapies is thought to reflect, at least in 

part, the difficulty in reliably assessing pain in experimental animals (Mogil, 2009). 

Particularly challenging is the ability to reliably quantify ongoing pain (Tappe-Theodor & 

Kuner, 2014), the major complaint of patients with chronic pain  (G. J. Bennett, 2012; 

Greenspan, Ohara, Sarlani, & Lenz, 2004). 

Several approaches have been developed to attempt to reliably monitor ongoing pain in 

experimental animal models (Burma et al., 2017; Gregory et al., 2013; Mogil, 2009; Mogil, 

Davis, et al., 2010; Munro et al., 2017; Tappe-Theodor & Kuner, 2014). One of the most 

promising approaches relies on the analysis of facial expressions, an evolutionarily conserved 

ability to express emotions, including pain (Crook, Dickson, Hanlon, & Walters, 2014; 

Williams, 2002). To adapt this approach to the study of ongoing pain, Mogil and 

collaborators have developed facial grimace scales for mice (Langford et al., 2010) and for 

rats (Sotocinal et al., 2011) and demonstrated that these objective metrics have a high 

accuracy and reliability for detecting ongoing pain. However, whereas Mogil et al reported 
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that these scales are reliable for quantifying pain of moderate duration (from minutes to 

hours), they found that days and weeks after the induction of pain, animals displayed no 

distinct facial features (Langford et al., 2010; Sotocinal et al., 2011). This suggested that 

facial expressions cannot be used as a reliable metric of ongoing pain in neuropathic pain 

models, or in other models of chronic pain. This is because the transition from acute to 

ongoing pain in such models occurs 2 or more weeks after injury (Castro et al., 2017; Masri 

et al., 2009; Okubo et al., 2013). 

Because of the acute need for reliable pain metrics in models of chronic pain, we reassessed 

the applicability of grimace score, in both rats and mice, for reliably detecting ongoing pain 

in neuropathic models. To test the hypothesis that grimace scores are reliable metric of 

ongoing neuropathic pain, we tested the prediction that chronic constriction injury of the 

infraorbital nerve—a procedure that results in profound hyperalgesia —will evoke in 

experimental animals significant increases in grimace scale scores. (Benoist, Gautron, & 

Guilbaud, 1999; Okubo et al., 2013; Vos, Strassman, & Maciewicz, 1994). 

Methods 

We adhered to accepted standards for rigorous study design and reporting to maximize the 

reproducibility and translational potential of our findings as described in (Landis et al., 

2012) and in ARRIVE (Animal Research: Reporting In Vivo Experiments) Guidelines. 

Where appropriate, animals were randomly allocated to experimental or control groups, as 

described in (Kim & Shin, 2014). In all experiments the investigators were blinded to animal 

condition. A coded key of all specimens evaluated was kept and not shared with the 
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investigators performing the experiments until data analyses were completed. We performed 

a power analysis to estimate the required samples needed for each experiment. 

Subjects 

All procedures were approved by the University of Maryland, Institutional Animal Care and 

Use Committee, and adhered to National Research Council guidelines (Guide for the care 

and use of laboratory animals, 2011). Male Sprague-Dawley rats (Envigo Laboratories, 

Frederick, MD) were 10–13 weeks old at the beginning of the study, and male C57BL/6 (The 

Jackson Lab, Bar Harbor, ME) were 10–12 weeks old. Rats were housed in pairs, and mice in 

cages of 4–6 individuals, all in limited-access animal rooms the animal facility. All animals 

were housed in polycarbonate cages at room temperature (23 ± 0.5 °C) on a 12 h light/dark 

cycle (lights on from 7:00 am to 7:00 pm) and allowed access to standard chow and drinking 

water ad-libitum throughout the study. 

Experimental design 

Animals were handled and acclimatized to the experimenter and all apparatuses for 3 days 

before testing to reduce anxiety or stress. Handling and acclimatization involved daily, 5 min 

sessions whereby animals were gently held and stroked around the vibrissa pad area. Animals 

were then placed for 10 min in the facial grimace Plexiglass apparatus (8″ × 8″ inches for 

rats, 3″ × 3″ for mice) containing home-cage bedding (for rats) or a bare floor (mice). Two 

days before the surgery, baseline facial von Frey and facial grimace scale readings were 

taken. Nerve constriction surgery was performed and the animals were allowed to recover for 

5–7 days in their home cage, and were monitored daily. After the recovery period, von Frey 
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thresholds and grimace scores were recorded again at either 10 days or 27 days post-injury. 

Mice were tested 21 to 24 days after injury. 

Chronic constriction injury of the infra-orbital nerve (CCI-ION) 

We used a rodent model of neuropathic pain, evoked by chronic constriction of the 

infraorbital nerve (CCI-ION) (Benoist et al., 1999; Castro et al., 2017; Okubo et al., 2013). 

Animals were anesthetized with ketamine and xylazine, and intra-oral surgery was performed 

under aseptic conditions. An incision was made along the gingivobuccal margin, beginning 

distal to the first molar. The ION was freed from surrounding connective tissue, and loosely 

tied using silk thread (4–0), 1–2 mm from the nerve’s exit at the infraorbital foramen. We 

used silk thread, rather than chromic gut as originally described by (Benoist et al., 1999), 

because silk ligatures demonstrate more stable neuropathic pain behaviors in mouse CCI-

ION models (van der Wal et al., 2015). 

Facial von Frey test 

A series of calibrated von Frey filaments were applied to the orofacial skin, at the cutaneous 

site innervated by the ION. An active withdrawal of the head from the probing filament was 

defined as a response. We used the up-down method to determine withdrawal thresholds, as 

described previously (Chaplan, Bach, Pogrel, Chung, & Yaksh, 1994). 

Facial grimace test 

Animal were placed in a Plexiglas chamber, and video camera images (Canon) were recorded 

for 20 min. Scoring the facial expressions is a semi-automated procedure that uses the “face 

finder” application (Sotocinal et al., 2011)—generously provided to us by J.S. Mogil—to 

capture appropriate screen shots for scoring. The grimace scale quantifies changes in a 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5808980/#b0245
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number of “action units” including orbital tightening, nose-cheek bulge, whisker tightening 

and ear position for rats, and orbital tightening, nose bulge, cheek bulge, ear position, and 

whisker change for mice. Face images were screened, labeled, randomly scrambled and 

scored, with the experimenter blinded to the treatment groups (pre/post injury or drug-

treated) and identity of each image. Ten screenshots were selected for each animal—per 

treatment condition or time-point—and on each image, each action unit was given a score of 

0, 1, or 2, as previously described (Langford et al., 2010; Sotocinal et al., 2011). Mean 

grimace scores were calculated as the average score across all the action units. 

Drug administration 

Fentanyl citrate (West-Ward Pharmaceuticals, Eatontown, NJ) was administered to a sub-

group of rats (n = 14) one day after post-CCI baselines were recorded. The dose of 25 μg/kg 

was selected based on dose response studies performed in a separate group of rats (data not 

shown). Five minutes after injections, animals were tested for grimace scores, as above, and 

then for von Frey thresholds. 

Results 
 
Chronic constriction injury of the infraorbital nerve (CCI-ION) results in significant 

mechanical hypersensitivity. Fig 2. compares thresholds computed before and after CCI-ION 

in rats and mice. It depicts data from each animal, as well as medians and 95% confidence 

intervals (CI) of withdrawal thresholds from mechanical stimuli applied to the ipsilateral 

whisker pad. 
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CCI-ION produces mechanical sensitivity 

 

Figure 2: CCI-ION produces mechanical sensitivity in both rats and mice 

CCI-ION significantly reduces mechanical withdrawal thresholds, in both rats (left) and mice (right). For rats, 
filled circles are data collected 27 days after CCI, and open circles are data collected 10 days after CCI. Group 
data are shown as medians with 95% confidence intervals. 
 

For rats, we include in the post-CCI group animals tested 10 days after CCI (open circles, 

n = 10) or 27 days after CCI (closed circles, n = 10). For the 10 day group, thresholds were 

reduced from 6.39 g (5.9 to 7.5, 95% Cl) to 0.43 g (0.002 to 1.6, 95% Cl), (p = .0020, 

Wilcoxon test). For the 27 day group, median thresholds were reduced from 8.11 g (7.6 to 

9.0 g, 95% Cl) to 1.18 g (0.9 to 6.6, 95% Cl) (p = .0195, Wilcoxon test). Thresholds were 

significantly reduced in both groups, however, 5 of the 20 animals showed no significant 

change in their thresholds post-CCI. There were no significant differences in post-CCI 

thresholds between the 10 day and 27 day groups. We therefore combined the data from the 

two groups, as depicted in Fig 2. For the group data, thresholds were reduced from 7.55 g 

(6.9 to 8.1, 95% Cl) to 0.90 g (0.8 to 3.8, 95% Cl), (p < 10−3, Wilcoxon test). In mice, 

thresholds were reduced from 2.80 g (1.9 to 3.7, % Cl) to 1.21 g (0.6 to 1.9, 95% Cl, 

(p = .031, Wilcoxon test). These findings confirm that CCI-ION results in significant 
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mechanical hypersensitivity that appears as early as 10 days after CCI, and lasts at least 

3 weeks, in both rats and mice. 

Facial grimace scale reliably reports ongoing pain 

To test the hypothesis that rats with mechanical hypersensitivity experience ongoing pain, we 

video-recorded spontaneous facial expressions and computed, from the same groups of 

animals, rat grimace scale (RGS) and mouse grimace scale scores (MGS) recorded from the 

facial grimace test (see section “Facial Grimace test”).  Fig 3 depicts data from each animal, 

as well as medians and 95% confidence intervals (CI) of RGS scores before and after CCI-

ION. Again, we include animals tested 10 days after CCI (open circles, n = 10) or 27 days 

after CCI (filled circles, n = 10). For the 10 day group, RGS scores increased from 0.47 (0.4 

to 0.5, 95% Cl) to 1.27 (1.2 to 1.4, 95% CI), (p = .002, Wilcoxon test). For the 27 day group, 

RGS scores increased from 0.48 (0.3 to 0.6, 95% Cl) to 0.85 (0.8 to 0.9, 95% Cl), (p = .002, 

Wilcoxon test). RGS scores were significantly increased in both groups and there were no 

significant differences in post-CCI scores between the 10 day or 27 day groups, therefore, we 

combined the data from the two groups. The group data (Fig 3) show RGS scores increased 

from 0.47 (0.4 to 0.5, 95% Cl) to 0.99 (0.9 to 1.2, 95% Cl,) (p < 10−3, Wilcox on test). 
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Figure 3: CCI-ION significantly increases grimace scale scores  

CCI-ION significantly increases grimace scale scores in both rats (above) and mice (below). Group data are 
shown as medians with 95% confidence intervals. For rats, filled circles are data collected 27 days after CCI, 
and open circles are data collected 10 days after CCI. Fentanyl administration, in rats, significantly reduced 
grimace scores. Sample images for each species are shown on the right. 
 

We also tested the reliability of the grimace scale in mice (n = 8) using the mouse grimace 

scale (MGS; see section “Facial Grimace test”). Fig. 3 shows significantly increased MGS 

scores from 0.48 (0.3 to 0.6, 95% Cl) to 0.99 (0.9 to 1.1 95% Cl), (p = .0078, Wilcoxon test) 

after CCI. These findings confirm that rodents with mechanical hypersensitivity exhibit 

significant ongoing pain behaviors and confirm the efficacy of the facial grimace test. 

https://www.sciencedirect.com/topics/neuroscience/fentanyl
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Facial grimace test is sensitive to analgesic-induced changes 

To further confirm the reliability of the facial grimace scale, we assessed its sensitivity to 

changes in ongoing pain behavior. In CCI-ION injured animals, we tested the effect of 

Fentanyl, a fast-acting opioid, on RGS scores. Because of Fentanyl’s analgesic effects, we 

hypothesized that Fentanyl will reduce pain behavior resulting in lower RGS scores in 

comparison to post-CCI scores. To test this, a subset of rats (n = 14) were treated with 

25 μg/kg of Fentanyl 1 day after Post-CCI data was recorded. Fig. 3 shows animals that 

received s.c. injections of Fentanyl 28 days after CCI (filled circles, n = 7) or 11 days after 

CCI (open circles, n = 7). Consistent with our prediction, Fentanyl significantly reduced post-

CCI median RGS scores from 0.99 (0.9 to 1.2, 95% Cl) to 0.61 (0.5 to 0.8, 95% Cl), 

(p = .005, Kruskal Wallis test). 

Discussion 

As described previously, research into the mechanisms of chronic pain, and studies of 

potential therapies for chronic pain, have been complicated by the absence of a consensus on 

reliable, objective and reproducible pain metrics (Mogil, 2009).This shortcoming is 

particularly acute in studies attempting to quantify ongoing, or “spontaneous” pain, and the 

affective aspects of pain (Bonasera et al., 2015; Craig, 2009; Mogil, 2009; Tappe-Theodor & 

Kuner, 2014). Mogil and collaborators addressed these shortcomings by developing the 

mouse grimace scale (Langford et al., 2010) and, later, the rat grimace scale (Sotocinal et al., 

2011). They demonstrated that these scales provide accurate, standardized behavioral coding, 

with high accuracy and reliability, of ongoing pain. These rodent grimace scales confirmed, 

and quantified, the utility of facial expression as reliable metrics of pain in humans and other 
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mammals (Dalla Costa et al., 2014; Guesgen et al., 2016; Hampshire & Robertson, 2015; J. 

& Murray, 1872; Viscardi, Hunniford, Lawlis, Leach, & Turner, 2017). 

In their original description of the rodent grimace scales, Mogil and collaborators reported 

that the these scales are reliable for assessing pain of short and moderate duration, but that 

lasting, chronic pain may not be reliably assessed with this tool (Langford et al., 2010; 

Sotocinal et al., 2011). Our aim was to reevaluate this by testing the hypothesis that facial 

expression reliably diagnoses ongoing pain in rodent models of chronic pain. We focused on 

a model of neuropathic pain induced by chronic constriction of the infraorbital nerve (CCI-

ION) (Benoist et al., 1999; Vos et al., 1994), because it produces profound hyperalgesia. 

Further, we previously demonstrated that the transition from acute to lasting pain in this 

model occurs at 2 weeks after CCI-ION (Okubo et al., 2013). This allowed us to focus on a 

mechanistically-identifiable post-injury period that corresponds to chronic pain, to directly 

test our hypothesis. 

Consistent with our hypothesis, we find that facial grimace scores are significantly increased, 

in both rats and mice, days as early as 10 days after CCI-ION, and that these increases are 

accompanied by trigeminal hyperalgesia. These changes were reversed by the administration 

of an opioid analgesic, suggesting that they reflect increased pain perception. 

Although, when analyzed as a group, mechanical withdrawal thresholds were significantly 

and strikingly reduced after CCI-ION, in 5 of the rats thresholds appear to not have changed. 

This likely reflects unintentional, excessive nerve constriction in these animals, resulting in 

reduced sensitivity to evoked stimuli (Benoist et al., 1999; Kernisant, Gear, Jasmin, Vit, & 
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Ohara, 2008; Vos et al., 1994). Interestingly, these 5 rats did display increased RGS scores, 

suggesting that they experience ongoing pain. Such dissociation between “reflexive” and 

“affective” pain metrics has been reported previously in other pain models (Barthas et al., 

2015; Boyce-Rustay et al., 2010), highlighting the importance of assessing multiple pain 

metrics that reflect different pain dimensions (Melzack, 1999; D. D. Price, 2002). 

We considered the possibility that CCI-ION surgery might have produced neuromuscular 

abnormalities that affected facial muscles, thereby affecting facial grimace. We consider this 

unlikely for several reasons. (1) The infraorbital nerve lies superficially in the oral cavity, 

such that little, if any, muscular damage is likely to occur during surgery, and branches of the 

facial nerve innervating muscles of facial expression are not in the vicinity of the incision; 

(2) The ION contains only sensory fibers, and no motor fibers that might be affected by the 

CCI-ION; (3) Fentanyl reversed the increased grimace scores, consistent with CCI-ION 

resulting in a pain-like condition, and not in neuromuscular abnormalities. If there were 

neuromuscular abnormalities, fentanyl is unlikely to have reversed them, as opioids produce 

muscular rigidity, and not relaxation, and this effect occurs only at high concentrations, and 

through central mechanisms (Christian, Waller, & Moldenhauer, 1983; Desaiah & Ho, 1979; 

van den Hoogen & Colpaert, 1987). For these reasons we find it unlikely that CCI-ION 

resulted in neuromuscular deficits, suggesting that the resulting increases in grimace scores 

are related to the expression of ongoing pain. 

Our findings are applicable to pain assays following CCI-ION in rats and mice, a procedure 

that produces severe pain (see section “Chronic constriction injury of the infra-orbital nerve 

(CCI-ION)” above). It is possible that models of neuropathic pain that affect other peripheral 
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nerves, such as the sciatic nerve, produce less severe pain, and, therefore, do not manifest 

changes in grimace scores (Langford et al., 2010). This interpretation is consistent also with 

evidence suggesting that trigeminal and spinal pain may involve different mechanisms, 

perhaps involving different brain structures (Schmidt, Schunke, Forkmann, & Bingel, 2015). 

Significant and lasting increases in grimace scale scores have also been reported recently in 

other chronic pain models, including rat models of spinal cord injury (Schneider et al., 2017; 

Wu et al., 2016), a mouse model of multiple sclerosis (Duffy et al., 2016), a rat model of 

migraine headaches (Harris, Carpenter, Black, Smitherman, & Sufka, 2017), and a rat model 

of tooth movement  (Gao et al., 2016). In contrast, rodent pain models that may produce 

more mild pain, such as those involving constriction or ligation of hindlimb nerves, may 

produce tactile hypersensitivity but only transient, or no increases in grimace scores (De 

Rantere, Schuster, Reimer, & Pang, 2016; Kawano et al., 2014; Langford et al., 2010). These 

findings suggest that grimace scores are reliable indicators of ongoing, chronic pain in both 

rats and mice with trigeminal neuropathic pain.
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Chapter 3: In search of a rodent model of placebo analgesia in chronic orofacial 
neuropathic pain. 

 
Introduction 

Pain is a highly complex sensory and emotional phenomenon that can be substantially 

modulated by conditioning factors, such as expectation, attention, social factors and external 

cues (Carlino, Frisaldi, & Benedetti, 2014). Conditioning processes can produce analgesia in 

a variety of clinical and experimental pain conditions (Fanselow, 1998). Placebo analgesia, 

the most studied form of the placebo effect, is a prominent example of the phenomenon by 

which initially innocuous cues can acquire salience to cause a physiologically beneficial 

effect. Thus, placebo analgesia and related effects have emerged as a potential approach to 

reduce harmful drug effects by interspersing treatments with placebos  (Colloca, Enck, et al., 

2016; Sandler, Glesne, & Bodfish, 2010). The characterization of placebo analgesia in a 

variety of models of chronic pain is essential to an understanding of its neurobiological 

mechanisms and an assessment of its therapeutic potentials. This approach could be 

especially relevant in orofacial neuropathic pain, which presents a particularly difficult form 

of chronic pain to treat (Colloca et al., 2017; Kitt, Gruber, Davis, Woolf, & Levine, 2000; 

Koopman et al., 2009; Watson, 2004) and perhaps help mitigate the use of pharmacological 

treatments with side effects. 

Placebo analgesia has primarily been investigated in clinical studies, and the handful of 

studies conducted in animals have mostly focused on models of acute pain (Keller et al., 

2018). These studies have provided some evidence for the occurrence of conditioned placebo 

analgesia effects in rodents with acute pain. To our knowledge, only two published animal 
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studies have attempted to examine placebo analgesia in chronic pain. McNabb et al (McNabb 

et al., 2014) conditioned rats with chronic pain after spinal nerve ligation by pairing 

analgesics with contextual cues for four days. On the fifth day, pairing saline administration 

with the contextual cues failed to affect pain withdrawal thresholds. The authors postulated 

that the failure to evoke placebo analgesia may reflect: (i) the severity of their injury model; 

(ii) inadequate temporal alignment of the conditioning cues to analgesics; (iii) the reliance on 

only a reflexive measure of tactile sensitivity. More recently, Zeng et al. (Zeng et al., 2018) 

reported success in producing pharmacologically conditioned placebo analgesia using a 

spinal nerve ligation model. However, this study did not include appropriate control groups 

to clearly disentangle placebo effects from non-specific responses that may be due to factors 

such as the natural history of the disease or regression to the mean. Here, we attempted to 

address these shortcomings in a rodent model of chronic, neuropathic orofacial pain by 

incorporating the fast-acting opioid, fentanyl, that may improve the temporal alignment of 

conditioning. We also monitored metrics of ongoing pain, in addition to reflexive pain 

measures, and included natural history and fentanyl control groups. Our hypothesis was that 

placebo affective and sensory effects can be elicited in a chronic, neuropathic orofacial pain 

model in rodents. 

Methods 
 

We adhered to accepted standards for rigorous study design and reporting to maximize the 

reproducibility and translational potential of our findings as described by (Landis et al., 

2012) and in ARRIVE (Animal Research: Reporting In Vivo Experiments). Keeping in line 
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with NIH recommendations for scientific rigor, we performed an a priori power analysis to 

estimate required sample sizes (Landis et al., 2012). 

Animals 
 
All procedures were approved by the University of Maryland, Institutional Animal Care and 

Use Committee. Fifty male Sprague-Dawley rats (Envigo Laboratories, Frederick, MD) were 

obtained at 8 weeks of age. Rats were housed in a limited-access animal room at the 

University of Maryland, Baltimore animal facility. All animals were group-housed, with 3 

male rats per cage, in polycarbonate cages at room temperature (23 ± 0.5 °C), kept on a 12 h 

light/dark cycle (lights on from 7:00am to 7:00 pm) and allowed access to standard chow and 

sterilized drinking water ad-libitum throughout the study. Rats were between the ages of 10–

13wks and weighed 200–300 g at the start of the study. 

Experimental approach 
 
An outline of the time course of the experimental design is depicted in Fig 4. To reduce 

anxiety or stress, we handled all animals and acclimatized them to the experimenters and all 

apparatuses for 3 days before testing. This involved daily, 5 min sessions where we held them 

gently and stroked their vibrissae pad area for habituation to von Frey filaments. We then 

placed them in the facial grimace apparatus for a 10-minute habituation period. Two days 

before the surgical injury was induced, we obtained baseline mechanical sensitivity and 

facial grimace scores. 
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Figure 4: Outline of the experimental paradigm. 

Following a habituation period, baseline mechanical sensitivity and facial grimace score readings were taken 
2 days before injury. Post-CCI, animals were allowed to recover for 5–7 days in their home cage. After the 
recovery period, scores were recorded again. For conditioning, 10 days post CCI, animals were divided into four 
groups and treated with fentanyl, saline or no treatment respectively. Grimace scores alone were recorded on 
each of the 7 conditioning days. On test day (the day after conditioning day 7), scores were recorded from all 
four groups. 
 

Post-injury, animals recovered for 5–7 days in their home cage and were monitored daily, 

followed by the 7-day conditioning paradigm, discussed in detail below. During 

conditioning, we obtained only facial grimace recordings, to avoid the potential stress that 

repeated tests of mechanical sensitivity could cause. Two trained female experimenters 

handled and performed all behavioral manipulations on all animals. 

Chronic constriction injury of the infra-orbital nerve 

We used an established rodent model of neuropathic pain, evoked by unilateral chronic 

constriction of the infraorbital nerve (CCI-ION) (Benoist et al., 1999; Castro et al., 2017; 

Okubo et al., 2013; Vos et al., 1994). On the day of the surgery, all animals were first 

induced with 2% isoflurane and then injected intraperitoneally (i.p.) with ketamine 
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(100 mg/kg)/xylazine (10 mg/kg). We made an 8 to10 mm long intraoral incision along the 

buccal vestibule next to left cheek, beginning distal to the first molar. After freeing the 

infraorbital nerve from surrounding connective tissue, we placed a loose ligature with silk 

thread (4–0), 1–2 mm from the nerve’s emergence from the infraorbital foramen. We used 

silk thread, rather than chromic gut as originally described by Benoist et al (Benoist et al., 

1999), because silk ligatures demonstrate more stable neuropathic pain behaviors in mouse 

CCI-ION models (van der Wal et al., 2015). We monitored the animals daily as they 

recovered for 5–7 days in their home cage. 

Mechanical sensitivity 

We held the rats gently, without restraint, while applying von Frey filaments (North Coast 

Medical, Gilroy, CA) of varying forces to the buccal region. A response to the filaments was 

defined as an active withdrawal of the head from the probing filament. We used the up-down 

method to determine withdrawal thresholds, as described previously (Chaplan et al., 1994; 

Dixon, 1965). 

Facial grimace test 

We placed rats in a Plexiglas chamber (20 × 20 cm) containing home-cage bedding and 

obtained video recordings of the rats for 20 min. These videos were processed to score the 

facial expressions, using the semi-automated “Face Finder” application (Sotocinal et al., 

2011). Briefly, the application processed each 20-minute video recording to automatically 

select and collate representative still facial frames. To reduce selection bias, we included 

only every third image selected by the application, to obtain a total of ten frames for each 

animal. We scanned all images manually for eligibility, excluding images where the animal 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6565753/#b0180
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was either asleep or grooming. The experimenter, who was blinded to treatment, screened, 

labelled, scrambled and scored each image. The grimace scale quantifies changes in four 

“action units”: orbital tightening, nose-cheek bulge, whisker tightening and ear position 

(Sotocinal et al., 2011). For each selected frame, we assigned to each action unit a rat 

grimace scale (RGS) score of 0, 1, or 2, as previously described (Akintola et al., 2017; 

Langford et al., 2010; Sotocinal et al., 2011). Mean grimace scale scores represent the 

average score across all the action units for each animal. 

Allocation and experimental groups 

We randomly assigned animals to experimental groups Table 1, as described in (Kim & 

Shin, 2014). Group 1 (fentanyl/context− group) received fentanyl and no exposure to 

conditioning cues on all days. This group served as a positive control group to verify the 

effectiveness of fentanyl dosing and administration. Group 2 (fentanyl/placebo/context+) 

received fentanyl and were exposed to the conditioning cues on the 7 conditioning days and 

saline with conditioning cues on test day. This was the “placebo group”. Group 

3 (saline/context+) received saline and were exposed to the conditioning cues on all 7 

conditioning days as well as on test day. This group served as a negative control group. Rats 

in Group 4 (natural history) were tested on all 8 days without receiving any treatment or 

conditioning exposure to determine the natural history/time course of neuropathic orofacial 

pain. 

Blinding 

The experimenters who performed all experimental tests, including drug administration, 

conditioning and behavioral testing, and data analysis, were blinded to the allocation of 
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treatment for groups. Animals were randomly assigned to groups and all drugs were 

aliquoted, sterilized, and labelled by another colleague. A coded key of all specimens 

evaluated was kept and not shared with the investigators performing the experiments until 

data analysis was completed. Thus, allocation concealment, blinded conduct of the 

experiment and blinded assessment of the outcomes were performed. 

Table 1. 

 

Table 1: Animal groups and treatments 

 
Drug administration 

We administered either fentanyl citrate (West-Ward Pharmaceuticals, Eatontown, NJ) or 

saline (0.9% NaCl; Pfizer, New York City, NY) to groups 1–3. Fentanyl dose, 25 μg/kg, was 

selected based on previous studies (Saine, Hélie, & Vachon, 2016; van den Hoogen & 

Colpaert, 1987; Wong, Chang, & Cheng, 1994) shown to not produce catalepsy in rats. To 

confirm that this dose effectively suppressed hyperalgesia in our model, we administered to a 

separate group of rats (n = 9) with CCI-ION the selected dose (25 μg/kg) and tested for tactile 

hypersensitivity (p = 0.0039) (data not shown). 
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Treatment & conditioning context 

We designed the conditioning context to include distinct cues, which collectively served as 

the conditioned stimulus (CS): (1) a tactile cue, that is, swaddling and injection of either 

fentanyl or saline; (2) an olfactory cue consisting of 95% citral scent and home-cage bedding; 

(3) a visual cue of blue incandescent light (GE floodlight bulb, 1310 lm) over the chamber; 

(4) a gustatory cue consisting of a chocolate chip (Nestle, Toll House, semi-sweet morsels); 

and (5) an auditory cue consisting of a instrumental-only track (“Can’t stop the feeling” by 

Justin Timberlake), playing continuously on a loop at 67–72 dB. On each conditioning day, 

animals from Groups 2 & 3 were gently swaddled in a towel and given either fentanyl or 

saline. We then held the animal for 5 min before placing it in the facial grimace chamber for 

20 min. With the exception of the tactile cues that were only present during the injection and 

for 5 min after, all other cues were present throughout the 20-min conditioning session. 

During this session, we left the animals undisturbed and only recorded videos to be analyzed 

for facial grimace scoring. This conditioning paradigm was repeated for 7 consecutive days. 

Animals from Group 1 were administered 25 μg/kg of fentanyl citrate i.p. and placed in the 

grimace chamber with home bedding but with no other conditioning cues. Animals from 

Group 4 received no treatment and were placed in the grimace chamber with home bedding 

for recording only. Recording sessions for all groups lasted 20 min. 

Testing phase 

On test day, one day following conditioning day 7, both conditioning Groups 2 and 3 

received saline injections, were placed in the conditioning chamber, and recorded for facial 

grimace scoring. All conditioning cues described were presented as above. After this 20-
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minute session, we recorded von Frey thresholds before returning the animals to their home 

cage. On this day, animals from Groups 1 and Group 4 received fentanyl or no treatment, 

respectively, and were also tested on both von Frey and facial grimace tests. 

Statistical analysis 

Primary outcomes for this study were metrics recorded before and after injury (pre-CCI and 

post- CCI), and differences (pre minus post treatment measurements) in the mechanical 

sensitivity and RGS scores on the test day. 

We first tested that the surgical procedure induced pain. To determine the efficacy of the 

surgical procedure, we used a repeated measures analysis of variance (ANOVA) with pre-

CCI and post-CCI as within factors and groups as between factor for both mechanical 

sensitivity and RGS scores. To test the treatment main effect during conditioning (grimace 

only, seven measurements), we used ANOVA for repeated measurements with conditions 

(pre-treatment and post-treatment) as within factor, days as within factor (seven) and groups 

as between factor (four groups) controlling for post-CCI RGS scores. To determine the 

treatment and placebo effects, we calculated the post- and pre- treatment delta 

(normalization) of mechanical sensitivity and RGS scores across groups to account for the 

intergroup variability and compared them using univariate ANOVA. Normalization was 

performed by computing the difference between test day and the post-CCI injury 

measurements of both mechanical sensitivity and facial grimace scores. These post-injury 

measurements were those assayed after the 5–7 day recovery period and before the start of 

the conditioning period. Post-injury scores for each rat were calculated as the average 

mechanical sensitivity score of two, day-apart, facial von Frey test assessments and one 20-
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minute facial grimace assessment. Planned post-hoc comparisons were calculated using Least 

Significant Difference. 

As is typical for CCI surgeries, not all animals developed allodynia after CCI-ION. Indeed, 

in some animals withdrawal thresholds increased after CCI-ION, suggesting that nerve 

ligation may have inadvertently severed nerve fibers. We started from a full cohort of 50, and 

based on this, excluded 15 rats whose mechanical threshold scores did not decrease post-

injury. Therefore, analyses were performed only on those rats who developed allodynia 

(n = 35). All statistical comparisons were calculated using SPSS software package (SPSS 

Inc., Chicago Illinois, USA). 

Results 
 
Effects of CCI 

Because the goal of this study was to test drug and placebo effects on ongoing pain 

behaviors, we focused the analyses on only those rats that developed post-CCI mechanical 

sensitivity. Thirty five (35) rats met the inclusion criterion and were included in all 

subsequent analyses. We used a repeated measures ANOVA to compare pre-CCI and post-

CCI condition scores for each test. For allodynia assessed with the von Frey filaments there 

was a significant main effect of condition (F1,31 = 95.713; p < 0.001) (Fig. 5a) independent of 

group allocation (F3,31 = 0.897; p = 0.454). Similarly, for the facial grimace test, there was a 

significant main effect of condition (F1,31 = 26.561; p < 0.001) (Fig. 5b) with no significance 

for treatment group (F3,31 = 1.099; p = 0.364). Thus, we confirmed that CCI injury produced 

significant allodynia and signs of ongoing pain. 
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Figure 5: CCI increases mechanical sensitivity and facial grimace scores 

A. Mechanical sensitivity thresholds pre & post injury. CCI-ION injury resulted in allodynia or mechanical 
hypersensitivity, shown by a significant decrease in von Frey thresholds (F1,31= 95.713;  p < 0.001).  There 
was no difference across groups (F3,31= 0.897; p = 0.454). B. The graph shows that CCI-ION injury resulted in 
a significant in increase in RGS (F1,31= 26.561; p < 0.001). Similar to the test for allodynia, there was no 
significant difference across groups (F3,31= 1.099; p = 0.364). Data are reported as scatterplots with means and 
95% CI, showing individual animal scores. (n = 35).  

 

Drug, placebo effects and placebo responses 

To test for modulatory drug and placebo effects we considered the differences between post- 

and pre-treatment outcomes for each animal across groups. The term placebo response is 
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currently used to refer to changes in outcomes that can be due to factors outlined above, 

whereas the term placebo effect is used to indicate changes that are detected by virtue of 

inclusion of a no-treatment arm (Colloca, 2019). Based on this, the true placebo effect would 

be the difference between the placebo treatment arm and the no treatment arm. We 

operationally defined a placebo effect as the difference between the placebo group (Group 2) 

and the natural history group (Group 4), while a placebo response was defined as the 

difference between the placebo group and the fentanyl-control group (Group 1) (Colloca, 

2019). For allodynia, univariate ANOVA revealed no significant treatment main effect across 

groups (F3,31 = 2.422; p = 0.085) (Fig 6a) on test day. Similarly, RGS analysis revealed no 

significant main effect of treatment (F3, 31 = 2.751, p = 0.059) (Fig. 6a). The negative RGS 

result was observed despite a significant main effect of treatment across groups 

(F3,40 = 5.020, p = 0.005) during the seven-day conditioning phase, suggesting that fentanyl 

was effective in inducing pain reduction, an important prerequisite for associative learning 

and the development of conditioned responses. Post-hoc LSD comparisons indicated that 

RGS scores in Group 1 (fentanyl/context−) were significantly lower than in Group 3 

(Saline/context+, p < 0.001) and Group 4 (natural history, p < 0.001). Similarly, Group 2 

(fentanyl/placebo/context+) had lower RGS scores during the conditioning than both Groups 

3 (p < 0.001) and Group 4 (p < 0.001) (Fig 7). 
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Figure 6: Treatment main effect on allodynia and grimace. 

A. Normalized mechanical sensitivity thresholds across groups on test day. Normalization was performed by 
computing the difference between threshold scores post injury and on test day (i.e., pre and post treatment). 
There was no treatment main effect across groups (F3,31= 2.422; p = 0.085). B. For grimace, there was no 
significant treatment main effect across groups on test day (F3, 31= 2.751, p = 0.059). Normalization was also 
performed by computing the difference between RGS scores post injury and on test day. Data are reported as 
scatter-plots with means and 95% CI, showing individual animal scores.  
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Figure 7: Time-course of treatment effects for grimace during the conditioning phase. 

Repeated measures ANOVA showed a main treatment effect of treatment group (F3,40= 5.020, p = 0.005) 
during the conditioning phase. Controlling for post-CCI levels, RGS scores in group 1 (fentanyl/context-) were 
significantly lower than in Group 3 (saline/context+, (p < 0.001) and Group 4 (natural history, p < 0.001). 
Similarly, Group 2 (fentanyl/placebo/context+, reported in the figure label as ‘conditioned placebo’) had lower 
RGS scores during the conditioning than both Groups 3 (p < 0.001) and 4 (p < 0.001). Chart shows days 
normalized to post-CCI RGS scores. Data are reported showing means with 95% CI 
  
 
 
Discussion 

Our study attempted to disentangle drug effects, placebo effects and responses in a rodent 

model of orofacial neuropathic pain, with allodynia and facial grimace scores as outcomes. 

Ernst and Resch (1995) distinguished between general, perceived placebo effects and 

the true placebo effect (Ernst & Resch, 1995). He emphasized that though the observed 

changes in the placebo arm of randomized clinical trials may be due to the placebo given, 

these responses could also be due to other factors, such as regression to the mean, the natural 

history of the disease and reporting biases. The overall physiological changes that take place 

after placebo administration comprise the placebo response (perceived placebo effects). To 
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investigate true placebo effects, the inclusion of a no-treatment arm is essential to observe 

any non-specific changes. Ours is the first study to include a natural history group in animal 

models of placebo research (Keller et al., 2018) a sine qua non condition for separating drug 

from placebo effects and placebo responses (Colloca, 2019). Further, this is the first placebo 

study that combines a reflexive test for allodynia and the facial grimace test of ongoing 

neuropathic pain. 

For allodynia, fentanyl alone (no conditioning cues) increased mechanical sensitivity 

thresholds (i.e. reduced allodynia) on test day, compared to saline given after fentanyl 

conditioning and saline given with conditioning cues or no treatment. Based on the analysis 

(Test Day scores – Post-injury scores), a higher normalized threshold indicates that animals 

had higher withdrawal thresholds on test day than they did post-injury. Therefore on test day, 

these animals exhibited more analgesia and reduced mechanical hypersensitivity, reflected by 

the higher withdrawal thresholds (Fig. 6a) This suggests the presence of drug effects but not 

conditioned placebo effects. For grimace, fentanyl was effective in reducing RGS scores 

during the conditioning phase (Fig. 7) but not on test day, indicating no placebo effects and 

responses in this model of orofacial neuropathic pain. In (Fig. 6b) the lower normalized RGS 

scores (Test Day scores – Post-injury scores) in the placebo group suggest that test day RGS 

scores were lower than post-injury scores i.e. more analgesia. We note that although these 

differences did not meet our criterion for statistical significance (F3, 31 = 2.751, p = 0.059), 

they suggest a placebo analgesic effect. However, this effect seems to be masked by the 

lower RGS scores/unexpected improvement of the no-treatment group as well. Here, the 

fentanyl/context- group does not show a significant improvement which may reflect the 
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smaller sample size in this group, or the slight variability in drug efficacy that could occur 

from day to day opioid treatment. These negative results for placebo effects and placebo 

responses are consistent with a previous study on neuropathic pain in female rats (McNabb et 

al., 2014), but conflict with a recent study indicating placebo responses in a neuropathic pain 

model (Zeng et al., 2018). Studies with larger sample sizes might be needed to draw 

conclusive remarks. 

Previous studies used a spare nerve injury of L5 (McNabb et al., 2014) or nerve injury of L5 

and L6 (Zeng et al., 2018). Here, we employed the CCI-ION model (Benoist et al., 1999; 

Castro et al., 2017; Okubo et al., 2013; Vos et al., 1994) of orofacial pain that causes 

persistent mechanical hyperalgesia, hypersensitivity (allodynia) and spontaneous pain lasting 

at least 28 days (Castro et al., 2017; Okubo et al., 2013). Both central and peripheral 

mechanisms are involved in the development of primary mechanical hyperalgesia at the site 

of injury, as well as secondary mechanical hyperalgesia (Okubo et al., 2013; Shibuta et al., 

2012) and extra-territorial hypersensitivity (Tal & Bennett, 1994). The relevance of this 

model for the present study lies in its development of robust and long-lasting 

hypersensitivity. In addition, this model allowed us to assess the affective component of non-

evoked pain non-invasively using the facial grimace scale (Langford et al., 2010; Sotocinal et 

al., 2011) which we have previously shown to reliably assess spontaneous pain in rats with 

CCI-ION (Akintola et al., 2017). 

These negative findings of pharmacological conditioning and placebo effects contradict some 

studies, in both humans and animals, which have spurred the discussion of whether such 

processes can be replicated and further exploited with dose-extending placebos (Colloca, 
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Enck, et al., 2016; Sandler et al., 2010). Here, we showed no difference on the test day across 

treatments. It is possible that placebo effects may be different based on the severity and the 

nature of pain (e.g. neuropathic versus non-neuropathic pain) (Vase et al., 2015). For 

example, neuropathic pain is difficult to treat (Colloca et al., 2017) and less prone to be 

modulation by conditioning processes, therefore requiring larger sample size to detect 

significant treatment effects. This is also in line with the McNabb et al. study that suggested 

that placebo effects may be “elusive” in neuropathic pain due to its severity (McNabb et al., 

2014). Nevertheless, our findings highlight the need for further investigation of different 

components of the pain experience in animal models. 

Many clinical studies have investigated placebo responses in randomized clinical trials of 

neuropathic pain (Derry et al., 2016; Finnerup et al., 2015). However, none of these studies 

included the crucial no-treatment group, which we have described as essential to the 

establishment of true placebo analgesic effects. In addition, the increasing magnitude of 

placebo effects in clinical trials of neuropathic pain in the last decade emphasizes the need 

for additional research on the mechanistic underpinnings in these chronic pain states (Hauser, 

Bartram-Wunn, Bartram, Reinecke, & Tolle, 2011; Tuttle et al., 2015) which would require 

appropriate control groups. To our knowledge, there have been only two well-controlled 

clinical studies specifically examining the occurrence placebo analgesia in neuropathic pain 

(Colloca et al., 2017; Vase et al., 2016). In both studies, large placebo analgesia effects were 

reported in patients who had developed neuropathic pain after a thoracotomy. These reports 

of significant placebo analgesic effects in controlled clinical studies (e.g. inclusion of the no-

treatment group) further underscore the need for similar studies in animal models of 
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neuropathic pain. Importantly, neither of the studies of placebo analgesia in chronic 

neuropathic pain used opioids. The utility of opioids for chronic neuropathic pain remains 

controversial due to modest efficacy reported, large placebo effects in clinical trials, as well 

as the short duration of studies (Derry et al., 2016; McNicol, Midbari, & Eisenberg, 2013). 

Therefore, further longitudinal studies using opioid pharmacological conditioning paradigms 

need to be conducted. 

We recognize some limitations of our study. We did not include a female group, making it 

difficult to draw conclusions about potential sex effects. We also did not include a saline-

only group (i.e. saline with no conditioning cues), and, therefore, cannot disentangle the 

contextual effects (e.g. cues) from the effect related to saline administration. It is possible 

that the effect on Group 2 on test day may be due to long-lasting effects of fentanyl 

administration during the conditioning phase. However, due to its high lipophilicity, fentanyl 

rapidly crosses the blood-brain barrier, achieving brain plasma equilibrium in as little as 

1.5 min and being gradually eliminated in under 45 min making this unlikely (Hug & 

Murphy, 1981; JANSSEN, NIEMEGEERS, & DONY, 1963; Scott, Cooke, & Stanski, 

1991). We also did not include a group receiving the opioid antagonist naloxone, preventing 

us from making inferences about the potential underlying endogenous opioid-based 

mechanisms. However, previous studies with inflammatory acute pain and neuropathic pain 

have already demonstrated that naloxone blocks the placebo analgesic effect (Guo et al., 

2010; Zeng et al., 2018; Zhang et al., 2013). 

Furthermore, using multiple cues versus a single cue may have influenced these findings. 

Relevant here is the distinction between implicit and explicit/contextual memory which tends 
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to involve multiple factors that make up a context. These are thought to occur via different 

mechanisms (Hall, 1998). For this study, the combination of multiple factors (cues) making 

up a context was relevant because it is similar to human clinical encounters and represents a 

more holistic form of memory. Future studies investigating the salience of each individual 

cue for the strength of associative learning may further elucidate placebo analgesic 

mechanisms in this model. 

We did not measure mechanical sensitivity on conditioning days, to avoid the repeated, daily 

stress associated with these measurements. As noted above, our dose–response studies in a 

separate cohort (n = 9) of rats with CCI-ION demonstrated that the same dose of fentanyl 

(25 μg/kg) significantly reduced hyperalgesia, as measured by facial von Frey scores. 

Further, animals in the fentanyl/context- group, which received fentanyl on test day, showed 

higher withdrawal thresholds and lower hypersensitivity than their post-injury scores. These 

findings, and the significant analgesic effects of fentanyl on facial grimace scores render it 

unlikely that the absence of placebo effects in our model is due to the ineffectiveness of 

fentanyl on mechanical sensitivity. 

Despite these limitations, finding an animal model of placebo-induced analgesia could help 

explore alternatives to opioid treatments for non-cancer neuropathic pain, and rodent models 

might be especially relevant in disentangling drug versus placebo effects and responses, 

guiding optimization of clinical trial designs in difficult to treat neuropathic pain population.
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Chapter 4: The Effect of Neuropathic Pain-Like Symptoms on Placebo Analgesia in 
Temporomandibular Joint Disorder in Humans 

  
Introduction 
 
Chronic pain is a major public health problem affecting 1 in 3 Americans and costing an 

estimated $560-$635 billion annually in healthcare costs and lost productivity (Gaskin & 

Richard, 2012). Of the numerous groups of pain disorders, temporomandibular joint disorder 

(TMD), a chronic orofacial pain disorder, refers to a heterogenous group of musculoskeletal 

and neuromuscular disorders involving the temporomandibular joint complex as well as other 

osseous and associated structures. TMD is influenced by biological, environmental and 

psychosocial factors that make it a complex pain condition (Gauer & Semidey, 2015). This 

disorder includes various diseases that result from the dysfunction and pain in the TMJ and 

the muscles of mastication including the masseter, temporalis, medial pterygoid, and lateral 

pterygoid (Liu & Steinkeler, 2013). It is considered the second most common cause of 

orofacial pain after the common toothache. Symptoms include dysfunction and pain in the 

jaw and masticatory muscles, clicking sounds, earache, headaches and impaired function 

including eating, talking or other activities as well as facial pain. TMD pain can range from 

being mild to debilitating and may be present as occasional, continuous or cyclical, unilateral 

or bilateral and may be evoked or spontaneous (Gauer & Semidey, 2015; Okeson, 2012).  

Estimates of prevalence indicate that TMD affects 5 – 15 % of the adult population, with the 

average age range being 20 - 40 years (S. F. Dworkin, 2011; Gauer & Semidey, 2015; 

LeResche, 1997; Lipton, Ship, & Larach-Robinson, 1993; Locker & Slade, 1988; Von Korff 

et al., 1988). TMD may also occur in adults and children (mostly adolescents) and is reported 
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to occur disproportionately more frequently in women than men. Estimates indicate that it is 

at least twice as prevalent in women (Gauer & Semidey, 2015; List & Jensen, 2017).   

Presently, the complete etiology is unclear. Besides trauma, genetic, hormonal and 

anatomical factors are suggested. Occlusal causes, related to the positioning of the jaw during 

mastication and other activities, are suggested (Caldas, Conti, Janson, & Conti, 2016; de 

Kanter, Battistuzzi, & Truin, 2018; Kuzmanovic Pficer et al., 2017). Recorded risk factors 

for TMD include genetic and hormonal factors, comorbid pain diseases, trauma, occlusal 

factors, and psychosocial factors (List & Jensen, 2017). TMD can often be difficult to 

diagnose because its symptoms are subjective, and it can be related to other health 

conditions. These health conditions include arthritis, Parkinson’s Disease, inflammatory 

bowel disease, just to name a few (Wieckiewicz et al., 2014). The temporomandibular joints 

are used 1500 – 2000 times each day so impaired jaw movement could cause a great deal of 

discomfort in a TMD patient (Wieckiewicz et al., 2014).   

Though TMD is primarily commonly described as a musculoskeletal pain disorder, patients 

may present with concurrent neuropathic pain-like symptoms in the orofacial region. TMD 

pain is described as neuropathic when it is associated with unspecified sensory symptoms in 

the orofacial region (Dupont, 2003; Okeson, 2012).  

As described previously, PA has been shown to function, in part, via the descending pain 

modulatory pathway and the endogenous opioid system (Colloca et al., 2013; Levine et al., 

1978; Medoff & Colloca, 2015). Previous animal studies have reported reductions in opioid 

receptor availability in neuropathic pain (DosSantos et al., 2012; Maarrawi et al., 2007; 

Thompson et al., 2018). For example, a PET imaging analysis of rats after spared nerve 

injury indicated reduced opioid receptor availability in the cortex in comparison to sham-
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injury rats. This reduction was not accompanied by any increase in endogenous opioid 

production or opioidergic neurons suggesting that nerve injury, and not an increase in 

opioidergic signaling and binding, induced these reductions in receptor availability 

(Thompson et al., 2018). Similarly, this has also been shown in humans with trigeminal 

neuropathic pain, with PET neuroimaging indicating reductions in mu-opioid receptor 

availability (DosSantos et al., 2012). Furthermore, studies suggest that the presence of 

neuropathic pain may lead to a dysfunction in descending modulatory pathways, including a 

general shift towards a dominant hyper-excitable neuronal state in patients (Colloca et al., 

2017). Previous reports indicating that some descending pain modulatory processes such as 

conditioned pain modulation may be inhibited when neuropathic pain is present (Lewis et al., 

2012; Yarnitsky, 2015; Yarnitsky et al., 2012) raise questions about how the presence of 

neuropathic pain may affect PA in a variety of pain states.  

In humans, most studies of PA in chronic pain have predominantly been examined in 

nociceptive or idiopathic pain such as Irritable Bowel Syndrome (IBS) (Kaptchuk et al., 

2010; Vase et al., 2003), Fibromyalgia (Chen et al., 2017; Kosek et al., 2017) and low back 

pain (Carvalho et al., 2016). While most of these studies have examined PA in randomized 

clinical trials (RCTs), only two mechanistic studies have investigated it in placebo-

mechanistic studies (Vase et al., 2014; Vase et al., 2016). Vase and collaborators reported 

large placebo effects in an open versus hidden drug administration paradigm using topical 

lidocaine in post thoracotomy neuropathic pain patients (Vase et al., 2014; Vase et al., 2016). 

This effect size is comparable to the effect sizes found in the clinical studies of PA in RCTs 

of neuropathic pain (Tuttle et al., 2015). Similarly, over the last decade the magnitude of 

placebo effects has been shown to be increasing in RCTs of neuropathic pain treatments 
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making the development of effective therapies even more difficult (Hauser et al., 2011; 

Häuser et al., 2011). These studies, however, did not compare the observed placebo analgesic 

effects seen in neuropathic-like pain with a non-neuropathic (“purely nociceptive” pain) 

group serving as an appropriate control. PA is based on the opioidergic signaling and given 

the evidence that opioid receptor availability is reduced in the presence of NP and that 

descending pain modulation is impaired in neuropathic pain, herein, we investigated the 

occurrence of PA in TMD study participants who present with a concurrent neuropathic pain-

like profile or symptomatology in addition to their TMD symptoms (TMD+NP). We 

compare this group with TMD participants who have no neuropathic pain-like symptoms 

(TMD-NP) as well as with matched-healthy controls (MHC) controlling for the severity and 

duration of TMD. We hypothesized that the occurrence of PA in TMD is altered by the 

presence of a co-occurring neuropathic pain state. That is presence of neuropathic pain-like 

symptoms will decrease the magnitude of PA in this TMD population.   

A comparison of PA in nociceptive versus neuropathic pain profiles is beneficial to 

understand how the presence of neuropathic pain symptoms may alter the ability to engage 

the descending pain modulatory systems involved in placebo responsiveness. Using multiple 

validated diagnostic tools to determine neuropathic pain components, both in the orofacial 

and across the body, we confirm the suggested possible heterogeneity of TMD pain 

(Freynhagen et al., 2019; Okeson, 2012; Pedullà et al., 2009). This study outlines both the 

sociodemographic and clinical characteristics of TMD patient groups with differing 

components of pain. Finally, we also report for the first time how the presence of a 

neuropathic component of pain in TMD can modulate descending pain modulatory systems. 

A greater understanding of how endogenous pain modulatory systems are changed in various 
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pain states will aid in characterizing the manifestation and development of chronic pain as 

well as help in predicting individualized responses to potential pain-relieving treatment. 

 

Methods 
 
Study Participants 
 
A total of 401 TMDs (306 females, 95 males) and 400 healthy controls (238 females, 162 

males) participants were recruited and screened for this study from August 2016 through 

January 2020. Recruitment was carried out via a diverse set of methods including flyers, 

pamphlets, word of mouth, social media and other approved advertisements. All participants 

were between the ages of 18 – 65 years (mean age = 35.39, SD = 13.7) and provided written 

informed consent after careful explanation of all experimental procedures, rights and risks. 

This study was approved by the University of Maryland Baltimore, Institutional Review Board 

(HP00068315) and all experimental procedures were conducted in conformance with the 

Declaration of Helsinki (World Medical Association, 1964). A detailed screening including 

collection of demographic factors, medical history, current comorbid conditions, number of 

pain sites, current medications including dosages and duration of usage were recorded for each 

participant via self-report. Upon completion of the study, each participant was compensated 

$100 via check or a gift card. Given that some deception elements were a part of the study 

procedure, participant were debriefed when they came to the end of the study and offered the 

opportunity to withdraw their data from the study. No participants withdrew from the study. 

General Inclusion and Exclusion Criteria 
 

Prior to enrollment, the general health of each participant was determined by clinical 

examination performed by a physician, nurse or dental hygienist to confirm their eligibility to 
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participate in this study. General exclusion criteria for all participants included any 

degenerative neuromuscular disease, any neurological, cardiovascular, pulmonary, liver or 

kidney diseases, history of diffuse cancer in the last 3 years, any cervical pain (stenosis or 

radiculopathy), any severe psychiatric condition requiring hospitalization in the last 3 years, 

lifetime history of alcohol or drug dependence or abuse within 1 year, current pregnancy or 

breastfeeding status, color-blindness, uncorrected hearing impairment, any facial trauma in the 

last 6 weeks and a history of severe facial trauma in the last 2-3 months. Volunteers who did 

not have any of these conditions listed met the general inclusion criteria for this study. 

TMD Participants 

Diagnostic Criteria for TMD 
 

Participants who met the general inclusion criteria above where allowed to participate in the 

study. Each diagnosed case of TMD was confirmed after clinical examination by an 

independently trained examiner at the Brotman Facial Pain Clinic, School of Dentistry, 

University of Maryland, Baltimore. The classification as TMD participant was met if the 

participant reported facial pain for at least the immediate 3 months prior and if they met the 

Axis 1, Diagnostic Criteria for Temporomandibular Disorders (DC/TMD) (Schiffman et al., 

2014). Participants were enrolled as TMD cases if they met all 3 of the following criteria: 

during the telephone interview, 1) pain reported with sufficient frequency in the cheeks, jaw 

muscles, temples, or jaw joints during the preceding 3 months (at least 15 days in the 

preceding month and at least 5 days per month in each of the 5 months preceding that); 

during the examination, 2) pain reported in the examiner-defined orofacial region for at least 

5 days out of the prior 30 days; and 3) pain reported in at least 3 masticatory muscles or at 

least 1 temporomandibular joint in response to palpation of the orofacial muscles or 
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maneuver of the jaw. The examiner defined the orofacial region by touching the following 

anatomical areas bilaterally: temporalis, preauricular, masseter, posterior mandibular, and 

submandibular. Participants completed the Axis I Symptom Questionnaire, demographic 

data, and underwent examination according to protocol.  Clinical pain was also assessed 

using the Axis II evaluation via the Graded Chronic Pain Scale (Von Korff et al. 1992), Jaw 

Function Limitation Scale (Ohrbach, Larsson, & List, 2008) and the Oral behaviors Checklist 

for parafunctional behaviors (Ohrbach, Markiewicz, & McCall, 2008). All instruments were 

completed and grading of instruments was in accordance with the DC/TMD Scoring Manual 

for Self-Report Instruments (Ohrbach & Knibbe, 2016). 

Assessment of Neuropathic Pain-like Symptom Profiles 
 

DN4: The presence of a neuropathic pain-like symptom profile was assessed via the clinician 

administered Douleur Neuropathique 4 questionnaire (DN4) (Bouhassira et al., 2005). The 

DN4 is a 10-questionnaire tool comprising of both self-report of sensory descriptors 

questions of neuropathic like sensations as well as bedside examination. Experiments by 

Bouhassira and collaborators in the French Neuropathic Pain Group in a prospective study of 

160 patients with pain of differing etiologies determined the tool to distinguishing correctly 

between nociceptive and neuropathic pain components with both a high sensitivity (82.9%) 

and specificity (89.9%) in 86.0% of patients (Bouhassira et al., 2005). The DN4 has since 

been further validated in multiple chronic pain syndromes including low back pain, cancer 

pain and idiopathic facial pain (Attal, Perrot, Fermanian, & Bouhassira, 2011; Bouhassira et 

al., 2005; Caraceni & Shkodra, 2019; Colloca et al., 2017; Sukenaga et al., 2019). All 

participants (TMDs and healthy controls) were instructed to self-report if they experienced 

pain or the presence of any sensory symptoms such as “electric shocks”, “burning”, “painful 
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cold” or “tingling” in the orofacial region. Instructions were the same for all participants. If 

participants reported that they experienced no pain or sensory symptoms in the orofacial 

region (e.g. health controls), they were instructed to report on the questionnaire by selecting 

“no” for each question. The examiner also tested for altered hypoesthesia to touch, dynamic 

allodynia (with a brush) and altered pin-prick threshold using a 23-guage needle tip mounted 

unto a syringe.  

Each reported or assessed positive symptom received a score of 1 in the 10-item 

questionnaire. For our study participants, and in line with DN4 classification (Bouhassira et 

al., 2005), TMD participants with a score of 4 or greater out of 10 on were classified as 

possessing neuropathic pain-like symptoms to their pain, while TMD participants scoring 

less than 4 out of 10 were classified as having TMD pain with no neuropathic pan-like 

symptoms. 

PainDETECT Questionnaire: The PainDETECT Questionnaire was developed in 2006 as a 

tool to accurately detect the presence of neuropathic pain components (Freynhagen, Baron, 

Gockel, & Tölle, 2006). The PDQ utilizes patient self-report of pain descriptive factors 

include symptoms, the pattern of pain, intensity and location and spread of pain identify 

patients whose pain have a neuropathic component. Participants were asked to identify on the 

PDQ body map the specific locations of pain across the entire body, the pattern that best 

described the course of their pain and whether or not their pain radiated to other body 

regions. Further questions included the frequency of sensations of burning, tingling, sudden 

pain attacks, numbness and pain in the specified body regions. Scoring with this assessment 

tool was based on reported symptoms of pain across the entire body and not limited to the 

orofacial region. The painDETECT questionnaires composite scoring classified participants 



 
 

 

63 

into those for whom “a neuropathic component is unlikely <15%” is they scored 0 – 12 out a 

total of 38, those who’s pain is “unclear” if they scored between 12 and 19 and those for 

whom “a neuropathic component is likely >90%” if they scored greater than 19 out of 38. 

We excluded those TMD participants whose pain profile fell into the “unclear” category 

from this analysis to increase the specificity of our study. 

Assessment of Allodynia, Hypoesthesia and Pin Prick Threshold 
 

The DN4 assessment included clinical bedside examination of allodynia, dynamic (mechanical 

allodynia), hypoesthesia and pin-prick threshold and these tests were conducted in the orofacial 

region. Physical examination test on the DN4 included: touch hypoesthesia, pin prick 

hypoesthesia and dynamic (brush-evoked) allodynia. Touch hypoesthesia was assessed using 

a dry cotton swab applied bilaterally in a downward motion across the jaw and temples. This 

process was performed both in the jaw sites where participants reported TMD pain and in pain-

free (control) jaw sites. Participants were asked to report whether or not the cotton swab caused 

pain and then any reduction in sensation between pain sites and control sites. A report of loss 

of sensation received a point score on the DN4 for this assessment. We also recorded pin-prick 

hypoesthesia using a 23-guage needle mounted unto a 10ml luer-tip syringe. Pin-prick 

hypoesthesia was assessed bilaterally in the jaw area by placing the needle perpendicular to 

the skin surface for approximately 2 seconds. Hypoesthesia was said to be present if less 

sensation was reported in TMD pain sites than in control sites. Similar to the touch 

hypoesthesia, brush hypoesthesia was assessed in the TMD pain sites using a (15 x 5 x 20mm) 

flat-tip, filament brush applied in the same downward motion, bilaterally across the jaw and 

temples. A report of reduced sensation in comparison with control sites was recorded as brush 

hypoesthesia and received a point score on the DN4. 
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To increase the sensitivity and specificity of our classification in this study, we utilized both 

the DN4 and PDQ to determine the presence or absence of a neuropathic-like symptoms across 

the entire body (i.e. both in the orofacial region and other parts of the body). Only participants 

who received a positive neuropathic profile score on both of these diagnostic tools were 

classified into the (TMD+NP) group. In addition, only participants who scored negative for 

neuropathic pain-like symptoms on both the DN4 and PDQ were classified in the (TMD-NP) 

group. TMD+NP participants were matched for age, sex and race with TMD-NP and MHC 

group participants. Based on these criteria, a total 76 TMDs: 38 TMD+NP (27 females, 11 

males) and 38 TMD-NP (27 females, 11 males) participants were included in this study (Fig 

8). 

Assessment of TMD Pain Duration and Severity 
 
TMD pain duration was collected by participant self-report. We recorded the time since onset 

of TMD pain symptoms such as pain or discomfort with chewing hard foods, yawning, 

talking, singing or as a result of bruxism and jaw clenching in months. For pain severity, we 

used the Graded Chronic Pain Scale (GCPS) disability grade score as our primary outcome 

and measure of pain-related disability. The (GCPS)  is a reliable and valid instrument for 

assessment of TMD pain severity and impact on the  patients’ ability to function, taking into 

account pain severity and disability in the development of a hierarchical grading scale (Von 

Korff et al. 1992). The pain severity grade--determined by an algorithm that computes pain 

intensity and pain-related disability days—utilizes a system of chronic pain grading consists 

of four grades: (Grade I), low disability-low intensity; (Grade II), low disability-high 

intensity; (Grade III), high disability-moderately limiting; and Grade IV, high disability-

severely limiting. This GCPS has been widely used to classify chronic pain patients to 
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different pain severity grades (Penny 1999, Elliott 2000, Dunn 2008). For our study, each 

participant the GCPS score which is collated by patient self-report via a questionnaire. 

Healthy Participants  
 
In addition to the exclusion criteria listed above, other specific exclusion criteria for healthy 

participants included any history of a chronic pain disorder or any personal or first-degree 

family history of any severe psychiatric conditions including mania, schizophrenia or other 

psychoses. The 38 TMD+NP selected were matched for age, sex and race with TMD-NP 

participants and healthy participants. Based on these criteria, 38 (27 females, 11 males) healthy 

participants (MHC) were included in this study.  

 

Figure 8: Participant selection 

A total of 401 TMD participants enrolled in this study. We used two validated tools for neuropathic pain 
assessment: the Douleur Neuropathique and the painDETECT questionnaire. Using this screening tools, 38 TMD 

801 participants
Enrolled

401 TMDs

38 (TMD+NP) 38 Matched 
(TMD-NP)

400 Healthy 
Controls

38 Matched 
Healthy 

Controls (MHC)
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participants were found to have neuropathic pain-like symptoms (TMD+NP) and these were matched for age, sex 
and race with 38 TMD participants with no symptoms of neuropathic pain as well as 38 health participants 
(MHC). 
 

 

Placebo Experimental Design  
 

Pain Calibration: The experimental model and procedure have been described elsewhere  

(Colloca, Pine, et al., 2016; Colloca et al., 2019). Briefly, PA was induced by verbal suggestion 

with learning (conditioning). First warmth, pain threshold and pain tolerance temperatures 

were assessed to calibrate the test to each participant’s individual sensitivity. Painful thermal 

heat stimuli were delivered using the Medoc Pathway ATS system, with a 27-mm diameter 

ATS thermode (PATHWAY System, Medoc, Ramat Yishai, Israel). A maximum temperature 

limit was set on the Medoc PATHWAY machine as a safety mechanism to prevent any tissue 

damage (50 degrees Celsius). Participants received heat stimulations on the volar portion of 

their dominant forearm to assess warm detection threshold, pain threshold, and maximum pain 

tolerance. The rate of heat increase was set at 0.3°C/seconds and the decreasing rate at 

1°C/seconds. To determine maximum pain tolerance, the rate of increase was set at 

1°C/seconds and the decreasing rate was set at 8°C/seconds. Participants were given a stop 

button and asked to stop the heat when they felt warmth, minimal pain (described as a rating 

of 1 out 10 on the numerical pain scale (NPS), medium level pain (an NPS rating of 5 out of 

10) and pain tolerance or maximum pain (an NPS rating of 10 out of 10). Each level was 

performed for 4 trials and averaged.  

 

Conditioning Phase: After the calibration phase, an experimenter in a white coat explained to 

participants that a red color screen displayed on a computer in front of them would be paired 

with the delivery of a tailored noxious heat stimulus to their dominant forearm while a green 
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color screen will be paired with non-noxious heat stimulus. Participants were informed that 

the temperature setting would remain constant and that the pain-relief experienced on the 

green color screen would be caused by the simultaneous imperceptible stimulation of an 

attached electrode (which was actually a sham) reducing their pain intensity via the gate-

control theory of pain. Unknown to the participants, 2 distinct temperatures were used to 

elicit noxious sensation (with red screen) and a non-noxious sensation (green screen). 

Subsequently, participants underwent a 24-trial session with alternations of 12 red screens 

associated with noxious heat stimulations and 12 green screens associated with pain-relief, 

constituting the conditioning phase. The 12 painful stimulations were set at a temperature 

(T°C) estimated from the previous NPS ratings during calibration to be a pain level of 8 out 

of 10 while the 12 non-painful stimulations were set at temperature (T-6°C) or reported as 2 

of 10. We used this setting as a criterion for the green-associated stimulations. Additionally, 

to confirm that this temperature was set to a level that participants would have perceived as 

low pain we asked them to rate it. The sequence of red and green screens was randomized 

across participants to control for any sequence effects. After each stimulus, participants were 

asked to rate their pain intensity on a Visual Analog Scale (VAS) ranging from 0mm (no 

pain) to 100mm (maximum pain) using a Celeritas® Fiber Optic Response System 

(Sharpsburg, PA, USA) on their non-dominant arm. The difference (delta) between VAS 

ratings of red and green screens during the conditioning phase—operationally defined as the 

“conditioning strength”—was calculated and used as a proxy to determine the effectiveness 

of conditioning (Fig. 9) 

Testing Phase: In the test phase, the intensity of the painful stimulation was surreptitiously set 

at the same moderate temperature (T-1°C). A total of 12 identical painful stimulations were 
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then delivered with both the red and green screens and any difference in red minus green-

associated pain VAS ratings was operationally defined as PA (Fig. 9). 

 
Figure 9: Placebo Analgesia Experimental Paradigm 

 
Measurement of Expectation 
 
Participants were asked to report their expectations of pain relief before and after conditioning 

on the VAS where 0mm meant zero expectations of pain relief and 10mm meant 100% 

expectation of pain relief (Fig. 9).  

Outcome Measures 
 
The primary outcome measures for this study were: 1.) Placebo analgesia measured as the 

difference between VAS ratings of red and green screens during the testing phase. Secondary 

outcome measures for this study were 1.) The ratings of experimental pain intensity both during 

the conditioning and testing phase. 2.) The ratings of “reinforced expectation” described as 

each participant’s self-report of expectation of pain relief after the conditioning phase, before 
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placebo test phase and 3.) Clinical variables investigated including neuropathic pain 

assessment scores, number of pain sites, pain severity (GCPS score) and TMD pain duration. 

 

Statistical Analysis 
 
First, we used univariate ANOVA to determine the socioeconomic and clinical differences 

between groups. We then used multiple linear regression modelling to explore the potential 

effects of all these sociodemographic and clinical variables on placebo analgesia. Variables 

that showed a significant correlation to placebo analgesia were inputted as covariates in 

further analyses of placebo analgesia. We utilized a linear mixed model (LMM) analysis 

approach to explore the effect of a co-occurring neuropathic-pain like symptoms on PA. This 

statistical approach was appropriate because of of the hierarchical structure of our data as 

well as allowing us to account for missing data in test phase, if any. Multiple Linear 

Regression (MLR) was used to determine the effect of pain duration on PA with age, race, 

sex, pain-symptom profile (neuropathic versus non-neuropathic) and pain severity score as 

predictors. Bonferroni corrections were applied for all post-hoc analysis. Mediation analysis , 

using SPSS macro PROCESS developed by Hayes et al. (Hayes  2015), were conducted to 

make an inference on possible mediation of observed differences in placebo analgesia 

between the groups. Reinforced expectation scores were used as the mediator (M), the group 

was set as the multicategorical independent variable (X) and PA was the dependent variable 

(Y). For testing indirect effects, we used a bias-corrected bootstrapping method based on 

5,000 re-samplings. A 95% bootstrapped confidence interval (BCI) was considered 

significant if the interval did not contain zero. According to preliminary results we expected 

to observe a small effect size of (f2) = 0.087. Based on these parameters we needed a 

minimum n of 93 to detect a significant effect to have 0.8 statistical power (1 beta error 
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probability). G*Power software was used to conduct this calculation. All other statistical 

analyses were carried out using SPSS software package (SPSS Inc, Chicago Illinois, USA). 

The level of statistical significance was set at P<0.05. 

 
Results 
 
Demographic and Socioeconomic Distribution 
 

Our study consisted of a total 114 participants (33 men and 81 women) with a mean age of 

49.7 (SD = 11.58). 

Table 2 provides a detailed demographic breakdown of each of the 3 groups. Participants in 

the 3 groups were matched for sex, age and race therefore any differences observed across 

groups were not attributed to these factors. First, we explored whether the 3 groups were 

different in terms of income and education levels using univariate analysis of variance. 

Results revealed a significant difference in income level across groups (F2,98=3.182, p 

=0.044) and further analysis showed that MHC had a higher income than TMD+NP (p 

=0.014) but not TMD-NP (p=0.121). Analysis also indicated no significant differences in 

education level across the 3 groups (F2,99 =1.733, p =0.116). In addition, no correlation was 

found between placebo hypoalgesia and income level (r= 0.17, p=0.867), education level (r= 

0.118, p=0.247) or marital status (t= -1.66, p=0.437). Given that placebo hypoalgesia was 

independent of these factors we did not control for income, education or marital status in 

further analyses (Table 2). 
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Table 2. 

 

Table 2:  Demographic and socioeconomic Variables 

 
 
 



Clinical Variables 

We explored clinical variables across the three groups including: BMI, TMD pain duration, 

neuropathic pain assessment scores and medication usage. The average heart rate and BMI of 

the entire cohort were 71.9 (SD = 12.31) and 29.3 (SD = 6.84) respectively. There was a 

significant difference in BMI across groups (F2,138 = 4.041, p = 0.024), where TMD+NP 

participants had a significantly greater BMI than MHC (p = 0.029) but not from TMD-NP (p 

= 0.096). (Table 3). There was also a significant difference in TMD pain severity across 

groups with TMD+NP participants reporting greater pain severity (p = 0.001). There was no 

significant difference in heart rate (p = 0.586) or pain duration across groups (p = 0.842). We 

also collected self-report of medication use; TMD+NP reported greater use of NSAIDS and 

neuropathic pain medications (such as gabapentin and pregabalin) than both TMD-NP and 

MHC participants (Table 4, Fig 10). Per the test classifications, TMD+NP participants 

scored higher on both the DN4 (greater than 4) and PDQ (greater than 19) tests respectively 

with TMD-NP participants scoring below a total of 4 and 12 on the DN4 and PDQ 

respectively (Fig. 10a, b). 
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Table 3: Clinical Variables 

There was a significant difference in BMI across groups (F2,138 = 4.041, p = 0.024), where TMD+NP 
participants had a significantly greater BMI than MHC (p = 0.029) but not from TMD-NP (p = 0.096). There 
was also a significant difference in TMD pain severity across groups with TMD+NP participants reporting 
greater pain severity (p = 0.001). There was no significant difference in heart rate (p = 0.586) or pain duration 
across groups (p = 0.842). 

Table 3 
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Table 4: Medication Use 

Figure 10: Neuropathic pain assessment scores 

TMD+NP participants scored higher on both A.) the DN4 (greater than 4) and B.) PDQ (greater than 19) tests 
respectively with TMD-NP participants scoring below a total of 4 and 12 on the DN4 and PDQ respectively. 
Charts depict individual participant scores with SEM bars. 

Heat Pain Sensitivity across Groups 

Table 4 
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As a means to tailor the test to each participant, we examined measures of heat pain 

sensitivity such as warm threshold, pain threshold and pain tolerance to determine if there 

were any baseline differences across the groups. Univariate analysis indicated no significant 

differences pain threshold (F2,99=1.232, p=0.296) and pain tolerance levels across the 3 

groups (F2,99=0.895, p=0.412). (Fig 11). 

Figure 11: Heat Pain Sensitivity 

Univariate analysis indicated no significant differences in pain threshold (F2,99=1.232, p=0.296) and pain 
tolerance levels across the 3 groups (F2,99=0.895, p=0.412). Charts depict individual participant scores with 
SEM bars. 
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Placebo Analgesia Results 
 
We tested the hypothesis that the presence of neuropathic-pain like profile would decrease 

the placebo effect in the TMD. To explore the differences in placebo effect across the three 

groups, we ran an LMM analysis with the delta score of each of the 6 red and 6 green screen 

trials as dependent variable and the group as fixed factor. We also controlled for living status, 

BMI and medication use as these were the factors that were significantly different across 

groups and indicated via MLR to influence PA. Results indicated a significant main effect of 

group (F =6.189, p = 0.002) on placebo effect. Post-hoc analysis applying Bonferroni 

corrections showed that the TMD+NP pain group showed a significantly greater placebo 

effect in comparison to MHC (p=0.031) and the TMD-NP (p=0.002) (Fig. 12). Though pain 

severity was different across both TMD groups, pain severity (GCPS score) did not influence 

PA (r = 0.081, p = 0.246). There was also no association between pain duration and PA (r = -

0.126, p = 0.142). 

    p= 0.002 
Figure 12: TMD+NP shows greater placebo analgesia 
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There was a significant main effect of group (F =6.189, p = 0.002) on placebo analgesia Post-hoc analysis 
applying Bonferroni corrections showed that the TMD+NP pain group showed a significantly greater placebo 
effect in comparison to MHC (p=0.031) and the TMD-NP (p=0.002) 
 
 
Conditioning Strength Across Groups 
 
Furthermore, we explored the strength of our conditioning paradigm in the acquisition phase 

across the 3 groups. The difference between consecutive red and green screen VAS pain 

intensity ratings during the conditioning phase was operationally defined as the “conditioning 

strength” to serve as proxy for the effectiveness of the conditioning. Univariate ANOVA 

revealed a significant main effect of group (F2, 141 = 8.224, p<0.001) on the delta scores of 

red-minus-green pain intensity ratings during conditioning. Specifically, conditioning 

strength in the TMD+NP group was significantly smaller than MHC (p = 0.002) but not 

significantly different from TMD-NP (p = 1.000). Conditioning strength for the MHC group 

was also significantly greater than TMD-NP (p = 0.001). That is, the TMD+NP showed a 

significantly smaller effect of conditioning than the MHC (Fig. 13). 

 

 p < 0.001 
Figure 13: Conditioning Strength across groups 

Univariate ANOVA revealed a significant main effect of group (F2, 141 = 8.224, p<0.001) on the delta scores of 
red-minus-green pain intensity ratings during conditioning. Specifically, conditioning strength in the TMD+NP 
group was significantly smaller than MHC (p = 0.002) but not significantly different from TMD-NP (p = 
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1.000). Conditioning strength for the MHC group was also significantly greater than TMD-NP (p = 0.001). That 
is, the TMD+NP showed a significantly smaller effect of conditioning than the MHC. 

Reinforced Expectation Across Groups 

Because expectation is a major driving force of PA, we investigated if participants reinforced 

expectation (the expectation of pain relief generated after the conditioning paradigm) was 

different across the 3 groups. Univariate ANOVA revealed a significant main effect of group (F2, 141 = 8.224, p = 0.043) on VAS ratings of post-conditioning expectation. Specifically, 

reinforced expectation in the TMD+NP group was significantly greater than TMD-NP (p = 

0.03) but not MHC (p = 0.5) (Fig. 14). 

 p = 0.043 
Figure 14: TMD+NP participants show greater reinforced expectation after conditioning 

Univariate ANOVA revealed a significant main effect of group (F2, 141 = 8.224, p = 0.043) on VAS ratings of 
post-conditioning expectation. Specifically, reinforced expectation in the TMD+NP group was significantly 
greater than TMD-NP (p = 0.03) but not MHC (p = 0.5) 

Mediation Analyses 

The mediation model indicated that reinforced expectation mediated the group differences in 

PA between the TMD+NP and TMD-NP (indirect effect a1b = -1.9684, BootLLCI  = -

4.7091, BootULCI = -0.0484) but not the difference between TMD+NP and MHC (indirect 
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effect a2b = -0.46, BootLLCI = -2.463, BootULCI = 1.4609) (Fig. 15). Because conditioning 

strength was also different across the three groups as shown above (Fig. 13), we tested the 

mediating effect of conditioning strength on the group differences in PA and found that 

conditioning strength did not mediate PA analgesia TMD+NP and TMD-NP (indirect effect 

a1b = -1.7008,  BootLLCI  = -4.599, BootULCI = 0.5757), TMD+NP and MHC (indirect 

effect a2b = -2.0254 ,  BootLLCI  = -0.325, BootULCI = 5.2130)  (Fig 16). In addition, 

because TMD pain severity was significantly different across TMD+NP and TMD-NP 

groups, we tested the moderating effect of TMD pain severity on the group differences in 

PA. Results showed that that TMD pain severity measured by GCPS score did not mediate 

TMD group differences in PA (indirect ab = -1.99, BootLLCI  = -7.384, BootULCI = 3.946) 

(Fig 17). 

 

Figure 15: Reinforced expectation mediates increase in Placebo analgesia 

Mediation model analysis using a multicategorical antecedent variable indicated that reinforced expectation 
mediates increase in placebo analgesia TMD+NP and TMD-NP (indirect effect a1b = -1.9684, BootLLCI  = -
4.7091, BootULCI = -0.0484) but not the difference between TMD+NP and MHC (indirect effect a2b = -0.46, 
BootLLCI = -2.463, BootULCI = 1.4609). 
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Figure 16: Conditioning strength did not mediate increase in Placebo analgesia 

Mediation model analysis using a multicategorical antecedent variable indicated that conditioning strength did 
not mediate the group differences in placebo analgesia 
 
 
 

 
Figure 17: TMD Pain Severity did not moderate increase in Placebo analgesia 

TMD pain severity did not moderate the group differences in placebo analgesia. 
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Discussion 
 

This study investigated how the presence of a concurrent neuropathic pain-like 

symptoms in participants with TMD would affect PA Thus, this study compared placebo 

effects in TMD participants with a neuropathic pain-like profile (TMD+NP), TMD 

participants with no-neuropathic pain-like profile (TMD-NP) and matched healthy controls 

(MHC). Our results reveal that the presence of a concurrent neuropathic pain-like profile in 

chronic TMD is associated with a significantly greater magnitude placebo effect in 

comparison to healthy matched controls and TMD participants with no neuropathic pain 

(TMD-NP).  

My initial hypothesis was based on extensive literature reporting reduced or less 

efficient descending pain modulation in people with neuropathic pain symptoms. However 

contrary to my hypothesis my data reveled increased PA in chronic pain participants with 

concurring neuropathic pain symptoms that do not occur in chronic pain participants without 

neuropathic pain symptoms and this effect is driven by expectation. This data suggests in 

neuropathic pain expectation may be an important mediator for the activation of neo-cortical, 

top-down processes that release endogenous opioids driving descending inhibition of pain. 

This is in contrast with other forms of descending pain modulation that have been reported to 

be driven by more supra-spinal processes of descending pain modulation and which may also 

be altered in the presence of neuropathic pain as has been reported (Witting, Svensson, & 

Jensen, 2003). Therefore, these findings suggest there may be a differential mechanistic 

pathway that drives the differences seen in PA and other forms of descending pain 

modulation seen in neuropathic pain. 
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This finding is relevant as over the last decade, there have been multiple reports of 

increasing PA responses in randomized clinical trials (RCTs) of neuropathic pain (Finnerup 

et al., 2015; Katz, Finnerup, & Dworkin, 2008; Tuttle et al., 2015). This occurrence has 

posed a challenge for drug development in the field, making it increasingly difficult to prove 

the effectiveness of new pharmacological agents over a placebo and reduced chances of drug 

approval. In a meta-analysis, exploring 84 randomized clinical trials of neuropathic pain in 

the United States, Tuttle et al. reported a trend of increasing placebo responses within the last 

three decades (Tuttle et al., 2015). Similarly, results in randomized parallel group placebo-

controlled trials in neuropathic indicate larger placebo analgesic responses (Katz et al., 

2008)(Katz 2008). These meta-analyses sampled a variety of neuropathic pain conditions 

with peripheral diabetic neuropathy (PDN) and post-herpetic neuralgia (PHN) being the most 

common. Put together, these studies indicated that study characteristics such as sample size, 

study duration (i.e. the duration of the clinical trial) and the active treatment effect size (and 

not patient characteristics) were more likely driving the occurrence of greater PA magnitude 

(Tuttle et al., 2015). Other studies suggest that certain patient characteristics as age and 

baseline pain intensity were related with increased placebo responses (Bingel, Colloca, & 

Vase, 2011; Vase et al., 2015). We explored these TMD characteristic effect in our cohort of 

chronic TMD participants, after identifying different subsets of TMD participants that have 

predominantly nociceptive versus neuropathic-like components contributing to their pain.  

We utilized validated screening tools such as the DN4 and the PDQ which have both 

been shown to be both sensitive and specific for distinguishing between the nociceptive and 

neuropathic components of pain (Bouhassira et al., 2005; Freynhagen et al., 2006). These 

tests aim to aid in the identification of patients and conditions in which neuropathic pain 
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generating mechanisms may be at play in or dominate the pain experience (M. Bennett, 2001; 

Bouhassira et al., 2005; Bouhassira et al., 2008). First, we characterized this sub-set of 

chronic TMD participants that present with neuropathic-like pain symptoms in the orofacial 

region with the DN4 and then those with neuropathic like pain symptoms distributed across 

the body with the PDQ. Then, we investigated, within the same cohort, the influence of a 

concurrent neuropathic pain-like symptomatology in TMD on PA effects and pain sensitivity 

measurements 

Our experimental approach leveraged one of the most effective paradigms for 

investigating PA which is utilizing a combination of conditioning and verbal suggestion to 

elicit placebo effects. Meta-analyses have shown that this combined approach produces more 

robust placebo effects (Atlas & Wager, 2012; Petersen, Finnerup, Colloca, et al., 2014; Vase 

et al., 2002) as opposed to the use of verbal suggestion alone which may result in weaker 

(Colloca, Sigaudo, & Benedetti, 2008) or even no effects (Reicherts, Gerdes, Pauli, & 

Wieser, 2016). 

Vase and collaborators were the first to examine PA in post-thoracotomy neuropathic 

pain also reporting large effect sizes (Cohen’s d = 0.8) (Vase et al., 2014; Vase et al., 2016). 

However, how the neuropathic pain-like effects on PA may compare with healthy 

participants or participants with non-neuropathic pain is yet to be elucidated. 

Specifically, our finding of a greater placebo effect in the presence of a neuropathic 

pain-like profile in comparison with non-neuropathic pain or no pain conditions underscores 

the findings in the literature concerning increasing effects over time and, more importantly, 

highlights the presence of neurobiological changes to endogenous modulatory systems that 

might accompany neuropathic pain.  
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Some limitations of this study ought to be discussed. Our assessment of neuropathic 

pain did not include the use of neurophysiological assessment techniques that are routinely 

such as evoked-potentials used and considered confirmatory objective tests to diagnose 

“definite” neuropathic pain clinically (Colloca et al., 2017). For this reason, we refrain from 

classifying our TMD+NP group with the term “neuropathic pain participants” rather we used 

the term ‘neuropathic pain-like symptoms’. Yet, we used the DN4 and PDQ screening tools 

and bedside testing techniques to assess the presence of characteristic neuropathic pain 

symptoms and to classify participants into the category of “probable” neuropathic pain which 

is considered as the minimum requirement for pharmacological treatment in clinical settings 

(Colloca et al., 2017). As such, these tests have been validated to be highly specific and 

sensitive in the phenotyping of patients’ pain profiles (Bouhassira et al., 2005; Colloca et al., 

2017; Freynhagen et al., 2006). 

To our knowledge, this is the first study to delineate and characterize the presence of 

a neuropathic pain-like in TMD patients. This is also the first study to investigate the effect 

of differing pain profiles on PA as well as in comparison to pain-free, healthy participants.
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Chapter 5: General Discussion 
 
General Conclusions 
 
My three goals brought me to better understanding of pain modulation features and 

mechanisms. The three developed goals helped me to appreciate the variety of possible 

phenotypes related to pain modulation via placebo effects, neuropathic pain status, and 

presence of neuropathic-like symptoms. 

Goal 1. Though many advances have been made in the field of chronic pain, there has been 

limited progress in the translation of these findings to clinically beneficial therapies 

(Medicine, 2011; Mogil, 2009). Given the prevalence and difficulty in treating neuropathic 

pain, the selection of appropriate pre-clinical models and deep phenotyping for discovery of 

behavioral and neurobiological determinants are essential to increasing the translational value 

of any finding. This shortcoming is evident in studies attempting to quantify ongoing, or 

“spontaneous” pain, and the affective aspects of pain (Mogil, 2009; Tappe-Theodor & Kuner, 

2014). Mogil and collaborators addressed these shortcomings by developing the mouse and 

rat grimace scales (Langford et al., 2010; Sotocinal et al., 2011) quantifying, the utility of 

facial expressions as a reliable pain metric in rodents. However, initial reports from the use 

of these grimace scales demonstrated only their reliability for assessing pain of short and 

moderate duration, but not lasting, chronic pain (Langford et al., 2010; Sotocinal et al., 

2011). Thus, the first goal of my project was to validate the facial grimace scale as a reliable 

metric to assay the ongoing, spontaneous pain that is unique to neuropathic pain. Because of 

its non-invasive characteristic, this assay for pain was particularly of interest for the repeated 

testing that would be required for pharmacological conditioning during placebo analgesia. 
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We aimed to validate the facial grimace scale test for spontaneous pain by testing the 

hypothesis that facial expression would reliably diagnose ongoing pain in both rats and mice 

with orofacial neuropathic pain. We focused on a model of neuropathic pain induced by 

chronic constriction of the infraorbital nerve (CCI-ION) (Benoist et al., 1999; Vos et al., 

1994) because it produced profound hyperalgesia lasting at least weeks (Okubo et al., 2013). 

Consistent with this hypothesis, our results showed that facial grimace scores are 

significantly increased, in both rats and mice, as early as 10 days after CCI-ION, and that 

these increases are accompanied by trigeminal mechanical hyperalgesia. These changes were 

reversed by the administration of an opioid analgesic, suggesting that they reflect increased 

pain perception. Though 5 of the rats’ mechanical withdrawal thresholds appear to not have 

changed, when analyzed as a group, thresholds were significantly and strikingly reduced after 

CCI-ION. We attribute the five exceptions to an unintentional, excessive constriction of the 

infra-orbital nerve in these animals, resulting in an ablation of sensitivity in the orofacial area 

(Benoist et al., 1999; Kernisant et al., 2008; Vos et al., 1994). The fact that these 5 rats still 

display increased RGS scores suggested that they did experience ongoing pain. This 

dissociation between “reflexive” and “affective” pain assessment has been reported 

previously for several pain models (Pratt, Fuchs, & Sluka, 2013; Urban, Scherrer, Goulding, 

Tecott, & Basbaum, 2011). We believe our findings highlight the importance of assessing 

multiple pain metrics that may reflect these different dimensions of pain (Melzack, 1999; D. 

D. Price, 2002). The possibility that the orofacial injury may have produced neuromuscular 

abnormalities to affect facial muscles and grimacing abilities was considered unlikely.  This 

is because the ION contains only sensory fibers, thus no motor fibers would have been 

affected by the CCI-ION. Secondarily, the ability of Fentanyl to reverse the increased in 
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grimace scores is consistent with the injury resulting in a pain-like condition and not 

muscular abnormalities. In fact, fentanyl is unlikely to have reversed any neuromuscular 

abnormalities, as opioids produce muscular rigidity, and not relaxation, and this effect occurs 

only at high concentrations, and through central mechanisms (Christian et al., 1983; Desaiah 

& Ho, 1979; van den Hoogen & Colpaert, 1987). Our findings are applicable to pain assays 

following CCI-ION in rats and mice, a procedure that produces severe pain. Significant and 

lasting increases in grimace scale scores have also been reported recently in other chronic 

pain models, including rat models of spinal cord injury (Schneider et al., 2017; Wu et al., 

2016). a mouse model of multiple sclerosis (Duffy et al., 2016), a rat model of migraine 

headaches (Harris et al., 2017), and a rat model of tooth movement (Gao et al., 2016). These 

findings suggest that grimace scores are reliable indicators of ongoing, chronic pain in both 

rats and mice with trigeminal neuropathic pain. 

Armed with a viable tool for assessment, the second goal was to induce PA via effective 

conditioning mechanisms in a rat model of orofacial neuropathic pain. The rat model of pain 

used (CCI-ION) as previously stated, is a well-validated model of orofacial neuropathic pain 

that produces robust and long-lasting pain (Benoist et al., 1999; Okubo et al., 2013; Vos et 

al., 1994). Previous studies used a spare nerve injury of L5 (McNabb et al., 2014) or nerve 

injury of L5 and L6 (Zeng et al., 2018). We employed the CCI-ION model of orofacial pain 

that causes persistent mechanical hyperalgesia, hypersensitivity (allodynia) and spontaneous 

pain lasting at least 28 days (Castro et al., 2017; Okubo et al., 2013). The relevance of this 

model for the present study lies in its development of robust and long-lasting 

hypersensitivity. This characteristic of the model was essential to the induction of PA as 
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significant pain and the experience of pain relief are both necessary for the induction of 

placebo effects, especially in a pre-clinical model where verbal suggestions cannot be made.  

Goal 2. The importance of modelling PA in chronic orofacial pain in animals provides ample 

opportunity to explore the molecular and neurobiological underpinnings of PA in a way that 

would be unethical to conduct in humans. In addition, the CCI-ION model allowed us to 

assess the affective component of non-evoked pain non-invasively using the facial grimace 

scale Langford et al., 2010; Sotocinal et al., 2011) which we have previously shown to be 

reliable tool to assess spontaneous pain in rats with CCI-ION (chapter 2). This study aimed to 

disentangle placebo effects and responses in a rat model of orofacial neuropathic pain in line 

with the distinct classification between general, perceived placebo effects and 

the true placebo effect (Ernst & Resch, 1995). To achieve this, the inclusion of a no-

treatment arm was essential to observe any non-specific changes from true placebo effects. 

We found that for the test of allodynia (von Frey assessment), fentanyl alone increased 

mechanical sensitivity thresholds (i.e. reduced allodynia) on test day, compared to saline 

given after fentanyl conditioning and saline given with conditioning cues or no treatment. 

Based on the analysis (Test Day scores – Post-injury scores), a higher normalized threshold 

indicates that animals had higher withdrawal thresholds on test day than they did post-injury. 

Therefore, on test day, these animals exhibited more analgesia and reduced mechanical 

hypersensitivity, reflected by the higher withdrawal thresholds. For the facial grimace test, 

fentanyl was effective in reducing RGS scores during the conditioning phase but not on test 

day, indicating no placebo effects and responses in this model of orofacial neuropathic pain. 

The lower normalized RGS scores (Test Day scores – Post-injury scores) in the placebo 

group suggest that test day RGS scores were lower than post-injury scores i.e. more 
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analgesia. We note that although these differences did not meet our criterion for statistical 

significance, they suggest a placebo analgesic effect. However, this effect seems to be 

masked by the lower RGS scores/unexpected improvement of the no-treatment group as well. 

These negative results for placebo effects and placebo responses in neuropathic pain are 

consistent with a previous study on neuropathic pain in female rats  (McNabb et al., 2014), as 

well as a very recent study investigating PA in a rat model of inflammatory pain (Yin, Yang, 

Cao, & Wang, 2020). In the inflammatory model of pain, Yin and collaborators reported 

analgesia expectancy but no corresponding PA on the Hargreaves test and hot plate test in 

animals in pain after Complete Freund’s Adjuvant (CFA) injection to the hindpaw. 

Interestingly, performing the same conditioning paradigms in naïve animals, they report both 

analgesic expectancy and PA on both acute pain tests (Yin et al., 2020). Again, these results 

highlight the differences in PA development in acute versus chronic models of pain and the 

importance of this elucidating line of research in chronic pain. Importantly, this study brings 

to light a possible deficit in cognitive pain modulation that could exist in rodents with 

chronic pain which may explain the difficulty to initiate PA mechanisms in rodent chronic 

neuropathic pain models (McNabb et al., 2014; Yin et al., 2020). Another small-animal 

neuroimaging study investigating placebo responses in a rodent neuropathic pain model 

reported significant “full” placebo effects but only in ~30% of the study cohort (Zeng et al., 

2018). Studies with larger sample sizes are needed to draw conclusive remarks. These 

negative findings in animals contradict some studies, both in humans and animal models of 

acute pain, which have spurred the discussion of whether such processes can be replicated 

and potentially exploited with dose-extending placebos (Colloca, Enck, et al., 2016; Sandler 

et al., 2010)  
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It is possible that placebo effects may be modulated based on the severity and the nature of 

pain (e.g. neuropathic versus non-neuropathic pain) (Vase et al., 2015). For instance, in 

humans it is well-reported that neuropathic pain is more difficult to treat and less prone to be 

modulation by conditioning processes (Colloca et al., 2017). Various clinical studies have 

investigated placebo responses in randomized clinical trials of neuropathic pain  (Derry et al., 

2016; Finnerup et al., 2015), however they do not include a no-treatment group. To our 

knowledge, there have been only two well-controlled clinical studies specifically examining 

the occurrence placebo analgesia in neuropathic pain (Colloca et al., 2017; Vase et al., 2016). 

In both studies, large placebo analgesia effects were reported in patients who had developed 

neuropathic pain after a thoracotomy. These reports of significant placebo analgesic effects 

in controlled clinical studies (e.g. inclusion of the no-treatment group) underscore the need 

for similar studies in animal models of neuropathic pain. Importantly, neither of the studies 

of placebo analgesia in chronic neuropathic pain in humans used opioids. The utility of 

opioids for chronic neuropathic pain remains controversial due to modest efficacy reported, 

large placebo effects in clinical trials, as well as the short duration of studies (Derry et al., 

2016, McNicol et al., 2013). Therefore, further longitudinal studies using opioid 

pharmacological conditioning paradigms are required. Though we observed marginal placebo 

effects in the facial grimace test in this rat model, taken together with the nuances of other 

studies, our findings provide a methodological background for future studies and suggest that 

placebo analgesia in rodent models of chronic pain are feasible. Furthermore, our results 

point to differences in placebo analgesia that could be due to differences in baseline levels of 

pain suggesting that different intensities and possible phenotypes of pain may differentially 

modulate placebo analgesic responses. Future studies taken into account the limitations 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6565753/#b0045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6565753/#b0045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6565753/#b0130
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discussed previously, would be very beneficial for the field of chronic pain research as a 

whole.  

Goal 3. Finally, though the benefit of preclinical research is very clear, the applicability of 

these findings to a clinically relevant population of patients is highly important. The third 

goal was to test the effect that neuropathic pain profiles had on placebo analgesia in humans 

with chronic orofacial pain. Based on our findings in the pre-clinical studies and the some of 

the existing literature in humans, we had initially hypothesized that PA would be 

compromised in TMD participants with concurrent neuropathic pain-like symptomatology. 

We also aimed to specifically elucidate the added effect of a neuropathic pain-like symptom 

profile with the appropriate controls, which had not been explored in previous studies. Thus, 

we compared placebo effects in TMD participants with a neuropathic pain-like profile 

(TMD+NP), TMD participants with no-neuropathic pain-like profile (TMD-NP) as well as 

matched healthy controls (MHC). First, we characterized this sub-set of chronic TMD 

participants that present with neuropathic-like pain symptoms in the orofacial region with the 

DN4 and then a subset of those with neuropathic like pain symptoms distributed across the 

body with the PDQ. Then, we investigated, within the same cohort, the influence of a 

concurrent neuropathic pain-like symptomatology in TMD on PA effects and pain sensitivity 

measurements. Our results reveal that the presence of a concurrent neuropathic pain-like 

profile in chronic TMD (TMD+NP) is associated with a significantly greater magnitude 

placebo effect in comparison to healthy matched controls (MHC) and a similar trend towards 

increased placebo effects in comparison with TMD participants with only ‘nociceptive’ pain 

(TMD-NP). Finally, we show that a longer duration of TMD pain and was correlated with a 

smaller placebo effect while, a greater severity showed no effect on the placebo effect. RCTs 
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of neuropathic pain report greater placebo responses over time (Tuttle et al., 2015), resulting 

in the failure of pharmacological agents which do not outperform placebo treatments. This 

has been a source of concern for drug development. And has resulted in continued suffering 

of neuropathic pain patients. A greater understanding of how neuropathic pain components 

may modulate placebo responsiveness and who may be responsive to beneficial endogenous 

pain modulatory processes is crucial to assessing benefit and may be useful in the 

development of potential individualized therapeutic avenues for patients. 

Furthermore, our finding of a greater PA in the presence of a neuropathic pain-like 

symptoms in comparison with non-neuropathic pain-like symptoms or no pain conditions 

underscores the findings in the literature concerning increasing effects over time. This 

suggests the presence of neurobiological changes to endogenous modulatory systems that 

might occur in neuropathic pain. Further examination of the delta scores (red screen minus 

green screen VAS ratings) from trial to trial in the test phase revealed a different pattern of 

response across the three groups. We observed that while the delta tended to decrease 

significantly from trial one to trial two in both TMD-NP and MHC groups, this was not the 

case in the TMD+NP group, which may reflect either said neurobiological or changes. The 

delta ratings appear to remain stable across the entire test phase. Given that neuropathic pain 

is known to cause greater distress and disability and result in greater hospital visits than non-

neuropathic pain (Attal, Lanteri-Minet, Laurent, Fermanian, & Bouhassira, 2011; Torrance, 

Smith, Bennett, & Lee, 2006), these differences in response pattern in participants with NP-

like symptoms may also reflect different psychosocial adaptations and cognitive associations 

that these participants have from previous treatment experiences. Further investigation with 
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neuroimaging techniques and psychological tools are needed to determine the relevant 

changes to neuronal circuitry that may underlie these differences. 

 

Limitations and Strengths of This Project 
 
Goal 1 and 2 
 
Some limitations to this project should be recognized. In the examination of placebo 

analgesia in the rodent model thought we started out with a fully powered sample size of 50 

rats, the failure to develop hyperalgesia after the injury model resulted in the exclusion of 15 

rats in total being included in the study. These exclusions were necessary as a necessary pre-

requisite for the development of placebo analgesia in the presence of hyperalgesia.  We think 

that this could likely reflect unintentional, variations in the extent of nerve constriction in 

these animals, due to different experimenter technique, resulting in reduced sensitivity to 

evoked stimuli  (Benoist et al., 1999; Vos et al., 1994). In addition, the fact that our animal 

studies did not include females is another limitation to this study. We recognize the unique 

sex effects that may be relevant to in the experience and mechanism of pain and the 

restriction of our analysis to males makes it difficult to decipher any sexual dimorphism in 

this model. For our studies in we did not include a group receiving the opioid antagonist 

naloxone, however, previous studies with inflammatory acute pain and neuropathic pain have 

already demonstrated that naloxone blocks the placebo analgesic effect (Guo et al., 2010; 

Guo et al., 2011; Zhang et al., 2013). Furthermore, we did not explore the relevance of the 

use of multiple conditioning cues versus a single cue. The distinction between implicit and 

explicit or contextual memory which involve multiple factors that make up a context, which 

are thought to occur via different mechanisms  (Hall, 1998). For this study, the combination 
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of multiple cues making up a context was added to simulate the human clinical encounter 

which represents a more holistic form of memory. Future studies investigating the salience of 

individual cue for the strength of association during pharmacological conditioning are needed 

to further elucidate how PA responses are formed in this animal model. To avoid the daily 

stress associated with these von Frey measurements, we did not include measurements of 

mechanical sensitivity during the conditioning period. As noted above, our dose–response 

studies in a separate cohort of rats with CCI-ION demonstrated that the dose of fentanyl 

(25 μg/kg) used was sufficient to significantly reduce mechanical hyperalgesia, as measured 

by facial von Frey scores. Further, because the animals in the fentanyl/context- group, which 

received fentanyl on test day, showed higher withdrawal thresholds and lower 

hypersensitivity than their post-injury scores we think it is unlikely that the absence of 

placebo effects in our model is due to the ineffectiveness of fentanyl on mechanical 

sensitivity.  

Goal 3 

In our investigation of PA in humans, our assessment of neuropathic pain did not include the 

use of neurophysiological assessment techniques that are routinely used and considered 

confirmatory tests to diagnose “definite” neuropathic pain clinically (Colloca et al., 2017). 

For this reason, we refrained from classifying our TMD+NP group with the term 

“neuropathic pain participants”. However, the DN4 and PDQ screening tools and bedside 

testing techniques we use assess characteristic neuropathic pain symptoms that classify 

participants into the category of “probable” neuropathic pain which is the minimum 

requirement for pharmacological treatment in clinical settings (Colloca et al., 2017). As such, 

these tests have been validated to be highly specific and sensitive in the phenotyping of 
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patients’ pain profiles (Bouhassira et al., 2005; Colloca et al., 2017; Freynhagen et al., 2006). 

Furthermore, the assessment of the effect of pain severity, a secondary outcome measure of 

this study, was only limited to the two TMD groups (TMD+NP) and (TMD-NP). Though our 

initial power analyses calculation was conducted for the full cohort (three groups), these sub-

analyses are exploratory in nature and those may not need to be included in the fully 

powered. It remains unclear whether placebos mainly affect nociceptive processes or other 

cognitive and affective processes associated with pain. For example, a meta-analysis of brain 

imaging data from 20 of 28 identified eligible studies, resulting in 603 healthy individuals 

indicates that placebos show small effects on the NPS rather an involvement of cognitive and 

affective processes underlying pain (Zunhammer, Bingel, Wager, & Consortium, 2018). The 

findings of my project on larger PA responses through a mediation effect of expectations in 

participants with neuropathic-like symptoms are in line with these recent results supporting 

effects independent of bottom-up nociceptive modulation.   

Strengths. Despite these limitations, we believe that these findings add value to the field of 

knowledge about how different pain phenotypes modulate the responsive to placebos and the 

proneness to activate descending inhibitory mechanisms for pain. This project demonstrates 

the use of the facial grimace test for long-duration pain indicating that it was not only useful 

for pain models with a short duration of hyperalgesia as had been previously indicated. Ours 

is the first study to include a natural history group in animal models of placebo research, a 

necessary inclusion to separate placebo effects from non-specific placebo responses such as 

regression to the mean or the natural history of the disease. Further, this is the first placebo 

study that combines a reflexive test for allodynia and the facial grimace test of ongoing 

neuropathic pain. Given the importance of assessing the different components of pain 
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(affective versus sensory), this study provides critical information on how results from the 

assessment on these two dimensions of pain can differ in the same injury model (for 

example, the grimace scale test still reporting ongoing pain in rats that didn’t show any 

mechanical sensitivity. In a similar vein, the incorporation of both tests as well as how PA 

effects can be affected differently in different measurements of pain (as seen in our marginal 

PA in only the facial grimace test).  

Our investigation in humans of the effects of neuropathic-pain like symptoms on PA makes a 

critical comparison between individuals with neuropathic pain and those without neuropathic 

pain in the same study. The experimental approach utilized leveraged a very effective 

paradigm for investigating PA by combining both conditioning and verbal suggestion to elicit 

placebo effects. In addition, our use of not just one, but two validated screening tools to 

distinguishing between the nociceptive and neuropathic components of pain adds high 

significance to the rigor of our selection criteria. This further reduced possibility of false 

positives in the classification as NP positive or negative. To our knowledge, this is the first 

study to delineate and characterize the presence of a neuropathic pain-like in TMD patients. 

This is also the first study to investigate the effect of differing TMD pain symptom profiles 

on PA as well as in comparison to pain-free, healthy participants. 

Conclusive Remarks 

Overall, chronic pain is still a major public health concern and the improved translation of 

findings in the area of placebo effects from pre-clinical to clinical use will more the field 

forward immensely. This progress can be made possible via further development of animal 

models with adequate face validity to interrogate all the complex facets of chronic pain 

(sensory and affective).  Furthermore, the understanding of how PA is altered in various 



 
 

97 

chronic pain conditions is essential to fully harnessing its potential therapeutic benefits This 

work motivates me to continue seek opportunities that will allow me to contribute to deep 

phenotyping and translational efforts from basic to clinical approaches. 
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