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Abstract 

 

Title of Dissertation: Role of the Parabrachial Complex in Rodent Models of Pain 

 

Olivia Uddin, Doctor of Philosophy, 2021 

 

Dissertation directed by: Asaf Keller, Ph.D,  Chair of Anatomy and Neurobiology, 

Program in Neuroscience 

 

The parabrachial complex (PB) is a midbrain structure that is vital to survival-related 

functions. This region receives and integrates incoming sensory information, 

communicating these signals to higher brain regions that are key in shaping behavior and 

affect. PB responds to painful somatosensory input, however, its most compelling role is 

in the development and maintenance of persistent pain. Pain persisting beyond the 

duration of a threat or tissue injury no longer serves a physiological purpose. Therefore, 

this type of maladaptive pain has a severe impact on health and quality of life. Current 

therapies for maladaptive pain are not optimal: it is necessary to better understand the 

neural circuitry underlying persistent pain so that we can design more effective therapies. 

The work presented here aims to outline PB’s role in four rodent models of pain. I 

approach this by combining anatomical tracing, electrophysiology, and behavioral 

studies. First, I show that in a model of orofacial neuropathic pain, PB neural activity is 

amplified. Next, I describe a novel and direct anatomical connection between the 

meninges and PB, via the trigeminal ganglion; this pathway is poised to underlie 

migraine headache-associated pain. Finally, I conduct behavioral studies aiming to hone 

rodent models of pain in the context of aging and amyloid accumulation, and pain during 

opioid withdrawal. These findings together confirm that PB is a crucial node in 

maladaptive pain processing and provide direction for further work clarifying PB’s role in 

new behavioral contexts.  
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Chapter 1: Introduction 

 

Overview 

The somatosensory system is the major tool we have to process our surroundings, 

allowing us to successfully navigate and respond to our environment. Some sensory 

input, exceeding a noxious threshold, can be perceived as pain. Acute pain serves an 

evolutionary purpose: it is a signal that we are being hurt and must take action to prevent 

further damage. Pharmacotherapies like Non-Steroidal Anti-Inflammatory Drugs 

(NSAIDs) and opioids effectively quell acute pain. When pain persists beyond the acute 

tissue damage, however, it no longer serves a protective purpose, instead instigating 

prolonged suffering. Although maladaptive pain can affect organ systems throughout the 

body and feature unique qualities (i.e. musculoskeletal pain vs. visceral pain), it is a 

common symptom linking diverse aversive conditions. This type of prolonged, 

maladaptive pain is also difficult to manage – drugs classified as anti-convulsant or anti-

depressant offer relief for a subset of patients, with variable side effects 1,2. Non-

pharmacologic therapies, such as transcutaneous electrical nerve stimulation or various 

surgical procedures are available, with the goal of alleviating chronic pain. The evidence 

supporting their overall efficacy, however, is limited 3 4.  

 

Many maladaptive pain conditions include altered perception of peripheral tactile 

stimulation. For example, a normally painful pinch might feel excruciating 

(hyperalgesia), or the normally innocuous touch of clothing or a makeup brush might feel 

painful (allodynia). To study maladaptive pain conditions, it is therefore necessary to 



 2 

understand how a peripheral touch is processed, ultimately reaching the brain for 

processing. Neurons responsible for sensation lie in a number of specialized sensory 

ganglia: the dorsal root ganglia (houses neurons responding to stimulation across the 

body) or the trigeminal ganglia (houses neurons responding to stimulation from the 

head). These sensory neurons each have two axons: one central projection to the spinal 

cord’s dorsal horn, and one peripheral projection. These peripheral projections end in 

specialized structures that are excited by various stimuli (i.e. pressure, movement, 

temperature, noxious input). Nociceptors are activated by harmful mechanical, thermal or 

chemical stimuli – they are classified based on the characteristics of the peripheral 

projections they are connected to. A-delta nociceptors are activated by noxious 

mechanical or thermal inputs and through myelinated fibers, rapidly conduct electrical 

signals to the spinal cord. C-fibers are unmyelinated (dictating a slower conduction 

velocity) and terminate in nociceptors responding to diverse noxious stimuli (chemical, 

thermal, and mechanical). A-delta and C fibers are the peripheral projections of sensory 

ganglion neurons—these neurons then relay signals to the superficial layers of the spinal 

cord’s dorsal horn via their central projections. In the dorsal horn, these central 

projections synapse with spinal cord neurons which project to higher brain regions, where 

the incoming information is integrated and relayed. The thalamus and the parabrachial 

complex are two major targets of ascending spinal neurons, forming the spinothalamic 

and spinoparabrachial pathways. These sensory relay and integration centers then project 

to higher brain regions, including cortical areas such as the somatosensory, insular, and 

prefrontal cortex, allowing the conscious experience of pain, with its combined sensory 

and affective/emotional components. Despite differing etiologies, this affective 
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component in particular, is thought to be a common factor between maladaptive pain 

conditions 5.  

 

There is a need to better understand the neurobiological mechanisms contributing 

maladaptive pain in diverse conditions, in order to develop therapies to mitigate pain for 

future patients. Thus, this dissertation investigates 4 animal models of heightened pain 

and altered somatosensory function, focusing on how a particular brain region of interest 

– the Parabrachial Complex—contributes.  

 

Parabrachial Complex (PB) 

PB is a bilateral complex located at the midbrain-pons junction and encompassing the 

superior cerebellar peduncles. The majority of PB neurons are glutamatergic and a 

minority are GABAergic 6 7 8. Some PB neurons co-express peptides including 

dynorphin, CGRP, neurotensin and substance P 9 10. PB in rodents is composed of ten 

sub-nuclei, mostly named for their anatomical locations, including subdivisions of the 

lateral nucleus, the medial nucleus, and the kolliker-fuse area 11. Lateral PB in particular 

receives strong sensory input from the spinal dorsal horn, the spinal trigeminal nucleus, 

and the nucleus of the solitary tract 12–15. There is evidence for direct projections from the 

trigeminal ganglion to PB, bypassing the spinal trigeminal nucleus 16. PB projects 

(reciprocally in some cases) to a multitude of higher brain regions involved in emotional 

and pain processing, including the central nucleus of the amygdala, bed nucleus of the 

stria terminalis, zona incerta, thalamus, hypothalamus, periaqueductal gray, rostral 

ventromedial medulla, insular cortex, and prefrontal cortex. 12,17–19 20. These anatomical 

connections show that PB is ideally positioned to serve as a sensory integration hub and 
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to modulate diverse maladaptive pain conditions. 

 

PB supports critical functions, including homeostatic regulation and threat management. 

PB plays a vital role in water and salt balance, glucose homeostasis, cardiovascular and 

respiratory function, and thermoregulation 21 22 23,24 25. Appetite regulation and response 

to aversive tastes are also mediated in part by sub-populations of PB neurons 26–28. Some 

groups of PB neurons are essential for aversive learning, mediating threat response and 

escape behavior 29–31. This body of work emphasizes that PB has a role in multiple 

functions that are critical for survival.  

 

PB contributes to both acute and maladaptive pain processing. As illustrated both 

electrophysiologically and through molecular correlates of neural activity, acute noxious 

cutaneous and visceral stimuli trigger PB activity 12,32 33–35. Notably, PB mediates the 

affective component of acute painful stimuli like foot shocks 29, as well as more persistent 

stimuli such as formalin injection (a manipulation that causes persistent, inflammatory 

pain for several hours) 16.  

 

In addition to its role in acute pain, there is strong evidence that PB modulates pain in 

maladaptive, chronic conditions. In a sciatic nerve injury model, molecular correlates of 

neural activity are increased 36. In a rat model of arthritic pain and in the Chronic 

Constriction Injury (CCI) model of chronic orofacial neuropathic pain, PB has heightened 

neural activity 37 38. Furthermore, PB function is required for establishing behavioral 

hypersensitivity in a model of persistent inflammatory pain, and pharmacologically 
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blocking PB activity relieves CCI pain 39 40. Together, this evidence suggests that PB is 

crucial in maintaining different modalities of persistent pain, making it a compelling 

candidate for further study in a variety of maladaptive pain conditions.  

 

Chronic Neuropathic Pain 

Chronic pain is defined as persistent or recurrent pain lasting longer than 3 months 

(International Association for the Study of Pain) and is an umbrella term encompassing 

multiple etiologies 41. Chronic neuropathic pain in particular is caused by damage to the 

sensory nervous system; hyperalgesia and allodynia feature prominently, as does 

ongoing, spontaneous pain 41. Chronic pain affects an estimated 20% of American adults 

and is one of the leading causes for seeking medical care, 42. This high prevalence leads 

to severe economic and social repercussions: chronic pain costs an estimated $600 billion 

per year, and has a devastating impact on quality of life 43,44. One reason that chronic pain 

continues to be a significant public health issue is a lack of optimal treatments. Although 

pharmacotherapies (ex. NSAIDs, opioids, gabapentin, pregabalin, steroids) and surgical 

interventions exist and are helpful on an individual basis, side-effect profiles and 

incomplete evidence for universal efficacy limit their utility 3,4,45. It is essential to 

improve our understanding of chronic pain’s varied aspects in order to develop improved 

therapies. 

  

Many of the molecular and neural events leading to chronic neuropathic pain 

development are known. After tissue damage, a flood of cellular products and 

inflammatory mediators modulate local blood flow and activate nearby nociceptors—if 

this persists, nociceptors and other ion channels can be molecularly altered, lowering the 



 6 

threshold for activating pain-conducting sensory fibers (reviewed by 46). In some cases, 

this sensitization becomes central. Central sensitization refers to cases where sensory 

neurons in the dorsal horn become spontaneously active and hyper-responsive to input, 

with lowered thresholds for activation and larger magnitude and longer duration 

responses to stimuli. Molecular mechanisms contributing to central sensitization include 

Neurokinin-1-receptor-mediated changes in intracellular signaling and gene expression 

and NMDA receptor activation (reviewed by 46,47). Clinically, when these changes persist 

it leads to pain that expands beyond the site of initial tissue injury, hyperalgesia, and 

allodynia. On top of changes at the level of the spinal cord, alterations at the brain level 

also contribute to chronic pain. There is ample evidence for persistent changes in activity 

and connectivity in thalamic, cortical and brainstem regions 48, reviewed by 49,50.  

 

A particularly promising region for further study in this context is PB. As discussed 

above, molecular correlates of neural activity (cFos) are higher in PB after sciatic nerve 

injury 36. In rodent models of orofacial neuropathic pain, PB activity is amplified in 

models 38 40. As PB is poised to play an important role in neuropathic pain I hypothesize 

that amplified PB activity underlies chronic neuropathic pain.  

 

Migraine Pain 

Migraines are recurrent severe headaches that can last up to 72 hours if untreated 51, and 

in some cases become chronic, qualifying them as a sub-type of chronic pain 41. These 

painful episodes disrupt daily activities, preventing people from working, attending 

school, or fulfilling other vital responsibilities. Migraines are prevalent, affecting an 

estimated 1 in 6 Americans and accounting for a significant number of emergency room 
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visits 52. Leading up to an episode, some patients experience auditory and visual 

disturbances known as aura. Nausea, vomiting, and sensitivity to light and sound 

(photophobia and phonophobia), often accompany headaches and are well-recognized as 

migraine-associated symptoms. Another distressing symptom that occurs with migraine 

headaches is cranial and/or extracranial sensitivity to normally innocuous tactile or 

thermal stimuli (allodynia) 53. Allodynia impacts a significant proportion of migraine 

patients 54 and is associated with inadequate drug responses 55,56, increased risk of 

suicidal ideation among migraine patients 57, and predicts migraine chronification 58. 

Drugs like the 5HT1b/d-targeting triptans and newer agents modulating Calcitonin Gene 

Related Peptide (CGRP) signaling can mitigate ongoing headaches, but efficacy and side-

effect profiles vary between patients. We must improve our understanding of migraine’s 

neurobiological underpinnings to develop better migraine therapies and preventive 

options.  

 

Undeniably, there is a need to better understand the mechanisms underlying migraines. 

While our understanding of migraine remains incomplete, a number of mechanisms have 

been identified as likely contributors, (reviewed by 59 and 60). The trigeminal system 

relays sensory information (including pain) from the face and head region, highlighting 

this pathway’s relevance to migraine pathophysiology. The outermost layer of the 

meninges, the dura mater, is innervated by sensory afferents of neurons in the trigeminal 

ganglion. Current knowledge suggests that initial changes in hypothalamic activity in 

conjunction with external triggers contribute to initiating a migraine. In patients 

experiencing aura, cortical spreading depression (CSD) likely contributes. CSD is a 
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widespread wave of depolarization and increased cerebral blood flow, followed by a 

sustained hyper polarization and decreased cerebral blood flow. CSD activates trigeminal 

neurons that innervate cerebral and meningeal blood vessels: this trigeminovascular 

activation causes headache pain that occurs during migraine episodes, alongside 

contributions from molecular players like CGRP (reviewed by 61). We would expect that 

neurons contributing to migraine associated pain would receive direct or indirect input 

from trigeminal sensory neurons. One way to test this is to electrically stimulate the dura, 

while recording neural responses in a brain region of interest, a method that we apply in 

the experiments presented here. 

 

While we have long accepted that there is a neural connection between the trigeminal 

spinal nucleus and PB, recent evidence suggests that a direct connection from trigeminal 

ganglion neurons to PB exists 16. This is a particularly compelling finding in the context 

of migraine. We know that activation of trigeminal ganglion neurons is a core event 

contributing to migraine pain and this new anatomical evidence raises the possibility that 

direct connections between the trigeminal ganglion and PB could be involved in 

maintaining and processing this pain. Based on PB’s anatomical connections and known 

role in chronic pain, here, I hypothesize that enhanced PB activity contributes to 

migraine-associated pain. In light of recent anatomical evidence 16, a prediction 

stemming from this hypothesis is that the same trigeminal ganglion neurons that 

innervate the dura also project to PB, making a direct connection between the meninges 

and this key node in central pain processing.  
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Aging and Amyloid Buildup 

Chronic pain is an experience that encompasses diverse pain etiologies and has a 

considerable public health burden (see section above, Chronic Neuropathic Pain). 

Increased age is a risk factor for chronic pain and in older adults, chronic pain rates are 

higher relative to other age groups 62,63. Particularly troubling is the fact that chronic pain 

which seriously restricts quality of life and physical function—termed “high impact” 

chronic pain— is disproportionately prevalent in the elderly 64. Chronic pain in the 

elderly is associated with more rapid physical and cognitive decline and earlier death 65. 

As the US population ages, the burden of chronic pain in the elderly will continue 

expanding. We must more effectively understand and manage elderly patients with 

chronic pain, in order to improve their overall health and quality of life.  

 

One approach to advancing chronic pain management in the elderly is to better 

understand how sensory function changes with age, and how this might underlie changes 

in pain processing. Most studies on this topic assess pain threshold and pain tolerance 

using a variety of stimulus modalities (ex. heat, ischemic pain, mechanical pressure, or 

electrical pulses). Pain threshold refers to the stimulus intensity that an individual 

perceives as noxious 50% of the time across multiple trials. Pain tolerance, however, 

describes the amount of pain an individual is able to withstand. Thus, lower pain 

thresholds and lower pain tolerances suggest that an individual is more sensitive to pain.  

 

The literature on age-related changes in somatosensory function and pain processing is 

inconclusive, with results varying based on pain modality, application site, and 
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stimulation timing 66. Some studies find decreased pain tolerance in the elderly using 

ischemic and mechanical-pressure testing 67,68. In contrast, a meta-analysis of 40 studies 

assessing changes in pain threshold or pain tolerance across age groups found no 

differences in pain tolerance but noted increases in pain threshold with increasing age, 

especially for heat-based stimuli 69. The authors interpret this to mean that older 

individuals have a lower sensitivity to weaker pain. More work must be done to confirm 

these differences and to determine whether and how they contribute to increased chronic 

pain impact in the elderly.  

 

Shifts in brain activity are key in establishing chronic pain – thus, one possibility is that 

age-associated brain alterations drive changes in pain perception and underlie chronic 

pain’s increased impact in the elderly. Amyloid accumulation throughout the brain is a 

common occurrence with advancing age. Amyloid refers to aggregates of protein derived 

from cleavage of Amyloid Precursor Protein (APP), a membrane-associated protein 

expressed in many tissues, including brain. Amyloid plaque accumulation (along with 

hyperphosphorylated tau aggregates and neuronal loss) is one of the pathological 

hallmarks of Alzheimer’s Disease. Despite this, amyloid load does not correlate with 

Alzheimer’s symptom severity and amyloid-targeted therapeutics have failed 70. 

Interestingly, cognitively intact individuals show amyloid accumulation with age 

throughout the brain 71. This suggests that amyloid buildup is instead a hallmark of the 

aging brain and could contribute to age-related functional changes – for example, in the 

context of pain processing.  
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In order to modulate pain processing or sensory function, increasing amyloid load in the 

brain likely alters glial and neuronal activity. In specific clinical scenarios such as 

Alzheimer’s Disease, amyloid is thought to disrupt glial and neuronal function, 

eventually incurring cell death 72 73 74 75 76. Evidence suggests that prior to cell death, 

changes in glial and neuronal function could be associated with asymptomatic amyloid 

presence. Activated microglia surround amyloid plaques 77 78 79 and in humans, 

heightened microglial activation correlates with increased amyloid load in populations 

with Alzheimer’s disease or with mild cognitive impairment 80. Amyloid affects 

astrocytes in a concentration-dependent manner, with lower concentrations inducing 

astrocyte proliferation 81. Because microglial and astrocyte activation likely contribute to 

chronic pain, it is important to recognize that amyloid deposition with age might alter 

glial function and enhance chronic pain in the elderly 82 

 

Amyloid also shapes neuronal activity: functional imaging evidence in humans shows 

early hyperactivity in cortex and hippocampus of asymptomatic individuals with amyloid 

load 83. In animal models of amyloid excess, soluble amyloid exposure can induce 

hippocampal neuronal hyperactivity, and cortical neurons in close proximity to amyloid 

plaques display markedly heightened activity 84 85. Another mouse study used EEG to 

demonstrate increased cortical and thalamic activity in mice with excessive amyloid 

burden 86. While the precise mechanisms involved are under investigation, there is 

substantial evidence that amyloid can induce neuronal hyperactivity 87.  
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Although cortical and hippocampal amyloid buildup are heavily studied, brainstem 

amyloid buildup occurs with age and PB is one of the first places that this pathology 

develops, in some cases pre-existing clinical disease manifestation 88–90. This evidence 

suggests that PB could be a site of amyloid buildup during normal aging, even in the 

absence of memory decline. Amyloid can induce neuronal hyperactivity in heavily 

studied regions such as hippocampus and cortex—it is unknown how amyloid deposition 

in PB affects neuronal activity. Prior work shows that PB hyperactivity is associated with 

chronic pain and more recent work highlights PB’s causal role in chronic neuropathic 

pain 38,91 40. Therefore, I hypothesize that age-related amyloid deposition in PB causes 

amplified neuronal activity, underlying increased pain sensitivity.  

 

Opioid Withdrawal 

Exogenous opioids and pain are inextricably connected, as prescription opioids can 

relieve acute pain. In the long-term, however, opioids often fail to mitigate chronic pain 

92. With continued use, patients develop analgesic tolerance, so that increasing amounts 

of drug are needed to adequately manage pain. This phenomenon can lead to abuse: a 

serious public health concern. Opioids’ high addictive potential and off-target effects on 

mood, GI function, and in particular respiration make them problematic. Overdose deaths 

rocketed in the 2010s –with fentanyl and other synthetics contributing heavily–and 

remain high today (https://www.drugabuse.gov). These data highlight the need to better 

understand, prevent, and treat opioid abuse. One way to approach this need is to better 

understand factors and processes that perpetuate abuse and relapse.  

 

https://www.drugabuse.gov/
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Individuals that misuse or abuse opioids often struggle to quit. Estimates of opioid 

relapse rates are variable, but undeniably concerning 93. Opioid withdrawal includes an 

unpleasant array of signs and symptoms. Early anxiety and diaphoresis give way to 

further agitation, aches and pains, gastrointestinal upset, lacrimation and rhinorrhea: this 

array of symptoms resembles an intense flu-like illness and can last several days in some 

circumstances 94,95. In the long-term (weeks to months), withdrawal-associated anhedonia 

and altered pain perception persist94 96. While opioid withdrawal is not life-threatening, it 

is intensely unpleasant. The drive to avoid these distressing symptoms can promote 

continued opioid abuse 97. Scientists have used animal models of opioid withdrawal (with 

a focus on morphine and moderate emphasis on heroin, oxycodone, and recently, 

fentanyl) to better understand the neurobiological mechanisms that contribute to different 

aspects of the experience. From this rich literature emerges a spectrum of behaviors that 

rats and mice exhibit spontaneously in opioid withdrawal—known as “somatic” 

withdrawal behaviors. Assessing these somatic signs of withdrawal in animals is valuable 

tool, allowing researchers to confirm clinically relevant acute withdrawal when using 

rodent models to study this process.  

 

In addition to somatic signs, pain is a prominent feature of opioid withdrawal and can 

disproportionately contribute to relapse 98 99, making it a particularly compelling 

symptom to study. Clinicians routinely monitor “muscle and bone aches,” a type of 

spontaneous, ongoing pain, when gauging withdrawal severity 95. Human studies have 
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demonstrated hyperalgesia in opioid withdrawal using the cold-pressor test, ischemic 

pain, and electrical stimuli 100 101 102 96,103. Some rat and mouse studies have reproduced 

withdrawal hyperalgesia in response to mechanical and noxious heat stimuli, although 

these findings vary considerably depending upon opioid choice, drug exposure paradigm, 

animal subjects, and experimental design 104–118, with some finding inconsistent or absent 

hyperalgesia 119–122. 

 

One approach to gain a better understanding of pain in withdrawal is to study the 

contributing brain regions. In order to achieve this, we must establish rodent models in 

which withdrawal pain is reliably reproduced. In this dissertation chapter, I will use 

chronic, intermittent exposure to the increasingly abused synthetic opioid fentanyl, 

predicting that both spontaneous and antagonist-precipitated (naloxone-

precipitated) withdrawal will elicit classic withdrawal behaviors and withdrawal-

associated pain. Establishing this model will allow us to develop hypotheses in the 

future regarding PB’s role in opioid withdrawal—a particularly compelling endeavor, 

given PB’s anatomical connections, diverse functions, and substantial expression of 

opioid receptors 123,124.  

 

Summary 

The clinical scenarios discussed above have unique features and etiologies, but pain is a 

unifying experience. This thesis will investigate PB’s contributions to diverse rodent 

models of pain and altered somatosensory function, with a focus on chronic neuropathic 

pain, migraine, aging-associated pain, and opioid withdrawal pain.  
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Table 1: Summary of the pain contexts modeled in the following chapters. 
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Chapter 2: Amplified PB Nucleus Activity in a Rat Model of Trigeminal 

Neuropathic Pain1 

 

Abstract 

The PB complex mediates both ascending nociceptive signaling and descending pain 

modulatory information in the affective/emotional pain pathway. We hypothesized that 

PB hyperactivity influences chronic pain behavior after trigeminal nerve injury in rats. 

Following induction of neuropathic pain using the chronic constriction injury of the 

infraorbital nerve (CCI-ION) model, rats displayed spontaneous markers of pain and 

mechanical hyperalgesia extending beyond the receptive field of the injured nerve. PB 

neurons recorded from rats with CCI-ION displayed amplified activity, manifesting as 

significantly longer responses to sensory stimuli, compared to shams. These findings 

suggest that chronic neuropathic pain involves PB hyperactivity. 

Introduction 

Chronic pain is a major health issue affecting over a million people in the US and causing 

an annual economic burden of approximately $600 billion 43. Of significant concern is 

chronic neuropathic pain, which arises due to lesions or dysfunction in peripheral or 

central pain pathways.  

Neuropathic pain affecting the trigeminal system, in particular, is frequently associated 

with negative affective states, including a high incidence of depression, anxiety, and sleep 

disorders 125 126 127. Patients with trigeminal neuralgia and traumatic trigeminal 

 
1 Uddin, O., Studlack, P., Akintola, T., Raver, C., Castro, A., Masri, R., Keller A (2018). 

Amplified parabrachial nucleus activity in a rat model of trigeminal neuropathic pain. 

Neurobiology of Pain, 3, 22-30. 



 17 

neuropathic pain also suffer from hypersensitivity to light touch and temperature, often 

accompanied by a more persistent, dull pain in the region of the face innervated by the 

damaged nerve 128 129 130 131. 

The parabrachial complex (PB), a focus of pain circuitry studies, is a collection of nuclei 

at the junction of the midbrain and pons that mediates, in addition to pain, a variety of 

functions important to satiety, taste, arousal, respiratory control, and fluid and salt 

balance 23 22 21. PB neurons respond robustly to noxious cutaneous and to visceral stimuli 

35 132 12, and is an anatomical target of nociceptive neurons from both the trigeminal and 

spinal dorsal horn 12 13 133. Nociceptive information from the periphery is relayed from 

PB to brain regions implicated in pain and affect, including the central nucleus of the 

amygdala, thalamus, zona incerta, hypothalamus, bed nucleus of the stria terminalis, and 

insular cortex 12 18 17 134. PB also shares reciprocal connections with regions comprising 

the descending pain modulatory system, including the prefrontal cortex, periaqueductal 

gray, and rostral ventral medulla 135 19 136. Thus, PB is situated at the nexus of ascending 

and descending pain processing pathways.  

This anatomical substrate suggests that PB may be involved in the pathogenesis of 

chronic pain. Consistent with this hypothesis, Matsumoto and colleagues 37report that 

both spontaneous and evoked activity of PB neurons are increased in arthritic rats. There 

are also reports of enhanced gene activity and metabolism in PB of rats with chronic 

constriction injury (CCI) of the sciatic nerve 36 137. 

We have recently shown that CCI of the infraorbital nerve (CCI-ION) results in a 

transition from acute to persistent pain that is dependent on central mechanisms 138. We 



 18 

also suggested that this chronic, trigeminal pain might differ from somatic pain 139 140, 

consistent with previous studies 141 142. Therefore, we tested the hypothesis that 

hyperactivity of PB neurons contributes to the pathogenesis of trigeminal chronic pain. 

Methods 
 

Animals. All procedures were conducted according to Animal Welfare Act regulations 

and Public Health Service guidelines and approved by the University of Maryland School 

of Medicine Animal Care and Use Committee. We studied 27 male Sprague-Dawley rats 

(375 to 475g at time of electrophysiological recordings, ordered from Envigo, 

Indianapolis IN) in these experiments: 7 sham-operated and 20 CCI-ION. 

Animals were randomly allocated to experimental or control groups, as described in Kim 

and Shin 143. In all experiments, the investigators were blinded to animal condition until 

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

experiment, and blinded assessment of the outcomes were performed. 

 

Induction of chronic orofacial pain. We used a rodent model of neuropathic pain, evoked 

by chronic constriction of the infraorbital nerve (CCI-ION) 144 139 138 145 140. Animals were 

first induced with 2% isoflurane and then injected intraperitoneally with ketamine 

(100mg/kg) / xylazine (10mg/kg). Depth of anesthesia was confirmed by the absence of 

blink and hind paw pinch withdrawal reflexes, and monitored periodically throughout the 

surgery. The animal was placed in a supine position on a sterile surgical platform, and an 

8 to 10 mm long intraoral incision was made along the roof of the mouth next to left 

cheek, beginning distal to the first molar. The infraorbital nerve was freed from 
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surrounding connective tissue and clearly visualized before loosely tying it with silk 

thread (4-0), 1 to 2 mm from where the nerve emerges from the infraorbital foramen. The 

wound was cleaned and closed using Vetbond tissue glue (3M products, St. Paul, MN). 

Animals were monitored and allowed to recover on a warm heating pad and then 

monitored daily as they recovered for 5 - 7 days in their home cage. 

 Behavioral assessment of pain and hyperalgesia. To assess tactile sensitivity, rats were 

held loosely without restraint on the experimenter's arm while von Frey filaments (North 

Coast Medical, Gilroy, CA) of varying forces were applied to the buccal region. Each 

animal was tested bilaterally and a response 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 146 147. This approach requires ten to twelve stimuli to 

be applied. We also assessed tactile responses on the plantar surface of the hind paws in 

an up-and-down manner to calculate hind paw mechanical withdrawal thresholds. In 

addition, hind paw withdrawal latencies from an infrared beam in a Hargreaves apparatus 

(IITC, Woodland Hills CA) were measured over five trials and then averaged to assess 

thermal hypersensitivity. The order of stimuli to ipsilateral and contralateral sides was 

randomized. We compared grouped data with Mann-Whitney U ranked-sum tests. 

To assess ongoing pain we analyzed facial grimace behavior 148 149 140. Rats were placed 

in a square Plexiglas chamber (8” x 8” inches) with two opaque sides and two transparent 

sides. The chamber contained home-cage bedding, and video recordings were taken for 

20 minutes from both transparent sides. The scoring of the facial expressions was done 

via a semi-automated procedure using the “Face Finder” application 149,  generously 
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donated by J. Mogil. Face images were screened, labelled, scrambled and scored with the 

experimenter blinded to the treatment group and identity of each image. The grimace 

scale quantifies changes in a four (4) “action units”: orbital tightening, nose-cheek bulge, 

whisker tightening and ear position. Ten screenshots were selected for each animal, and 

on each image, each action unit was given a score of 0, 1, or 2, as previously described 

140,148,149. Mean grimace scale scores were calculated as the average score across all the 

action units. 

We excluded four rats that did not develop signs of pain: Their mechanical withdrawal 

thresholds and their RGS scores were indistinguishable from sham-injured rats. Some of 

the data described here consisting of mechanical withdrawal thresholds from facial 

stimulation and RGS scores for only the CCI-ION group were published, in part, in 

Akintola et al. 140. 

 

 Surgical Preparation for Electrophysiology. To maintain a constant level of light 

anesthesia (Level III-2, as defined by Friedberg et al.150), we implanted an intravenous 

catheter into the right jugular vein to deliver urethane (10% w/v solution in normal 

saline) throughout the electrophysiological experiments 151. Following jugular 

catheterization, rats were placed in a stereotaxic frame with body heat maintenance, and a 

small craniotomy was made over the recording site to target PB (AP −9.2 and ML +1.9, 

relative to bregma, and DV −6.0 mm, relative to dural surface). 

We did not include recordings from three CCI-ION rats whose anesthetic level was 

deeper than Level III-2 150. 
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In vivo Electrophysiology. Using platinum-iridium recording electrodes (2-4 MΩ) 

produced in our laboratory, we recorded from the PB ipsilateral to injury. We isolated 

units responsive to noxious cutaneous stimuli, to dermatomes in both the head and body, 

and digitized the waveforms using a Plexon system (Plexon Inc., Dallas TX). Search 

stimuli consisted of application of a wooden probe to these dermatomes. Upon 

encountering a cell responsive to noxious cutaneous stimulation we allowed the neuron to 

resume baseline firing rate before recording spontaneous activity for three minutes, after 

which we recorded neuronal response to noxious stimuli. We applied mechanical or 

thermal stimuli within the V2 dermatome, or mechanical stimuli to the plantar surface of 

the hind-paw. Mechanical stimulation was produced with a calibrated electronic 

aesthesiometer (IITC, Woodland Hills CA) and thermal stimulation with a Picasso Lite 

dental surgical laser (AMD Lasers, Indianapolis IN), set to alternate on/off in 30 ms 

cycles at 2W for three seconds. We calibrated the laser output by implanting a micro-

temperature probe in the whisker pad; laser pulses resulted in a heat stimulus of 56±4°C. 

Five repetitions each of mechanical and thermal stimuli were applied, alternating between 

ipsilateral and contralateral stimuli. Subsequent stimuli were applied when the neuron 

recorded resumed firing at its baseline rate, with at least 8 seconds between each 

application. If cells exhibited after-discharges, the inter-stimuli interval was longer, to 

capture the entire after-discharge duration. 

 

Electrophysiology Data Analysis. Cells were sorted using Offline Sorter (Plexon Inc., 

Dallas TX) using dual thresholds and principal component analysis. We subsequently 
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generated autocorrelograms in NeuroExplorer (Plexon Inc.) to confirm that each 

recording was of a single unit.  

Responses to tactile stimuli were analyzed using custom Matlab (MathWorks, Natick 

MA) routines. The routines were used to calculate the integral of the force applied by the 

electronic aesthesiometer, the firing rate during stimulus application, and the spontaneous 

firing rate. Evoked responses were computed and expressed as evoked firing rate 

normalized  to spontaneous firing rate, divided by the stimulus force integral. 

Responses to thermal stimuli were analyzed with custom Matlab routines, and significant 

responses were defined as firing activity exceeding the 99% confidence interval of the 

baseline firing rate. Peristimulus time histograms (PSTHs) were generated to analyze 

responses to successive stimuli. 

We defined after-discharges—periods of sustained activity that outlast a stimulus 

presentation 138—as PSTH bins in which activity exceeded the 99% confidence interval 

for a period lasting at least 500 msec after stimulus offset.  

A small proportion of PB neurons exhibited suppressed firing in response to a stimulus, 

followed by rebound spikes (described below). We defined periods of significant 

response suppression for each cell using a paired t-test to compare firing rates during a 5 

second period before the stimulus with firing rates during the stimulus. Periods of 

rebound spiking were defined as PSTH bins in which activity during the period 

immediately following removal of the stimulus exceeded the 99% confidence interval. 
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 Histology. To identify recording sites, electrolytic lesions were made at the end of a 

recording session. We sectioned the fixed brain tissue into 80 µm-thick coronal sections 

that were stained with cresyl violet.  

 

 Statistical analysis.  We analyzed group data using GraphPad Prism version 7.00 for 

Mac (GraphPad Software, La Jolla CA). Data are presented, unless otherwise noted, as 

median values ± 95% confidence intervals (95% CI). 

Results 

 

Behavioral confirmation of pain and hyperalgesia after CCI-ION 

Mechanical withdrawal thresholds lowered by CCI-ION in face and hind-paw. Rats with 

CCI-ION had decreased thresholds for mechanical withdrawal from stimuli to the 

ipsilateral whisker pad. Median mechanical withdrawal threshold for rats (n=7) after 

sham surgery was 8.58 g (95% CI=5.99-9.83g). In comparison, median mechanical 

withdrawal threshold of CCI-ION rats (n=15) was 1.12 g (95% CI=0.73-1.71g; Mann-

Whitney U=0; ipsilateral sham vs. ipsilateral CCI-ION: p=0.0001, Figure 2.1A). The 

effect size was large, at 3.88 (Cohen’s d). 

Mechanical withdrawal thresholds contralateral to the injured nerve, in the V2 region of 

CCI-ION rats were also lower than those of shams (CCI-ION: median=5.4g, 95% 

CI=2.91-7.25; sham: median=7.45g, 5.25-10.03g; Mann-Whitney U=24; p=0.04; Figure 

2.1A). The effect size was, again, large, at 1.04.  

We measured hind paw mechanical withdrawal thresholds after injury to assess distal, 
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secondary hyperalgesia following CCI-ION. The median withdrawal threshold of sham-

operated rats (n=7) was 24.2g (95%CI=17-43.8g). In contrast, rats with CCI-ION (n=8) 

had a median hind paw withdrawal threshold nearly 50% lower (effect size = 1.92): 

12.83g (95% CI=10.06-15.24g; Mann-Whitney U=0, p=0.0003, Figure 2.1B), suggesting 

that secondary hyperalgesia may extend beyond the face in this model of trigeminal 

neuropathic pain. 

 

 Thermal sensitivity of hind paws was unaffected by CCI-ION. Unlike the mechanical 

withdrawal threshold results, thermal hind paw withdrawal thresholds measured with a 

Hargreaves apparatus were unaffected, with shams withdrawing at a median of 7.84 s 

(95%CI=4.89-10.93s) and CCI-ION rats withdrawing at 7.27 s (95% CI=6.19-9.16s; 

Mann-Whitney U=24, p=0.54, Figure 2.1C). Thus, behavioral response to noxious 

thermal stimuli of the hind paws was not altered by trigeminal nerve injury. 

Ongoing pain assessment with Rat Grimace Scores. To assess ongoing pain we used the 

Rat Grimace Scale (RGS) 149. We have recently demonstrated that RGS is a reliable and 

sensitive metric for the assessment of ongoing pain in the CCI-ION model 140. Nine days 

after injury, rats with CCI-ION demonstrated significantly higher RGS scores (CCI-ION: 

median=1.25, 95% CI=0.96-1.40, n=12) than their sham-operated cohorts (median= 0.36, 

95% CI 0.19-0.47, n=7, Mann-Whitney U ranked-sum test, U=0, p<0.0001, Figure 2.1D). 

The effect size was 3.91. This finding confirms that CCI-ION results in persistent, 

ongoing pain. 
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Figure 2.1. Behavioral confirmation of pain and hyperalgesia after CCI-ION. A: 

Mechanical withdrawal thresholds are significantly reduced in CCI-ION rats (n=14) 

compared to shams (n=6; ipsilateral Mann-Whitney U=0; contralateral MW U=24). B: 

Hind-paw withdrawal thresholds are significantly lower in CCI-ION rats compared to 

shams (U=0). C: In contrast to mechanical thresholds, the latency to withdraw hind-paws 

from thermal stimuli is comparable in both groups (U=24).  D: Rat Grimace Scale scores 

are significantly elevated in CCI-ION rats compared to sham rats (U=0). 

Increased after-discharges of PB neurons after CCI-ION. To assess electrophysiological 

correlates of the behavioral changes described above, we quantified the spontaneous 

activity of PB neurons, and their responses to noxious application of an electronic 

aesthesiometer to the face and hind paws. We correlated the output, in voltage, of the 

electronic aesthesiometer to force applied, in grams, and stimulated at forces greater than 

their behavioral withdrawal thresholds. The magnitude of responses to tactile stimuli 

(normalized to baseline firing rates, see Methods) did not differ for either facial or hind 

paw stimulation between injury condition groups. Cells from rats with sham injuries 

responded to facial stimuli with a median magnitude of 10.9 units (95% CI=2.37-28.9, 

n=5) while those from CCI-ION rats responded at a median magnitude of 12.3 units 
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(95% CI=7.89-19.9, n=15; Mann-Whitney U=31, p=0.60; Figure 2.2A). Similarly, cells 

in both conditions responded comparatively to hind-paw stimulation: shams (n=12) had a 

median response magnitude of 6.11 units (95% CI=1.83-9.34) and CCI-ION cells (n=23) 

had a median response of 4.8 units (95% CI=2.55-7.92; Mann-Whitney U=134; p=0.90; 

Figure 2.2B). 

We previously reported that after-discharges—prolonged firing exceeding the duration of 

a stimulus—in trigeminal nucleus neurons are causally related to chronic pain after CCI-

ION 138. We recorded after-discharges in PB in response to tactile stimulation of either the 

hind-paws or the face in a subset of tactile responsive cells. Figures 2.3A and 2.3B depict 

two representative PSTHs and raster plots comparing sham responses (A) to CCI-ION 

responses (B). Tactile stimulation lasts from 0 to 3 seconds in each PSTH, yet the 

representative neuron from the CCI-ION rat (Figure 2.3B) continues firing at a sustained, 

high rate – displaying after-discharges.  

PB neurons recorded from CCI-ION rats were nearly three times as likely to exhibit after-

discharges, with 51.2% of tactile responsive neurons from CCI-ION rats and 13.6% of 

neurons from sham animals displaying after-discharges. This difference was statistically 

significant (binomial test, p<0.0001, Figure 2.3D).  

Figure 2.2.  Parabrachial neurons respond to cutaneous stimuli. Responses to mechanical 

stimuli of the face (A; U=31) and hind paws (B; U=134) did not differ in sham and CCI-

ION rats. C: Location of neurons recorded in PB marked by gray circle, each 

representing one to 5 neurons. 
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Figure 2.2, continued 
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PB neurons from CCI-ION rats (n=43, median=0.146s, 95% CI=1.12-2.893) had 

significantly longer after-discharges, compared to neurons from sham-operated rats 

(n=22, median=0s, 95% CI=-0.1476-0.6415; Mann-Whitney U=204; p=0.02; Cohen's 

d=0.84). This analysis includes all neurons responsive to tactile stimuli—whether or not 

they displayed after-discharges; after-discharges in sham animals (n=3) are too rare to 

generate meaningful comparisons with those in CCI-ION animals. 

Subset of PB neurons depress firing to stimuli followed by rebound bursting. Another 

subset of the tactile responsive neurons showed a different response to mechanical 

stimulation: depressed responses with rebound bursting, as shown in the representative 

PSTH and raster plot in Figure 2.4A. Three neurons from a single sham-operated animal 

displayed this response, whereas 11 neurons in PB of 6 CCI-ION rats suppressed firing 

(Figure 2.4B). These proportions did not differ significantly between sham and CCI-ION 

groups (Chi square p=0.44, Figures 2.4D and 2.4E). The period of depressed firing 

quickly resolved after the removal of the mechanical stimulus, with some cells displaying 

a rebound burst (Fig. 2.4). The duration of the rebound burst was similar in sham and 

CCI-ION rats (sham: median=3s, 95% CI=0-3s; CCI: median=1s, 95% CI=0-7s; Mann-

Whitney U=15.5, p=0.98; Figure 2.4C).  

Figure 2.3. After-discharges in PB neurons are more prevalent and last longer after nerve 

injury. Representative post-stimulus time histogram (PSTH) and associated raster plot 

demonstrating firing in response to tactile stimulation (applied from time 0 to 3s) to the 

hind-paw in a neuron from a sham animal (A) and from an animal with CCI-ION (B). C:  

After-discharge duration in PB neurons from CCI-ION rats (n=43, median=0.146s, 95% 

CI=1.12-2.893) are significantly longer that those from sham-operated rats (n=22, 

median=0s, 95% CI=-0.1476-0.6415; Mann-Whitney U=204; p=0.02; Cohen's d=0.84). 



 29 

D: The proportion of neurons responding with after-discharges (AD) in CCI-ION rats 

was significantly higher than that in sham animals (two-tailed binomial test). 

Figure 2.3, continued 
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Figure 2.4. Depressed firing and rebound bursting cells in the PB. A: Example PSTH and 

raster plot demonstrating reduced firing during tactile stimulation (0-3s), and rebound 

spiking. B:  Suppressed firing in a subset of CCI-ION neurons (n=11) during tactile 

stimulation; Wilcoxon test of paired samples. C: The duration of post-inhibitory rebound 

spikes did not differ between neurons from sham and CCI-animals (U=15.5; medians and 

95% CI). D: The proportion of OFF-cells with and without bursts, as a subset of all 

responsive neurons, was similar between sham and CCI-ION groups (Chi-square test; 

p=0.44). 
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Thermal response of PB cells are exaggerated after CCI-ION. Only eight neurons 

responded to thermal stimulation of the face: 4 cells from sham-operated rats and 4 from 

CCI-ION rats. The response to thermal stimulation was significantly greater in the CCI-

ION cells (median=12.15, 95% CI=2.49-20.52) than sham-operated cells (median=1.35, 

95% CI=0.45-2.36; Mann-Whitney U=0, p=0.03; Figure 2.5A; Cohen's d=1.99). 

Spontaneous firing rate is similar in shams and CCI-ION PB neurons. Despite the 

hyperactivity of PB neurons after cutaneous stimulation in CCI-ION rats, spontaneous 

firing rates of neurons from sham-operated and CCI-ION rats did not differ. Neurons 

from sham animals (n=18) had a median firing rate of 1.595 Hz (95% CI=0.4649-2.724 ). 

Neurons in CCI-ION condition (n=43) fired at a median firing rate of 1.912 Hz (95% 

CI=1.041-2.783; U=358, p=0.65; Figure 2.5B). 

Approximately 11 to 25% of PB neurons in both sham-operated and CCI-ION groups, 

respectively, had no spontaneous firing, consistent with previous electrophysiological 

studies of PB neurons in uninjured animals 33 152. When comparing only neurons that did 

fire spontaneously, there was still no significant difference in spontaneous firing rate 

between shams (n=16, median=0.50 Hz, 95% CI=0.06-3.55) and CCI-ION PB neurons 

(n=33, median=0.86 Hz, 95% CI=0.29-2.89; U=246, p = 0.71). 

Neurons recorded from both sham and CCI-ION rats were confirmed to be in the PB area 

(Figure 2.2C), and were found in both the lateral and medial PB subnuclei. 
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Figure 2.5. PB neurons in CCI-ION rats have amplified thermal responses. A: Response 

magnitude to thermal stimulation of the face was higher in neurons from CCI-ION 

animals, compared to shams (sham n=4, CCI-ION n=4, U=0). B: Spontaneous firing rate 

was unchanged by CCI-ION (sham n=18, CCI-ION n=43, Mann-Whitney U=358). 

 

Discussion 

Development of pain behaviors in neuropathic trigeminal pain model. As in our previous 

studies, CCI-ION induced significant trigeminal hyperalgesia, as evident by the lowered 

thresholds for response to mechanical stimulation to the vibrissae pad 140 138 145. In 

addition, CCI-ION resulted in mechanical hypersensitivity in the hind paw (Fig. 2.1B), 

which has not been previously reported after CCI-ION. Expansion of hypersensitivity to 

areas beyond the receptive field of the injured nerve is consistent with the interpretation 

that maladaptive central changes occur in chronic pain 153 154 155. The expansion of 

hyperalgesia to dermatomes distal from the trigeminal distribution may involve 

convergence of spinal and trigeminal inputs to the PB nucleus 156 16. 

Consistent with our recent report 140, CCI-ION resulted also in significant increases in 

facial grimace scores, a reliable and sensitive metric for the assessment of ongoing pain 

148 149. 
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Hyperexcitability of PB neurons. PB neurons responsive to noxious thermal stimuli fired 

more robustly after CCI-ION than after sham procedures. Cha et al. 157 used the operant 

orofacial pain assessment device (OPAD) to assess thermal sensitivity of the face in rats 

subjected to CCI-ION, and found that thermal hyperalgesia persisted for at least eight 

weeks after injury, supporting our findings of hyperactive, thermally-responsive neurons 

in PB.  

Contrary to our prediction, spontaneous firing rates and magnitudes of PB neuronal 

responses to noxious mechanical stimuli were not elevated in CCI-ION animals. 

Matusmoto and colleagues 37 reported increased spontaneous firing rates of PB neurons 

in an arthritis model affecting mainly hind limb joints. It is possible that our results differ 

because of the different pain models studied. Matsumoto et al. 37 studied a systemic, 

spinally-mediated chronic inflammatory pain state, whereas we induced chronic 

neuropathic pain with a trigeminal nerve injury. It is also possible that our studies focused 

on different populations of PB neurons: We included a large population of nociceptive 

neurons that had no spontaneous firing, whereas Matsumoto et al. 37 report no 

spontaneously ‘silent’ neurons. Our findings are consistent with those of Bernard and 

Besson 152 and Bester et al 33 who also reported PB neurons with very low spontaneous 

activity. 

The most robust electrophysiological consequence of CCI-ION was the significant 

increase in after-discharges of PB neurons. CCI-ION was associated with robust 

hyperexcitability of PB neurons, evidenced as a 7-fold increased incidence of neurons 

exhibiting after-discharges, and a significant increase in the duration of these discharges 
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(Fig. 2.3). One consequence of prolonged after-discharges may be temporal summation 

of synaptic inputs to neurons targeted by PB efferents, resulting in amplification of 

postsynaptic responses in these downstream neuronal targets. Therefore, because the PB 

nucleus projects to a number of nuclei associated with pain perception and with pain 

affects (see Introduction), the amplified after-discharges may be causally related to the 

hypersensitivity to tactile stimuli reported here after CCI-ION. 

Indeed, we have previously demonstrated a causal relationship between after-discharges 

and pain metrics after CCI-ION 138.  We have yet to determine whether the after-

discharges in PB reflect after-discharges in their presynaptic, SpVc inputs, or whether 

they reflect also changes intrinsic to PB neurons, or other pathophysiological 

mechanisms. 

While aspects of PB perturbations in the CCI-ION model mirror changes seen in SpVc 

after the same injury 145 138, there are several distinctions. Unlike PB neurons (present 

findings), SpVc neurons in animals with CCI-ION exhibit amplified spontaneous and 

evoked responses138. Whereas neurons in both regions exhibit after-discharges following 

CCI-ION, those in SpVc may last for minutes 138, whereas those in PB last seconds 

(present findings). These differences suggest that PB may be subject to modulation from 

other brain regions after CCI-ION, such that its amplified responses do not entirely 

reflect the changes in its SpVc inputs. 

A subset of PB cells responsive to mechanical stimulation exhibited stimulus-evoked 

depression followed by rebound bursts (Fig. 2.4). Approximately 15% of PB neurons 

recorded by Bernard and Besson 158 152displayed an inhibition of firing during cutaneous 
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stimulation, but the authors made no mention of rebound bursting. Their recordings were 

made exclusively in uninjured animals, suggesting that these rebound spikes may reflect 

hyperexcitability related to the perception of pain 159 160 161. We found similar proportions 

of cells that depressed firing during mechanical stimulation in both sham and CCI-ION 

conditions (Figure 2.4), but rebound bursting occurred more often and with longer 

duration in neurons from CCI-ION rats, suggesting that they may be hyper-excitable.  

The pronounced hyperexcitability of PB neurons in this model of chronic pain—

expressed as amplified after-discharges and rebound firing—suggest that CNS structures 

downstream from PB also reflect this amplified activity. The divergence of PB efferents 

to regions associated with the perception of affective pain, and to structures associated 

with descending pain modulation (see Introduction), strongly indicate that the PB nucleus 

is a key node in pain processing and in the pathogenesis of chronic pain. 
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Chapter 3: PB Processes Dura Inputs Through a Direct Trigeminal Ganglion-to-PB 

Connection2 

 

Abstract 

 

Migraines cause significant disability and contribute heavily to healthcare costs. Irritation 

of the meninges’ outermost layer (the dura mater), and trigeminal ganglion activation 

contribute to migraine initiation. Maladaptive changes in central pain-processing regions 

are also important in maintaining pain. The parabrachial complex (PB) is a central region 

that mediates chronic pain. PB receives diverse sensory information, including a direct 

input from the trigeminal ganglion. We hypothesized that PB processes inputs from the 

dura. Using in vivo electrophysiology recordings from single units in anesthetized rats we 

identified 58 neurons in lateral PB that respond reliably and with short latency to 

electrical dura stimulation. After injecting tracer into PB, anatomical examination reveals 

retrogradely labeled cell bodies in the trigeminal ganglion. Neuroanatomical tract-tracing 

revealed a population of neurons in the trigeminal ganglion that innervate the dura and 

project directly to PB. These findings indicate that PB is strategically placed to process 

dura inputs and suggest that it is directly involved in the pathogenesis of migraine 

headaches. 

 

 

 
2 Uddin, O., Anderson, M., Smith, J., Masri, R., Keller, A. Parabrachial Complex 

processes dura inputs through a direct trigeminal ganglion-to-parabrachial connection. 

(2021). Neurobiology of Pain, 9 (2021), 100060. 
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Introduction 

 

Migraines are a highly prevalent condition involving recurrent severe headaches. These 

disrupt daily activities and significantly contribute to healthcare burden 51 52. Migraine 

headaches are often accompanied by autonomic instability, photophobia, phonophobia 

and sensitivity to normally innocuous tactile or thermal stimuli (allodynia) 53. Allodynia 

impacts a significant proportion of migraine patients 54 and is a predictor of poor 

treatment response and migraine chronification 55 56,58. 

 

A number of mechanisms have been identified as likely contributors to migraines 59,60. A 

key anatomical substrate in migraine pain is the trigeminal system that relays sensory 

information, including pain, from the face and head region. The outermost layer of the 

meninges, the dura mater, is innervated by sensory afferents of neurons in the trigeminal 

ganglion. Dura manipulation in humans during neurosurgery is often painful 162 and dura 

irritation is considered an initiating factor in migraine 163. In rodents, dura irritation 

models migraine-like symptoms 164,165. 

 

The parabrachial complex (PB) is a bilateral midbrain structure that plays important roles 

in pain processing, as well as many survival-related homeostatic and interoceptive 

functions 21–23,23,166,167. PB’s anatomical connections place it in an ideal position to 

modulate pain. It receives direct spinal inputs from the trigeminal nucleus and dorsal horn 

12,13,133 and communicates with regions important for sensory and emotional processing 

12,17–19. Amplified activity of PB neurons is causally related to chronic pain 36–38,40 and 
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changes in PB activity contribute even more heavily in models of craniofacial and 

orofacial pain 16. Significantly, there exists a direct connection from trigeminal ganglion 

neurons to PB 16,168–171; bypassing the canonical node in the spinal trigeminal nucleus. 

Thus, PB is strategically placed to process dura inputs, and to be involved in the 

pathophysiology of migraine. 

 

Here, we test the hypothesis that PB processes inputs from the dura. 

 

Methods 

Animals 

All procedures were conducted according to Animal Welfare Act regulations and Public 

Health Service guidelines and approved by the University of Maryland School of 

Medicine Animal Care and Use Committee. Twenty-two male and female Wistar rats 

(Envigo, Indianapolis, IN, or bred in-house), ages 3–12 months, contributed to the 

electrophysiology data presented here. For anatomical tracing studies, we used 5 Wistar 

rats (3 female, 2 male) ages 3–6 months. 

 

Electrophysiology preparation 

We anesthetized (Level III-2, as defined by Friedberg et al. 150) all rats with 20% 

urethane in sterile saline. Rats were placed in a stereotaxic frame with a heating pad to 

maintain body temperature. We made a small craniotomy over the recording site to target 

PB (AP −9.2 and ML +1.9, relative to bregma, and DV −6.0 mm, relative to dura 

surface). We exposed the dura mater, over the middle meningeal artery, for stimulation. 

‘ 
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In vivo electrophysiology 

Using platinum-iridium recording electrodes (2–4  MΩ) produced in our laboratory, we 

recorded from the PB both contralateral and ipsilateral to dura stimulation site. We 

isolated units responsive to electrical dura stimulation and digitized the waveforms using 

a Plexon acquisition system (Plexon Inc., Dallas, TX). 

 

Identification of dural stimulus-responsive neurons 

We used bipolar platinum-iridium electrodes to electrically stimulate the dura with the 

goal of identifying PB neurons that process dura inputs. We positioned these electrodes 

over the middle meningeal artery, either contralateral or ipsilateral to the site of PB 

recording. Electrical stimulation parameters were 1–3 mA intensity, 800–850 µs duration, 

0.3 Hz, chosen based on prior reports 172,173 and preliminary recordings showing that 

these stimulus parameters were optimal in eliciting reliable PB responses. To define dura 

stimulus-responsive neurons, we used NeuroExplorer (Plexon Inc, Dallas, TX) to 

construct peristimulus time histograms (PSTHs), and cells that fired with greater than 

95% confidence in the first 100 ms after stimulation were considered responsive to dura 

stimulation. 

 

Histological confirmation of recording site 

To confirm the location of recorded neurons we made electrolytic lesions at the 

conclusion of recording experiments. Animals were perfused transcardially with 0.05 M 

phosphate buffered saline, followed by 4% paraformaldehyde (PFA). Brains were 
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extracted and incubated overnight in 4% PFA at room temperature. We then sliced brains 

coronally into 70 to 80 µm thick sections and stained them with Toluidine Blue. 

 

Electrophysiology data analysis 

Cells were sorted using Offline Sorter (Plexon) using dual thresholds and principal 

component analysis. We calculated spontaneous mean firing rates using NeuroExplorer, 

and used a custom MATLAB (MathWorks, Natick, MA) script to quantify responses to 

electrical stimulation of the dura. Responsive neurons were defined as units with activity 

that exceeded the 95% confidence interval of pre-stimulus, spontaneous firing rates. We 

quantified response magnitude as the total number of spikes exceeding the 95% 

confidence interval in the 100 ms after the stimulus onset divided by the total number of 

stimuli. 

 

Anatomical tracing 

We deeply anesthetized animals with isoflurane in a stereotaxic frame, and used a dental 

drill to expose the region over the parabrachial nucleus and over the middle meningeal 

artery. We used a glass pipette with a 40 µm tip to pressure inject (Nanoliter 2010 pump, 

World Precision Instruments, Sarasota, FL) 500 nL (50 nl/min) of CF568-conjugated 

cholera toxin B (CF568 conjugated CTB; Biotium, Fremont, CA) into PB unilaterally 

(right side). We made a craniotomy over the right middle meningeal artery and carefully 

exposed the dura, applying 5 µl of Fluorogold (Hydroxystilbamine FluoroGold, Biotium, 

Fremont, CA) to the area, diluted to 5% in sterile saline, using a sterile pipette tip. We 

covered the dura application site with sterile Gelfoam and closed the incision with nylon 
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suture. One week after tracer application we deeply anesthetized the rat with urethane and 

performed a transcardial perfusion with 0.05 M PBS followed by 4% PFA (Sigma 

Millipore). We harvested the brains and trigeminal ganglia, placing them into 4% PFA 

overnight. We then transferred tissue to a solution of 30% sucrose in 0.05 M PBS, until 

the tissue blocks sank. We then froze the tissue (−20 °C) and used a cryostat (CM1860, 

Leica Biosystems, Buffalo Grove, IL) to section the PB injection site and the spinal 

trigeminal nucleus (positive control region) at 40 µm thickness. We sectioned the 

trigeminal ganglia on a cryostat at 30 µm thickness. We then rinsed all sections in 0.05 M 

PBS six times, before mounting the tissue on slides and cover-slipping them for imaging. 

We searched for and imaged labeled cells using a Confocal Microscope (SP8, Leica 

Biosystems, Buffalo Grove, IL). 

 

Statistical analysis 

We analyzed all data using GraphPad PRISM version 8.2.0 for Macs (GraphPad 

Software, La Jolla, CA). When the assumptions necessary to use parametric tests were 

not met (normal distribution, independent data, and homogenous variance), we used non-

parametric statistics. To determine age and sex differences we averaged values of each 

metric for an individual animal, such that n = the number of animals, and compared these 

averages between sexes or ages (2.5–3 months, 5–6 months or 8–12 months). 

Rigor and reproducibility 

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. 

174 and in ARRIVE (Animal Research: Reporting In Vivo Experiments). 
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Results 
 

PB neurons respond to dura stimulation 

We identified 58 PB neurons from 22 rats that responded to electrical stimulation of the 

dura mater. Responsive PB neurons were primarily located in the external lateral portion 

of PB (Fig. 3.1A). Fig. 3.1B depicts the action potential waveforms and the response 

patterns of two representative neurons. The peak response latency of PB responses to 

dura stimulation ranged from 4 ms to 25 ms (median 10 ms, 95% C.I. 8–12 ms), onset 

latency ranged from 4 ms to 20 ms (median 7 ms, 95% C.I. 7–8 ms), and rise time ranged 

from 0 ms to 11 ms (median 1 ms, 95% C.I. 1–2 ms) (Fig. 3.2A, B). Response 

magnitudes ranged from 0.02–2.5 spikes/stimulus (median 0.5 spikes/stimulus, 95% C.I. 

0.28–0.80 spikes/stimulus) (Fig. 3.2D). The median spontaneous activity of these neurons 

was 0.72 Hz (95% C.I. 0.22–3.7). Thus, PB neurons respond reliably and with short 

latency to dura stimulation. 
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Figure 3.1: (A) Neurons responding to dura stimulation are in the external lateral PB. 

Atlas plates1 diagramming coronal sections of the rat brain, in the vicinity of PB. Red 

circles depict the coordinates of dura-responsive PB neurons. (B) PB neurons respond 

reliably to electrical dura stimulation. Two representative perievent rasters from dura-

responsive PB neurons. Insets depict the waveform for each neuron. Stimulation onset is 

aligned to time zero. Rows of rasters above the histogram depict consecutive trials of 

dura stimulation. (1. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates: 

hard cover edition (Elsevier, 2006). 
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Figure 3.2. PB neurons respond robustly and with short latency to dura stimulation. (A) 

The median onset latency is 7 ms (95% C.I. 7–8), (B) median peak latency is 10 ms (95% 

C.I. 8–12), (C) median rise time is 1 ms (95% C.I. 1–2). (D) Median response magnitude 

is 0.5 spikes/stimulus (95% C.I. 0.28–0.80 spikes/stimulus). For each panel, n = 58 

neurons from 22 rats. Each data point represents data from one cell. Dotted horizontal 

lines depict medians and quartiles. Purple lines show the frequency distribution of the 

data.  
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Because we recorded responses both ipsilateral (n = 17 neurons) and contralateral (n = 41 

neurons) to dura stimulation, we compared response metrics based on stimulation 

localization. We found that ipsilateral stimulation elicited responses with shorter onset 

latency (Mann Whitney U = 211, p = 0.02), shorter peak latency (Mann-Whitney 

U = 150, p = 0.0004) and shorter rise times (Mann-Whitney U = 205.5, p = 0.01). 

Response magnitudes were comparable between stimulation conditions (Ipsilateral 

stimulation: median onset latency 6 ms, 95% C.I. 6–7 ms, median peak latency 7 ms, 

95% C.I. 7–8 ms, median rise time 1 ms, 95% C.I. 0–1 ms, median response magnitude 

0.50 spikes/stimulus, 95% C.I. 0.28–0.88 spikes/stimulus. Contralateral stimulation: 

median onset latency 8 ms, 95% C.I. 7–10 ms, median peak latency 11 ms, 95% C.I. 10–

14 ms, median rise time 2 ms, 95% C.I. 1–3 ms, median response magnitude 0.49 

spikes/stimulus, 95% C.I. 0.19–0.82 spikes/stimulus). 

 

There were no sex differences in peak latency (unpaired t test, t(18) = 0.57, p = 0.58), 

onset latency (unpaired t test, t(18) = 0.20, p = 0.84), rise time (Mann Whitney U = 48.5, 

p = 0.96), or response magnitude (Welch’s t test, t(12.9) = 0.32, p = 0.75). Because we 

used rats at a range of ages for the electrophysiology experiments, we tested for age 

effects by dividing animals into 3 age groups: 2.5–3 months (9 rats), 5–6 months (5 rats), 

and 8–12 months (7 rats). There were no age differences in peak latency (Kruskal-Wallis 

statistic = 2.8, p = 0.26), onset latency (Kruskal-Wallis statistic = 2.9, p = 0.24), rise time 

(Kruskal-Wallis statistic = 2.4, p = 0.31), or response magnitude (Kruskal-Wallis 

statistic = 1.6, p = 0.47). 
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Dura- responsive PB neurons have diverse receptive fields 

We mapped the receptive field of 48 of the 58 recorded neurons. Fig. 3.3 depicts the 

types of receptive fields we encountered. Most neurons responded only to dura 

stimulation, and not to noxious or innocuous tactile stimulation anywhere else on the 

body (28 neurons from both males and females ranging from 3 months to 12 months of 

age). Four neurons responded to noxious pinch on the hind-limbs bilaterally (from an 8-

month old male and a 12-month old female), and two responded to pinch on the face 

bilaterally (from a 3-month old female and a 6-month-old female). One neuron responded 

to pinch on the hind-limb, fore-limbs, and face bilaterally (from an 8.5-month old male), 

while two neurons responded to pinch diffusely across the body, with the exception of the 

tail (from an 8-month old male and a 12-month old female). Eleven neurons responded to 

pinch across the entire body, including the tail (from two 6-month old males, an 8-month 

old male, a 3-month old female, a 6-month old female, and an 8-month old female). We 

carefully mapped the somatic receptive fields of each neuron with manually applied 

stimuli that did not produce a timestamp for stimulus onset. Therefore, we are unable to 

compute tactile response PSTHs. In our previous study, where we focused on PB 

responses to somatic inputs, we provide examples of such PSTHs 38. 

Figure 3.3. Dura-responsive PB neurons have diverse receptive fields. The small red 

square represents responses to dura stimulation and pink shading shows the cutaneous 

receptive field. While most neurons responded only to dura stimulation (28/48), a 

significant proportion responded both to dura stimulation and to pinch across the entire 

body (pink shading: 11/48). A small number of neurons responded both to dura 

stimulation and to pinch on a more restricted receptive field, depicted by the pink shading 

(n = 9 total). We did not obtain receptive field information for 10 of the recorded 

neurons, denoted by the question mark on the final rat diagram. 
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Figure 3.3, continued 
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Trigeminal ganglion neurons innervating the dura and projecting to PB 

After applying fluorescent retrograde tracers to PB and to the dura, we removed and 

sliced the trigeminal ganglion, examining tissue for evidence of tracer overlap (Fig. 3.4). 

PB injection sites were located primarily in the lateral PB (Fig. 3.4A) and resulted in 

retrogradely-labeled CTB cell bodies in the spinal trigeminal nucleus caudalis and in the 

nucleus of the solitary tract, nuclei known to project to PB 15,133. In the trigeminal 

ganglion we identified somata retrogradely labeled with Fluorogold which was placed on 

the dura, representing dura-projecting trigeminal afferents (Fig. 3.4C). We performed 

quantification in 3 animals, counting 550 FluoroGold positive neurons in 174 sections. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.4. Dura afferents project directly to PB. (A) A map of the injection site cores, 

depicted by black outlines. (B) The diagram depicts the experimental setup. CTB labels 

PB-projecting TG neurons and Fluorogold labels dura-innervating TG neurons. (C) 

Examples of dual-labeled neurons are representative images from 3 different animals – 

arrows denote double labeled cells. The green arrows indicate Fluorogold labeling and 

the red arrows indicate CTB labeling. Confocal images are shown in their native 

graysacale format. 
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Figure 3.4, continued 
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We also identified retrogradely-labeled neuronal somata in the trigeminal ganglion, 

consistent with a direct projection from the trigeminal ganglion to PB (Fig. 3.4C). In all 

animals examined, we identified neurons labeled for both CTB and Fluorogold, 

representing trigeminal neurons with peripheral axons that innervate the dura, and central 

axons that project directly to PB (Fig. 3.4C). Of the 550 Fluorogold positive cells 

counted, 26.3% (standard deviation 8.3%) were also CTB positive. Most Fluorogold 

labeled somata—representing dura projecting neurons—were interspersed between fiber 

tracts, presumably belonging to the ophthalmic branch of the trigeminal nerve. Double-

labeled somata, representing neurons that innervate both the dura and PB, were located 

throughout regions containing somata labeled with only Fluorogold, without an obvious 

somatotopic organization. 

 

 

Discussion 
 
 
 

Dura-stimulus-responsive PB neurons 

We report that PB neurons respond to inputs from the dura. We identified a subset of PB 

neurons that respond with short latencies to electrical stimulation of the dura mater. 

Although we initially surveyed coordinates throughout PB, the majority of responsive 

neurons were located in the lateral and external lateral portion of the complex, consistent 

with evidence of cFos activation in the lateral PB after dura irritation 175. Distinct 

subregions of PB can diverge anatomically and functionally, with the external lateral PB 

being particularly implicated in aversive learning 31. 
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The majority of the neurons recorded responded only to dura stimulation, but a 

considerable number had extensive cutaneous receptive fields. These large receptive 

fields are consistent with prior reports, including ours, on PB responses 33,38. 

Understanding the receptive fields of these dura-responsive PB neurons is important, 

because extra-cranial sensitivity—allodynia in particular—is associated with poor 

treatment response in patients with migraine 55,56,58. Here, we use electrical stimulation of 

the dura as a means of identifying PB neurons that encode dura inputs, not as a method of 

modeling migraine-associated dura irritation. Thus, further work is needed to clarify how 

dura responsive PB neurons with wide receptive fields might contribute to extra-cranial 

pain and allodynia in migraine model conditions. 

 

The short-latency responses of PB neurons—particularly in response to ipsilateral dura 

stimulation—are consistent with monosynaptic connections between trigeminal ganglion 

neurons innervating the dura, and responsive PB neurons. The presence of responses to 

contralateral stimulation could represent an indirect pathway, but an alternative 

explanation is that these responses are also direct: while most trigeminal innervation of 

the dura mater arises from the ipsilateral ganglion, there have been reports of 

contralateral innervation and of trigeminal ganglion neurons innervating anatomically 

disparate regions of the dura 176,177. 

We do, however, recognize that these responses might also reflect a polysynaptic 

pathway, most likely via the spinal trigeminal nucleus caudalis, as there is a known 

anatomical connection from medullary trigeminal neurons to PB 133. Electrical 

stimulation of the dura activates medullary trigeminal neurons with an average latency of 
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11 ms 178, which is longer compared to the median onset latency of 7 ms for PB neurons 

responsive to dura stimulation. While shorter latency responses can support the existence 

of a direct pathway, we acknowledge that response latency alone is not an adequate 

surrogate for the synaptic complexity of a pathway, especially when the conduction 

velocity of the axons involved is not conclusive 179. Future experiments investigating the 

effect of inactivating nodes along a potential indirect pathway, such as the spinal 

trigeminal nucleus, is necessary to establish whether the responses reported here are 

direct or indirect. Experiments such as these coupled with careful behavioral observations 

will also aid in determining the functional significance of the proposed anatomical 

pathway. 

 

Anatomical evidence corroborating a direct trigeminal ganglion-to-PB pathway 

Several studies suggested a direct connection between the trigeminal ganglion and the 

parabrachial complex, circumventing the canonical relay site in the spinal trigeminal 

nucleus 168–171. More recently, Rodriguez and colleagues 16 demonstrated a monosynaptic, 

trigeminal ganglion to PB connection that is implicated in craniofacial pain. In support of 

these findings, we demonstrate here retrogradely-labeled trigeminal ganglion neurons 

after injecting a tracer in PB. We acknowledge that spread of the injected tracer might 

lead to tracer uptake in neighboring regions, however, the core of the injection sites were 

centered in PB. These PB-projecting trigeminal ganglion neurons project also to the dura. 

Thus, these neurons represent a direct pathway between the dura, a structure implicated 

in migraine, and PB, a key node in chronic pain and aversion. 
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Conclusions 

 

Here, we demonstrate short-latency responses to dura stimulation in lateral PB, 

suggesting a possible direct pathway between the trigeminal ganglion and PB. 

Anatomical evidence corroborates this finding, showing trigeminal ganglion neurons that 

project peripherally to dura and centrally to PB. Given PB’s critical role in maladaptive 

pain conditions, this pathway is important for further study in the context of migraine 

pain  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



 54 

Chapter 4: Patterns of cognitive decline and somatosensory processing in a mouse 

model of amyloid accumulation 

 
 

Abstract 
 

The prevalence of pain and cognitive decline increases with age. In particular, there is a 

troubling relationship between dementia and pain, with some studies showing higher 

prevalence and inadequate treatment of pain in this population. Alzheimer’s disease is 

one of the most common causes of dementia in older adults. Amyloid plaques and the 

downstream processes they promote are believed to affect neuronal and glial health and 

activity. There is a need to better understand how the neuropathological changes of 

Alzheimer’s disease shape neural activity and pain sensitivity. Here, we use the 5XFAD 

mouse model, in which dense amyloid accumulations occur at early ages, and in which 

previous studies reported signs of cognitive decline. We hypothesized that 5XFAD mice 

develop sensory and pain processing dysfunctions. We found that—despite considerable 

amyloid burden—5XFAD mice displayed no signs of short-term object memory loss and 

only modest and late-onset spatial memory decline. Although amyloid burden was high 

in brain regions important to sensory processing, we identified no functionally significant 

differences in reflexive or spontaneous signs of pain. These findings suggest that models 

recapitulating other features of Alzheimer’s disease might be better suited to studying 

early-onset behavioral changes and differences in pain perception in this disease.  
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Introduction 
 

As the US population ages, it is increasingly urgent to understand the health changes that 

accompany aging. Older individuals are at increased risk of both pain and dementia, with 

both conditions having heavy economic and social burdens62,63. Pain prevalence is 

particularly high among older adults with dementia 180,181 and some research identifies 

correlations between pain prevalence and cognitive decline 182. Especially concerning, 

pain is often under-identified and under-treated in patients with dementia, further 

complicating the interaction between cognitive function and pain 180,183. There is 

compelling but incomplete evidence that pain prevalence might differ in patients with 

varying dementia etiologies (reviewed by 184). Thus, it is crucial to better understand how 

pain processing and cognitive decline change in distinct models of dementia compared to 

normal aging.  

Alzheimer's disease is the leading cause of dementia in the aged and is characterized by 

neuropathological hallmarks, including extracellular amyloid plaque accumulation 185,186. 

Some studies find heightened functional connectivity between affective pain-processing 

brain regions and lowered pain tolerance in individuals with Alzheimer's disease 187,188, 

while others have found higher pain tolerance in patients with Alzheimer's 189. It is 

plausible that amyloid plaque burden could shape neuronal activity, thus altering sensory 

and pain processing. In both humans 83 and animals,  amyloid proximity is correlated 

with neuronal hyperactivity  84–87. Downstream consequences of amyloid accumulation, 

such as glial activation 77–79 or neuronal death 72–76 might also shape neuronal activity.   

Amplified neuronal activity in PB is causally related to maladaptive pain 38,40. 

Interestingly, in humans, PB is one of the first areas where neuropathological hallmarks 
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of Alzheimer's can be distinguished 88–90, although the clinical significance of this 

phenomenon in unknown. Here, we use the 5XFAD mouse model of early amyloid 

accumulation to evaluate early-onset changes in cognition, sensory function and pain 

processing in a mouse model of amyloid accumulation. 5XFAD animals carry five 

familial Alzheimer’s disease mutations in genes coding for amyloid production and 

processing proteins  (presenilin-1 and amyloid precursor protein). By a young age (2 

months) they develop glial activation and striking deposits of both extracellular amyloid 

plaques and intraneuronal amyloid 190.  I hypothesize that age-related amyloid deposition 

in PB causes amplified neuronal activity, underlying increased pain sensitivity.  

 

Methods 
 
 

Rigor. 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. 174 and in ARRIVE (Animal Research: Reporting In Vivo Experiments). 

Animals. All procedures were performed in accordance with the Animal Welfare Act 

regulations and Public Health Service guidelines and approved by the University of 

Maryland School of Medicine Animal Care and Use Committee. We studied 139 animals 

in total (72 controls and 67 5XFAD). 

Y-maze. To assess spatial memory, we used the Y-maze behavioral test, as described 

previously 191. Animals were acclimated to the experimental room for 20 minutes. Each 

animal was then placed into the center of the maze. While filming, we observed animals 

in the maze and noted which arm they entered (to be counted as an entry, all four paws 
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had to be within the limits of the maze arm). Animals were permitted to move freely until 

the number of maze arm entries reached 20. We then calculated the percent of alternation 

by taking the number of entries into another arm from the previous arms divided by the 

total number of entries into all arms.  

Novel Object Recognition. We used the novel object recognition test to assess short term 

memory. We allowed animals to acclimate to the experimental room for 20 minutes. One 

at a time, we placed the animals into a cage with a thin layer of corn-cob bedding for 3 

minutes. We then introduced two identical plastic objects into the cage for 5 minutes. One 

hour later, we re-introduced animals into the cage for 5 minutes, this time with one 

familiar object and one novel object. We manually assessed videos, quantifying the 

number of seconds each animal spent exploring the new object (defined as directed 

sniffing or physical contact) compared to the familiar object. We then calculated the time 

spent exploring the new object as a ratio of the total time spent exploring.  

Open Field. As described previously 192 193, we used open field to quantify general 

locomotion and anxiety-like behavior in mice. We allowed animals to acclimate to the 

experimental room for 20 minutes. While filming from above, we placed each animal into 

the center of the open field. Animals were allowed to move freely for 10 minutes. To 

calculate distance moved and time spent in the inner vs. outer regions, we used the 

AnyMaze software (Stoelting Co., Wood Dale, IL).  

Hindlimb Clasping. We used the hindlimb clasping assessment to assess sensorimotor 

function in aging mice, as previously described 194. Holding animals by the tail, we lifted 

them for 10 seconds and scored based on the following criteria: 0 for splayed hindlimbs 

with no clasping, 1 for one hindlimb being retracted for at least half of the observation 
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time, 2 for both hindlimbs being partially retracted for more than half of the observation 

time, and 3 for both limbs being entirely retracted, touching the abdomen, for more than 

half of the observation time.  

Mechanical Sensitivity. To assess mechanical sensitivity, we applied calibrated von Frey 

filaments (North Coast Medical, Gilray, CA) to the plantar surface of the right hindpaw. 

We defined a response as a sharp paw withdrawal, licking, or shaking, and used the up-

down method across 10 trials 147 to determine each animal’s withdrawal threshold. Trials 

where the response pattern did not converge to a stable value were discarded.  

Thermal Sensitivity (Cold). To assess cold sensitivity, we used a 1 mL syringe to apply 1 

drop of acetone (Fisher Scientific, Hampton, NH) to the plantar surface of the hindpaw. 

We performed 3 trials of acetone application at least 5 minutes apart and scored as 

described previously 195,196. Scores were then assigned, the minimum score being 0 (no 

response to any of the 3 trials) and the maximum possible score being 3 (repeated 

flicking and licking of paws on each of the 3 trials). We averaged the score for each trial 

to yield the total score for each animal.  

Formalin Injection and Response Scoring. To induce persistent inflammatory pain, we 

subcutaneously injected 50 µl of 5% Formalin (Sigma Millipore, Burlington, MA) into 

the dorsum of the right hindpaw. We then filmed animals for 30 minutes to assess 

formalin-evoked behaviors and to simultaneous obtain face screenshots for grimace 

scoring. To determine the phase one and phase two responses, we divided the 30-minute 

video into the first 10 minutes (phase 1) and the final 20 minutes (phase 2). To quantify 

the number of formalin-evoked behaviors per minute, we scored each segment of 15 

seconds. If any guarding for more than 2 seconds, paw licking, or paw flicking occurred, 
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the animal was given one point. We then calculated the number of behaviors per minute 

based on these scores and the total time of filming. For a given 15-second segment, the 

maximum score possible was one point, such that the highest possible score per minute 

for any given animal was 4 behaviors per minute.  

Grimace Scoring. To assess ongoing, spontaneous pain, we used the grimace scoring 

system140,148,149. On baseline and formalin behavior days, we filmed mice in plexiglass 

chambers for 30 minutes. We obtained 10 images per animal by capturing video 

screenshots. We scored each action unit on a scale from 0 (minimal pain) to 2 (multiple 

signs of pain) for each image as previously described 148,149. We used a custom-written 

MATLAB script (Natick, MA) which allowed all images from all timepoints to be 

scrambled so that the scorer was blind to timepoint and genotype. This MATLAB script 

then averaged each image’s score to calculate a “grand average” grimace score for each 

animal at each timepoint.  

Immunohistochemistry. Animals were perfused transcardially with 0.05M PBS followed 

by 4% paraformaldehyde (Sigma Millipore). After harvesting brains, they were 

cryoprotected in 30% sucrose in 0.05M PBS and sliced on a cryostat (CM1860, Leica 

Biosystems, Buffalo Grove, IL). Sections were washed 5 times in 0.05M PBS, then 

blocked with 4% normal donkey serum and 0.1% Triton X-100 in 0.05M PBS for 1 hour 

at room temperature. Then, sections were incubated in Rabbit anti amyloid-beta primary 

antibody at 1:3000 (Abcam ab128886) for 48-72 hours at 4ºC. Sections were then rinsed 

5 times in 0.05M PBS before being incubated in secondary antibody, Cy3 donkey anti 

rabbit, at 1:300 for 2 hours at room temperature (Invitrogen/Thermofisher A-21121). 

Sections were washed 5 more times in 0.05M PBS and mounted on slides with a 
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fluorescent mounting medium produced in-house. Images were acquired using a confocal 

microscope (SP8, Leica Biosystems, Buffalo Grove, IL). 

Statistical Analysis. We analyzed all data and generated figures using GraphPad PRISM 

version 8.2.0 for Mac (GraphPad Software, La Jolla, CA). We use a 2-way ANOVA to 

analyze all data, with sex and genotype and the variables.  Different animals comprised 

each age group, thus the experimental design was not a repeated measures one. 

Therefore, we analyze each age group separately. In instances where there is a main 

effect or an interaction effect, we report partial η2  effect sizes with values >0.25 being 

considered large effect sizes, values > 0.09 being medium and values > 0.01 being small.  

 

Results 
 
 

Amyloid accumulation by 2 months of age.  

To confirm that 5XFAD animals displayed expected patterns of amyloid accumulation, 

we performed an immunofluorescence protocol and qualitatively assessed the presence of 

amyloid. As previously reported 190, by 2 months of age, in contrast to control animals, 

amyloid is detected in the cortex and hippocampus of 5XFAD animals. We also detected 

a significant amyloid burden in a descending pain modulating brainstem node that is key 

in both pain suppression and facilitation: the rostral ventromedial medulla (RVM). We 

did not detect significant amyloid in the Parabrachial region.  
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No body weight deficits at 2 through 8 months of age 

We collected body weights of animals at 2, 4 and 8 months of age and performed a 2-way 

ANOVA, with sex and genotype as variables (Fig. 4.1: 2 months: n=8 male controls, n=5 

male 5XFAD, n=8 female controls, n=8 female 5XFAD. 4 months: n=7 male controls, 

n=10 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 8 months: n=9 male 

controls, n=7 male 5XFAD, n=9 female controls, n=10 female 5XFAD). We did not 

collect body weights at 13 months of age.  

As expected, there was an effect of sex on body weight at all ages assessed, with males 

being heavier than females (Fig. 4.1: 2 months: F(1,25)=231.1, p<0.0001,Partial η2  =0.90 

large effect size, mean male weight=23.3g, mean female weight=16.8g, difference 

between means=6.5g, 95% C.I. of difference=5.6-7.4. 4 months: F(1,29)=123.0, 

p<0.0001, Partial η2  =0.81, large effect size, mean male weight=29.6g, mean female 

weight=19.7g, difference between means=9.9g, 95% C.I. of difference=8.1-11.8. 8 

months: F(1,31)=25.7, p<0.0001, Partial η2  =0.45, large effect size, mean male 

weight=33.5g, mean female weight=25.2g, difference between means=8.3, 95% C.I. of 

difference=5.0-11.7). There was no effect of genotype on body weight at any age tested 

(2 months: F(1,25)=0.88, p=0.36. 4 months: F(1,29)=0.009, p=0.93. 8 months: 

F(1,31)=0.99, p=0.33). 

Figure 4.1. Body weights expressed as grams, at 2, 4 and 8 months of age. There is no 

difference between control and 5XFAD genotypes at any age. As expected, for each age 

group, there is a sex difference with males being heavier than females (p<0.0001). Open 

data points are from control animals and filled data points are from 5XFAD animals. 

Each point represents data from one animal. Horizontal bars show the median and error 

bars show the 95% confidence interval of the median.  
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Figure 4.1, 

continued 

 

 

 

 
 
 

Assessments of cognitive behavior 

 

Spatial memory deficits at 13 months.  

We used the Y-maze task to assess spatial memory in 5XFAD mice relative to their 

heterozygous littermate counterparts at 2, 4, 8 and 13 months of age. For data collected at 

each age, we ran a 2-way ANOVA with sex and genotype as variables (Fig. 4.2: 2 

months: n=8 male controls, n=8 female controls, n=5 male 5XFAD, n=8 female 5XFAD. 

4 months: n=7 male controls, n=8 female controls, n=8 male 5XFAD, n=8 female 

5XFAD. 8 months: n=8 male controls, n=9 female controls, n=7 male 5XFAD, n=10 

female 5XFAD. 13 months: n=15 male controls, n=9 female controls, n=9 male 5XFAD, 

n=10 female 5XFAD).  

There was no difference in y-maze performance based on sex (Fig. 4.2: 2 months: 

F(1,25)=0.077, p=0.78. 4 months: F(1,29)=0.64, p=0.43. 8 months: F(1,30)=0.095, 

p=0.76. 13 months: F(1,39)=0.80, p=0.38). Only at 13 months of age did 5XFAD animals 

show a smaller maze arm alternation ratios (22% reduction) compared to controls (2 

months: F(1,25)=1.91, p=0.18. 4 months: F(1,29)=2.26, p=0.14. 8 months: F(1,30)=0.06, 

p=0.81. 13 months: F(1,39) = 18.33, p=0.0001, Partial η2  =0.32, large effect size, mean 

13-month control=0.67, mean 13-month 5XFAD=0.52, difference between means=0.15, 

95% C.I. of difference=0.08-0.23). 
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Figure X. Body weights expressed as grams, at 2, 4 and 8 months of age. There is no difference 

between control and 5XFAD genotypes at any age. As expected, for each age group, there is a sex 

difference with males being heavier than females (p<0.0001). Open data points are from control 

animals and filled data points are from 5XFAD animals. Each point represents data from one animal. 

Horizontal bars show the median and error bars show the 95% conficence interval of the median. 
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Figure 4.2. Y-maze performance at 2, 4, 8, and 13 months of age. The ratio of maze arm 

alternation is represented on each y-axis. There is no difference between control and 

5XFAD genotypes at 2, 4 and 8 months. At 13 months, 5XFAD animals have a lower 

ratio of alternation compared to controls (p=0.0001). There are no sex differences at any 

age tested. Open data points are from control animals and filled points are from 5XFAD 

animals. Each point represents data from one animal. Horizontal bars show the median 

and error bars show the 95% confidence interval of the median.  

Intact short-term object recognition through 13 months of age 

We used the novel object recognition task to measure short-term memory. For data 

collected at each age, we ran a 2-way ANOVA with sex and genotype as variables (Fig. 

4.3: 2 months: n=8 male controls, n=5 male 5XFAD, n=8 female controls, n=8 female 

5XFAD. 4 months: n=7 male controls, n=10 male 5XFAD, n=7 female controls, n=6 

female 5XFAD. 8 months: n=9 male controls, n=6 male 5XFAD, n=9 female controls, 

n=10 female 5XFAD. 13 months: n=15 male controls, n=9 male 5XFAD, n=7 female 

controls, n=10 female 5XFAD).  

There was no effect of sex at any age tested (Fig. 4.3: 2 months: F(1,25)=0.068, p=0.80. 4 

months: F(1,26)=0.029, p=0.87. 8 months: F(1,30)=1.38, p=0.25. 13 months: 

F(1,37)=0.22, p=0.64). There was no difference between genotypes in the amount of time 

spent exploring the new object at any age (Fig. 4.3: 2 months: F(1,25)=0.008, p=0.93. 4 
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Figure X. Y-maze performance at 2, 4, 8, and 13 months of age. The ratio of maze arm alternation is 

represented on each y-axis. There is no difference between control and 5XFAD genotypes at 2, 4 and 8 

months. At 13 months, 5XFAD animals have a lower ratio of alternation compared to controls (p=0.0001). 

There are no sex differences at any age tested. Open data points are from control animals and filled points 

are from 5XFAD animals. Each point represents data from one animal. Horizontal bars show the median 

and error bars show the 95% conficence interval of the median. 
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months: F(1,26)=2.96, p=0.097. 8 months: F(1,30)=1.67, p=0.21. 13 months: 

F(1,37)=1.24, p=0.27). These data suggest that 5XFAD mice experience no loss of short-

term object memory compared to age-matched controls. 

 

Figure 4.3. Novel object recognition performance at 2, 4, 8, and 13 months of age. The 

ratio of time spent investigating the new object relative to the familiar object is 

represented on each y-axis. There is no sex difference and no difference between control 

and 5XFAD genotypes at any age tested. Open data points are from control animals and 

filled points are from 5XFAD animals. Each point represents data from one animal. 

Horizontal bars show the median and error bars show the 95% confidence interval of the 

median.  

 

Transient sex-specific changes in anxiety-associated behavior 

To test general locomotion and anxiety-associated behaviors we used the open field test. 

In this test, mice prefer to spend time in the outer zone of the field, and more time spent 

in the outer region relative to the inner region is thought to indicate a more anxious 

phenotype 197.   

For each age group, we ran a 2-way ANOVA with sex and genotype as variables (Fig. 

4.4: 2 months: n=8 male controls, n=4 male 5XFAD, n=8 female controls, n=8 female 

5XFAD. 4 months: n=7 male controls, n=10 male 5XFAD, n=8 female controls, n=8 

female 5XFAD. 8 months: n=9 male controls, n=7 male 5XFAD, n=9 female controls, 
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Figure X. Novel object recognition performance at 2, 4, 8, and 13 months of age. The ratio of time spent investigating the new object relative 

to the familiar object is represented on each y-axis. There is no sex difference and no difference between control and 5XFAD genotypes at 

any age tested. Open data points are from control animals and filled points are from 5XF AD animals. Each point represents data from one 

animal. Horizontal bars show the median and error bars show the 95% conficence interval of the median. 
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n=10 female 5XFAD. 13 months: n=13 control males for inner zone time and n=10 for 

distance traveled, n=9 male 5XFAD for inner zone time and n=6 for distance traveled, 

n=5 female controls, n=7 female 5XFAD). 

To measure general locomotion, we collected the total distance traveled by each mouse, 

in meters, throughout the 10-minute open field test. We ran a 2-way ANOVA with sex 

and genotype as variables, finding no effect of sex at any age (Fig 4.4: 2 months: 

F(1,24)=0.03, p=0.87. 4 months: F(1,29)=0.08, p=0.77. 8 months: F(1,31)=0.02, p=0.90. 

13 months: F(1,24)=0.03, p=0.87). There was also no effect of genotype on total distance 

traveled in any of the age groups (Fig. 4.4: 2 months: F(1,24)=4.01, p=0.06. 4 months: 

F(1,29)=0.007, p=0.93. 8 months: F(1,31)=0.05, p=0.82. 13 months: F(1,24)=0.37, 

p=0.55). This suggests that general locomotor activity is the same in 5XFAD animals 

compared to age-matched control animals.  

More time spent in the inner zone of the open field suggests that animals are less anxious. 

At 4 months of age, but not at 2 months, there was an effect of sex on time spent in the 

inner zone, with 4-month males spending 42% more time there compared to 4-month 

females (Fig. 4.4: 2 months: F(1,24)=0.002, p=0.97 4 months: F(1,29)=5.08, p=0.03, 

Partial η2  =0.15, medium effect size, mean male=88.0 sec, mean female =61.6 sec, 

difference between means=26.4 sec, 95% C.I. of difference=2.4-50.3). At these ages, 

genotype has no effect on time spent in the inner zone (Fig 4.4: 2 months: F(1,24)=1.94, 

p=0.18. 4 months: F(1,29)=0.28, p=0.60). At 8 months of age, there is a main effect of 

genotype and a main effect of sex on time spent in the inner zone of the field, with 

5XFAD males spending more time there than females, and 5XFAD spending more time 

in the inner zone than controls (Genotype: F(1,31)=5.48, p=0.026, Partial η2  =0.15, 
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medium effect size, control mean=87.5 sec, 5XFAD mean=116.8 sec, difference between 

means=29.2 sec, 95% C.I. of difference=3.8-54.7 sec. Sex: F(1,31)=5.76, p=0.023, 

Partial η2  =0.16, medium effect size, male mean=117.1 sec, female mean=87.2 sec, 

difference between means=30.0 sec, 95% C.I. of difference=4.5-55.4 sec). There is no 

effect of the interaction between genotype and sex at 8 months (F(1,31)=1.31, p=0.26). At 

13 months of age, there is no effect of sex (F(1,30)=1.66, p=0.21) or of genotype 

(F(1,30)=0.081, p=0.78) on time spent in the inner zone.  

Taken together, these data suggest that there is a transient anxiolytic phenotype in male 

5XFAD mice at 8 months of age.  

 
 

Figure 4.4. Open field behavior in 2, 4, 8 and 13-month animals. (A) Total distance traveled (meters) is 

represented on each y-axis. There is no sex difference and no genotype difference at any age tested. (B) 

Time spent in the inner zone (seconds) is represented on each y-axis. At 4 and 8 months of age, males 

spend more time in the inner zone relative to females (4 months: p=0.03, 8 months: p=0.02). At 8 months, 

5XFAD animals spend more time in the inner zone compared to controls (p=0.03). There is not a 

significant interaction between sex and genotype at 8 months. Open data points are from control animals 

and filled points are from 5XFAD animals. Each point represents data from one animal. Horizontal bars 

show the median and error bars show the 95% confidence interval of the median  
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Figure X. Open field behavior in 2, 4, 8 and 13-month animals. (A) Total distance traveled (meters) is represented on each y-axis. There is 
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Assessments of sensory profiles 
 

No differences in cold sensitivity in naïve mice 

To test for cold sensitivity, we compared acetone response scores in control and 5XFAD 

animals at 2, 4, 8, and 13 months of age. For each age group, we performed a 2-way 

ANOVA with sex and genotype as variables (Fig. 4.5A: 2 months: n=8 male controls, 

n=5 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 4 months: n=7 male 

controls, n=10 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 8 months: n=9 

male controls, n=7 male 5XFAD, n=9 female controls, n=10 female 5XFAD. 13 months: 

n=13 control males, n=9 male 5XFAD, n=8 female controls, n=10 female 5XFAD). 

At 2 months, females have higher acetone response scores compared to males 

(F(1,25)=8.77, p=0.007, Partial η2  =0.26, large effect size, mean male score=0.58, mean 

female score=1.04, difference between means=0.46, 95% C.I. of difference=0.14-0.78). 

There is no effect of genotype on acetone scores at 2 months (F(1,25)=1.81, p=0.19). 

At 4 months, there is an effect of the interaction between sex and genotype 

(F(1,29)=6.76, p=0.01, Partial η2  =0.19, medium effect size), but no main effect of sex 

(F(1,29)=0.03, p=0.87) and no main effect of genotype (F(1,29)=0.45, p=0.51).  

At 8 months, there is a main effect of sex, with females having higher scores compared to 

males (F(1,31)=4.42, p=0.04, Partial η2  =0.12, medium effect size, mean male 

score=0.39, mean female score=0.68, difference between means=0.29, 95% C.I. of 

difference=0.009-0.57). There is no effect of genotype on acetone response scores at 8 

months (F(1,31)=0.0007, p=0.98).  
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At 13 months, there is no effect of sex (F(1,36)=0.83, p=0.37) and no effect of genotype 

(F(1,36)=1.05, p=0.31) on acetone response scores.  

These data suggest that, while sex differences manifest at some ages, there is no 

difference in cold sensitivity in 5XFAD animals compared to controls at any age tested.  

Less cold sensitivity during formalin challenge at 2 months 

We next compared cold sensitivity in the context of persistent inflammatory pain by 

injecting formalin into the hindpaw and performing the acetone response test. For each 

age group, we performed a 2-way ANOVA with sex and genotype as variables (Fig. 4.5B: 

2 months: n=8 male controls, n=5 male 5XFAD, n=8 female controls, n=8 female 

5XFAD. 4 months: n=7 male controls, n=10 male 5XFAD, n=8 female controls, n=8 

female 5XFAD. 8 months: n=9 male controls, n=7 male 5XFAD, n=9 female controls, 

n=10 female 5XFAD. 13 months: n=13 control males, n=9 male 5XFAD, n=8 female 

controls, n=10 female 5XFAD). 

At 2 months, there is a main effect of sex, with females having higher scores than males 

(F(1,25)=4.58, p=0.04, Partial η2  =0.15, medium effect size, mean male score=1.18, 

mean female score=1.60, difference between means=0.42, 95% C.I. of difference=0.02-

0.83). There is also a main effect of genotype at 2 months, with 5XFAD animals having 

lower response scores than controls (F(1,25)=5.53, p=0.03, Partial η2  =0.18, medium 

effect size, mean control score=1.63, mean 5XFAD score=1.16, difference between 

means=0.46, 95% C.I. of difference=0.06-0.87). There is no effect of the interaction 

between sex and genotype (F(1.25)=0.75, p=0.39). This suggests that 5XFAD mice have 

less cold sensitivity in the context of formalin pain at 2 months of age.  
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At 4, 8, and 13 months, there is no effect of sex (4 months: F(1,29)=0.0006, p=0.98. 8 

months: F(1,31)=0.41, p=0.53. 13 months: F(1,36)=0.56, p=0.46) or of genotype (4 

months: F(1,29)=0.18, p=0.67. 8 months: F(1,31)=0.36, p=0.56. 13 months: 

F(1,36)=1.14, p=0.29) on acetone response scores.  

Figure 4.5. Cold sensitivity. All y-axes depict acetone response scores. (A) Responses to acetone at 

baseline. At 2 months and 8 months, females have higher response scores than males (2 months: p=0.007, 8 

months: p=0.04). At 4 months, there is no main effect of sex or genotype, but there is an effect of the 

interaction between sex and genotype (p=0.01). (B) Responses to acetone after hindpaw formalin injection. 

At 2 months, females have higher response scores than males (sex: p=0.04) and 5XFAD animals have 

lower response scores than controls (genotype: p=0.03). Open data points are from control animals and 

filled points are from 5XFAD animals. Each point represents data from one animal. Horizontal bars show 

the median and error bars show the 95% confidence interval of the median.  
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sex and genotype as variables for each age group (Fig. 4.6A: 2 months: n=4 male 

controls, n=4 male 5XFAD, n=4 female controls, n=4 female 5XFAD. 4 months: n=4 

male controls, n=9 male 5XFAD, n=6 female controls, n=6 female 5XFAD. 8 months: 

n=9 male controls, n=5 male 5XFAD, n=female controls, n=5 female 5XFAD. 13 

months: n=15 male controls, n=8 male 5XFAD, n=8 female controls, n=7 female 

5XFAD).  

At all ages, there is no effect of sex on mechanical sensitivity (2 months: F(1,12)=0.0003, 

p=0.99. 4 months: F(1,21)=7x10^-15, p>0.99. 8 months: F(1,23)=6.2x10^-16, p>0.99. 13 

months: F(1,34)=4.94x10^-17, p>0.99). There is no effect of genotype at any of the ages 

tested (2 months: F(1,12)=0.0003, p>0.99. 4 months: F(1,21)=2.7x10^-15, p>0.99. 8 

months: F(1,23)=4.9x10^-16, p>0.99. 13 months: F(1,34)=2.21x10^-15, p>0.99). These 

data suggest that 5XFAD animals have tactile sensitivity that is comparable to their age-

matched counterparts.  

 

No differences in tactile sensitivity during a formalin challenge 

To determine whether tactile sensitivity in the context of inflammatory pain differs 

between genotypes, we performed hindpaw von Frey testing after injecting the hindpaw 

with formalin. We again transformed mechanical thresholds to z-scores, due to inter-

experimenter variability. We performed a 2-way ANOVA with sex and genotype as 

variables for each age group (Fig. 4.6B: 2 months: n=4 male controls, n=3 male 5XFAD, 

n=5 female controls, n=5 female 5XFAD. 4 months: n=6 male controls, n=6 male 

5XFAD, n=4 female controls, n=7 female 5XFAD. 8 months: n=5 male controls, n=7 
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male 5XFAD, n=5 female controls, n=9 female 5XFAD. 13 months: n=15 male controls, 

n=8 male 5XFAD, n=8 female controls, n=7 female 5XFAD). 

At 2, 4, 8 and 13 there is no effect of sex on tactile sensitivity (2 months: 

F(1,13)=3.08x10^-17, p>0.99. 4 months: F(1,19)=7.14x10^-15, p>0.99. 8 months: 

F(1,22)=2.89, p=0.10. 13 months: F(1,34)=6.26x10^-18, p>0.99). At all ages tested, there 

is also no effect of genotype on tactile sensitivity (2 months: F(1,13)=1.51x10^-15, 

p>0.99. 4 months: F(1,19)=3.39x10^-15, p>0.99. 8 months: F(1,22)=2.89, p=0.10. 13 

months: F(1,34)=3.52x10^-15, p>0.99). This suggests that tactile sensitivity during 

formalin inflammation is not altered in 5XFAD animals compared to controls.  

 

Figure 4.6. Mechanical sensitivity. All y-axes depict von Frey thresholds represented as Z-scores. (A) 

Responses to hindpaw mechanical stimulation at baseline. There are no differences based on sex or 

genotype at any age tested. (B) Responses to mechanical stimulation after hindpaw formalin injection. 

There are no differences based on sex or genotype at any age tested. Open data points are from control 

animals and filled points are from 5XFAD animals. Each point represents data from one animal. Horizontal 

bars show the median and error bars show the 95% confidence interval of the median.  
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8-month old 5XFAD animals show fewer signs of ongoing pain at baseline 

To determine whether 5XFAD animals experience more spontaneous, ongoing pain 

compared to controls, we performed grimace scoring in animals at 2, 4 8, and 13 months 

of age. Grimace scoring involves quantifying changes in specific facial expressions such 

as orbital tightening, ear position, and nose or cheek position in order to generate a 

grimace score for a given animal. In this paradigm, the lowest score of 0 indicates that the 

animal is showing no signs of pain and the highest score of 2 suggests that the animal is 

experiencing extreme spontaneous pain. For each age group, we performed a 2-way 

ANOVA with sex and genotype as variables (Fig 4.7A: 2 months: n=8 male controls, n=5 

male 5XFAD, n=8 female controls, n=8 female 5XFAD. 4 months: n=7 male controls, 

n=10 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 8 months: n=9 male 

controls, n=5 male 5XFAD, n=9 female controls, n=10 female 5XFAD. 13 months: n=10 

male controls, n=6 male 5XFAD, n=6 female controls, n=7 female 5XFAD).  

 

There was no effect of sex on baseline grimace scores at any age tested (2 months: 

F(1,25)=0.0001, p=0.99. 4 months: F(1,29)=0.28, p=0.60. 8 months: F(1,29)=2.99, 

p=0.09. 13 months: F(1,25)=3.64, p=0.07). 

 

There was no effect of genotype on baseline grimace scores at 2, 4, and 13 months (2 

months: F(1,25)=0.0005, p=0.98. 4 months: F(1,29)=0.16, p=0.69. 13 months: 

F(1,25)=0.74, p=0.40). At 8 months, there is an effect of genotype on baseline grimace 
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score, with 5XFAD animals having 26% lower scores than controls (F(1,29)=6.93, 

p=0.01, Partial η2  =0.19, medium effect size, mean control score=0.56, mean 5XFAD 

score=0.41, difference between means=0.15, 95% C.I. of difference=0.03-0.26). This 

suggests that at 8 months, 5XFAD animals have less ongoing pain relative to age-

matched controls.[ Medium effect size] 

8-month old 5XFAD animals show fewer signs of ongoing formalin-evoked pain 

To determine whether 5XFAD animals experience more spontaneous, ongoing pain 

compared to controls when challenged with inflammation, we performed grimace scoring 

in animals after hindpaw formalin injection at 2, 4 8, and 13 months of age. For each age 

group, we performed a 2-way ANOVA with sex and genotype as variables (Fig. 4.7B: 2 

months: n=8 male controls, n=5 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 

4 months: n=7 male controls, n=10 male 5XFAD, n=8 female controls, n=8 female 

5XFAD. 8 months: n=9 male controls, n=6 male 5XFAD, n=9 female controls, n=10 

female 5XFAD. 13 months: n=10 male controls, n=6 male 5XFAD, n=6 female controls, 

n=7 female 5XFAD). 

There was no effect of sex at 2, 4, and 13 months (2 months: F(1,25)=0.49, p=0.49. 4 

months: F(1,29)=0.16, p=0.69. 13 months: F(1,25)=3.4, p=0.08). There was also no effect 

of genotype at 2, 4, and 13 months (2 months: F(1,25)=0.62, p=0.44. 4 months: 

F(1,29)=0.41, p=0.53. 13 months: F(1,25)=0.18, p=0.68).  

At 8 months, there was a main effect of sex, with females having higher grimace scores 

than males (F(1,30)=6.92, p=0.01, Partial η2  =0.19, medium effect size, mean score 

females=0.66, mean score males=0.53, difference between means=0.13, 95% C.I. of 
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difference=0.03-0.23). At 8 months there was also a main effect of genotype, with 

5XFAD animals having lower grimace scores compared to controls (F(1,30)=6.33, 

p=0.02, Partial η2  =0.17, medium effect size, mean score controls=0.66, mean score 

5XFAD=0.53, difference between means=0.13, 95% C.I. of difference=0.02-0.23). This 

suggests that when challenged with formalin, 8-month-old 5XFAD animals experience 

somewhat less ongoing pain compared to controls. 

 

Figure 4.7. Ongoing pain assessed by facial grimace. All y-axes depict grimace scores. 

(A) Grimace scores at baseline. At 8 months, 5XFAD animals have lower grimace scores 

compared to controls (p=0.01). (B) Grimace scores after hindpaw formalin injection. At 8 

months, females have higher grimace scores than males (p=0.01) and 5XFAD animals 

have lower grimace scores than controls (p=0.02). There is no effect of the interaction 

between sex and genotype. Open data points are from control animals and filled points 

are from 5XFAD animals. Each point represents data from one animal. Horizontal bars 

show the median and error bars show the 95% confidence interval of the median  

 

 

Male Female
0.0

0.5

1.0

1.5

2.0

2-month 

Control

5XFAD

Male Female
0.0

0.5

1.0

1.5

2.0

2-month

Control

5XFAD

Male Female
0.0

0.5

1.0

1.5

2.0

4-month 

Male Female
0.0

0.5

1.0

1.5

2.0

4-month 

Male Female
0.0

0.5

1.0

1.5

2.0

8-month

Genotype: p=0.01

Male Female
0.0

0.5

1.0

1.5

2.0

8-month

Sex: p=0.01

Genotype: p=0.02

Male Female
0.0

0.5

1.0

1.5

2.0

13-month

Male Female
0.0

0.5

1.0

1.5

2.0

13-month

Baseline grimace scores

Formalin grimace scores

Figure X. Ongoing pain assesed by facial grimace. All y-axes depict grimace scores. (A) Grimace scores at baseline. At 8 months, 5XFAD 

animals have lower grimace scores compared to controls (p=0.01). (B) Grimace scores after hindpaw formalin injection. At 8 months, 

females have higher grimace scores than males (p=0.01) and 5XFAD animals have lower grimace scores than controls (p=0.02). There is 

no effect of the interaction between sex and genotype. Open data points are from control animals and filled points are from 5XF AD animals. 

Each point represents data from one animal. Horizontal bars show the median and error bars show the 95% conficence interval of the 

median. 

A

B



 75 

Sensorimotor pathology at 8 months of age 

To assess the progression of sensorimotor deficits, we scored hindlimb clasping behavior 

at 2, 4 and 8 months of age. We did not complete this test in animals at 13 months of age, 

due to the lack of clear sensory abnormalities in 5XFAD animals. We performed a 2-way 

ANOVA at each age group with genotype and sex as variables (2 months: n=8 male 

controls, n=5 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 4 months: n=7 

male controls, n=10 male 5XFAD, n=8 female controls, n=8 female 5XFAD. 8 months: 

n=9 male controls, n=7 male 5XFAD, n=9 female controls, n=10 female 5XFAD).  

There was no effect of sex at any age (Fig 4.8: 2 months: F(1,25)=0.78, p=0.39. 4 

months: F(1,29)=0.38, p=0.54. 8 months: F(1,31)=0.97, p=0.33).  

There was no effect of genotype on hindlimb clasping scores at 2 months and 4 months (2 

months: F(1,25)=0.002, p=0.96. 4 months: F(1,29)=0.70, p=0.41). Emerging at 8 months, 

5XFAD animals had higher clasping scores compared to controls (F(1,31)=0.64, p=0.02, 

Partial η2  =0.17, medium effect size, mean control score=0.28, mean 5XFAD score=1.0, 

difference between means=0.74, 95% C.I. of difference=0.15-1.34). This finding suggests 

that by 8 months, 5XFAD animals show signs of sensorimotor pathology as manifested 

by abnormal hindlimb clasping behavior. 
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Figure 4.8. Hindlimb clasping scores at 2, 4, and 8, months of age. The clasping score is 

represented on each y-axis. There is no difference between control and 5XFAD 

genotypes at 2 or 4 months. At 8 months, 5XFAD animals have a higher clasping score 

compared to controls (p=0.02). There are no sex differences at any age tested. Open data 

points are from control animals and filled points are from 5XFAD animals. Each point 

represents data from one animal. Horizontal bars show the median and error bars show 

the 95% confidence interval of the median.  
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controls, n=10 female 5XFAD).  

In phase 1, there was a main effect of sex, with males showing more pain behaviors per 

minute compared to females (F(1,39)=4.13, p=0.049, Partial η2  =0.10, medium effect 

size, mean behaviors males=2.2, mean behaviors females=1.7, difference between 

means=0.52, 95% C.I. of difference=0.002-1.0). There was also a main effect of genotype 

in phase 1, with 5XFAD animals showing more pain behaviors per minute than controls 

(F(1,39)=7.5, p=0.009, Partial η2  =0.16, medium effect size, mean behaviors 

controls=1.6, mean behaviors 5XFAD=2.3, difference between means=0.70, 95% C.I. of 

difference=0.18-1.2).  

In phase 2, there was no effect of sex (F(1,38)=2.3, p=0.14). There was a main effect of 

genotype, with 5XFAD animals showing more pain behaviors per minute compared to 

controls (F(1,38)=10.5, p=0.003, Partial η2  =0.22, medium effect size, mean control 

behaviors=1.4, mean 5XFAD behaviors=2.2, difference between means=0.8, 95% C.I. of 

difference=0.30-1.3).  

These findings indicate that at 13 months of age, 5XFAD animals display more pain 

behaviors compared to age-matched controls when challenged with persistent 

inflammatory pain.  
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Figure 4.9. Behavioral responses to formalin in 13-month old animals. Each y axis shows 

the number of formalin- induced behaviors per minute, with the maximum possible score 

being 4. Data were collected in the 30 minutes following hindpaw formalin injection. 

Phase 1 encompasses the first 10 minutes after injection and phase 2 is from 10-30 

minutes post-injection. In phase 1, males show more formalin-induced behaviors per 

minute compared to females (p=0.049) and 5XFAD animals exhibit more behaviors 

compared to controls (p=0.009). There is no effect of the interaction between sex and 

genotype. In phase 2, 5XFAD animals show more formalin-induced behaviors compared 

to controls (p=0.003). Open data points are from control animals and filled points are 

from 5XFAD animals. Each point represents data from one animal. Horizontal bars show 

the median and error bars show the 95% confidence interval of the median.  
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processing 199. Early RVM amyloid accumulation in 5XFAD animals has not been 

previously reported to our knowledge. We saw little appreciable amyloid accumulation in 

PB.  

Amyloid accumulations are expected to generate significant cellular consequences. 

Amyloid exposure alone can lead to increased neuronal excitability 84,200. Amyloid 

presence can induce both glial activation and neuronal cell death 72–76,201. Indeed, 

neuronal loss has been shown in 5XFAD animals specifically 190,202.  

Amyloid burden in 5XFAD mice does not translate into early cognitive decline. 

Downstream from cellular disruption, amyloid accumulations can have significant 

functional correlations. For example, amyloid is considered a hallmark of Alzheimer’s 

Disease 203. Despite the heavy amyloid burden detected in the 5XFAD mice studied here, 

we did not observe the expected cognitive deficits. Spatial memory deficits emerged 

between 8 and 13 months; at all ages tested, we detected no deficits in object recognition.  

Other studies of 5XFAD mice report variable cognitive deficits. When assessing spatial 

memory using the Y-maze test, some found that 5XFAD deficits emerge as early as 4-5 

months of age190. Others report differences at 5 months 204, 6 months, 205,206, 7 months 207, 

or 8 months 208, when moderate deficits emerge compared to wild-types. In this study, 

5XFAD animals perform with maze arm alternations close to chance level (50%), similar 

to the performance we report at 13 months 208. Another study finds that 5XFAD animals 

show alternation ratios above 60% at 6 months, and just under 60% at 13 months 209.  

Similarly, 5XFAD deficits in short-term (minutes to hours) and long-term (>1 day) object 

memory are variable. Some studies report short-term memory deficits in 4-month-old 
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5XFAD mice 210. Others show that, in 4 month-olds, novel object recognition 

impairments only manifest when the interval between familiarization and recall reaches 4 

hours: when this interval is 10 minutes, 1 hour, or 24 hours, there are no differences 

between 5XFAD and wild-type mice 211. At older ages (6-8 months), some groups report 

impaired long-term object memory in 5XFAD animals 212. In contrast, another study 

finds that at 12 months , but not at 6 months of age, 5XFAD mice display impaired long-

term object recognition 213. Some studies report no object memory deficits. One group, 

using a 1-minute inter-trial interval, found no novel object recognition deficits in 8.5-

month old 5XFAD animals 193. Using a 2-hour inter-trial interval, another study reports 

that 8-10 month old 5XFAD and wild-type animals perform comparably 214.  

 

5XFAD animals often show decreased anxiety-like behavior in open field or elevated 

plus maze assays215,216. Supporting our findings, another group found that 8-month old 

male 5XFAD mice have decreased anxiety-like behavior 193.  

Variations in the onset and severity of a behavioral phenotype is not specific to 5XFAD. 

Other models of Amyloid accumulation also yield variable patterns and timing of 

cognitive deficits 217,218(reviewed by 219. The literature, in conjunction with our findings, 

suggest that despite consistent early amyloid burden 5XFAD mice have notable variation 

in the timing and degree of cognitive decline. Thus, amyloid burden might not predict the 

time course and severity of cognitive decline in mice.  

 

Indeed, in humans there is no strong correlation between amyloid burden and cognitive 
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decline 70,220. Efforts to treat Alzheimer’s disease by reducing amyloid burden have been 

largely unsuccessful 221,222, further implying that there is not a direct causal relationship 

between amyloid plaque burden and Alzheimer’s-associated cognitive decline.  

 

5XFAD animals exhibit minimal differences in pain responses. Pain and Alzheimer’s 

disease prevalence both increase with age 63. Pain prevalence is high in patients with 

dementia, complicated by the fact that this pain is under-diagnosed and under-treated 

180,181,184. Here, we examine early changes in somatosensory profiles and pain responses 

in a mouse model of amyloid accumulation — an area of study with sparse existing data 

compared to cognitive function assessments. In 5XFAD animals, we saw no compelling 

differences in sensory function or pain. This suggests that amyloid burden and its 

downstream consequences, in the absence of appreciable cognitive decline, are 

insufficient to induce changes in pain and sensory processing.  

 

Mechanical and thermal sensitivity.  5XFAD animals do show deficits in sensorimotor 

processing, as assessed by the hindlimb clasping test, a finding that we replicate here. 

However, 5XFAD responses to discrete mechanical or thermal stimuli are not clearly 

defined in the literature. Here, we see minimal differences in these reflexive responses. 

There are no differences in mechanical sensitivity in naïve mice or after a formalin 

challenge. At 2 months of age, 5XFAD animals were slightly less sensitive to the acetone 

cold test after formalin injections (medium effect size). This suggests that they might 

experience less cold-related discomfort. However, this genotype difference does not 
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persist at 4, 8 or 13 months of age, indicating either that this difference is trivial, or that 

the underlying biology is dynamic across time.  

 

Ongoing pain. 8-month old 5XFAD animals have lower grimace scores compared to 

controls, both at baseline and in the context of persistent formalin pain (medium effect 

size). One interpretation is that these 5XFAD animals are experiencing less spontaneous 

pain. At 13-months, no grimace score differences persist. To a modest extent, 13-month-

old 5XFAD animals show more formalin-evoked behavioral responses relative to controls 

(medium effect size). This highlights an interesting discrepancy: if 13-month old 5XFAD 

animals experience more formalin-induced pain, we would expect their grimace scores to 

be higher, reflecting this increased discomfort. One explanation is that the differences in 

spontaneous pain are not robust enough to detect with the grimace assay. Another 

possibility is that 5XFAD animals are not experiencing more formalin-induced pain, but 

instead have difficulty directing attention away from the formalin-induced sensation. This 

might manifest as a higher number of licking, flicking and guarding behaviors.  

 

Future directions may lie beyond amyloid. Amyloid plaque accumulation is a 

pathological hallmark of Alzheimer’s disease. Early-onset and inherited forms of the 

disease involve amyloid production and processing protein mutations. Individuals with 

Trisomy 21 (the amyloid precursor protein gene is on this chromosome) have an 

increased risk of developing early-onset Alzheimer’s disease 223. One might speculate that 

amyloid plaque accumulation is a causative factor in Alzheimer’s-associated cognitive 
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decline: an idea known as the amyloid hypothesis. This hypothesis has become more 

controversial in recent years because interventions aimed at reducing amyloid burden 

have been somewhat unsuccessful 221. Furthermore, amyloid accumulation is only one 

neuropathological hallmark of Alzheimer’s Disease – the others being 

hyperphosphorylated tau accumulation and neuronal loss. Thus, while 5XFAD animals 

model important pathological findings of Alzheimer’s disease, they do not fully 

recapitulate the clinical condition. Despite this, 5XFAD mice undoubtedly provide a 

robust and reliable model of amyloid accumulation, making them useful in disentangling 

the relationship between amyloid and surrounding cells. Although the functional 

outcomes associated with these pathological changes are varied, models such as 5XFAD 

will continue to prove crucial in elucidating the complex cellular and molecular 

interactions stemming from amyloid accumulation. 
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Chapter 5: Divergent Profiles of Opioid Withdrawal and Associated Pain in Rats 

and Mice3 

 

Abstract 
 

Opioid abuse has devastating effects on patients, their families, and society. Withdrawal 

symptoms are severely unpleasant, prolonged, and frequently hinder recovery or lead to 

relapse. The sharp increase in abuse and overdoses arising from the illicit use of potent 

and rapidly-acting synthetic opioids, such as fentanyl, highlights the urgency of 

understanding the withdrawal mechanisms related to these drugs. Progress is impeded by 

inconsistent reports on opioid withdrawal in different preclinical models. Here, using rats 

and mice of both sexes, we quantified withdrawal behaviors during spontaneous and 

naloxone-precipitated withdrawal, following two weeks of intermittent fentanyl exposure. 

We found that both mice and rats lost weight during exposure and showed increased signs 

of distress during spontaneous and naloxone precipitated withdrawal. However, these 

species differed in their expression of withdrawal associated pain, a key contributor to 

relapse in humans. Spontaneous or ongoing pain was preferentially expressed in rats in 

both withdrawal conditions, while no change was observed in mice. In contrast, 

withdrawal associated thermal hyperalgesia was found only in mice. These data suggest 

that rats and mice diverge in how they experience withdrawal and which aspects of the 

human condition they most accurately model. These differences highlight each species’ 

strengths as model systems and can inform experimental design in studies of opioid 

withdrawal. 

 
3 Uddin, O., Jenne, C., Fox, M.E., Arakawa, K., Keller, A., Cramer, N. (2021). Divergent 

profiles of fentanyl withdrawal and associated pain in mice and rats. Pharmacology, 

Biochemistry, and Behavior, 200 (2021) 173077 
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Introduction 
 

Opioid abuse is a devastating public health concern that has been amplified by the 

introduction of fentanyl and similar synthetic opioids as adulterants and primary drugs of 

abuse 224. The distinctly unpleasant signs and symptoms of opioid withdrawal, including 

increased sensitivity to pain (hyperalgesia), anxiety, gastrointestinal upset, lacrimation 

and rhinorrhea 95 hinder recovery and promote relapse. Compared to some but not all 

opioids, fentanyl has a higher affinity to opioid receptors and different effects on 

signaling bias 225 226, reviewed by 227–230. 

Hyperalgesia and lower pain tolerance during opioid withdrawal are prominently 

associated with increased relapse rates 96,98–100,102,231,232. As these symptoms can persist 

for extended periods after abstinence, and can appear as analgesic tolerance in the clinical 

setting 233,234, improving our understanding of the mechanisms underlying withdrawal, 

and pain in particular, will enable increasingly safe and effective support for patients who 

are attempting to discontinue opioid use.  

Animal models are important for the pursuit of opioid withdrawal therapies, but 

elucidating the mechanisms driving specific withdrawal signs is complicated by 

conflicting results. This is particularly evident with respect to withdrawal induced 

hyperalgesia which has received relatively little attention. Some rodent models have 

demonstrated hyperalgesia to mechanical and thermal stimuli 104,111,113,115–118,235,236. 

Others find that hyperalgesia is absent or inconsistent 119–122. Furthermore, rodent studies 

rely almost exclusively on reflexive measures of thermal or mechanical sensitivity and do 

not assess measures of ongoing, spontaneous pain – a prominent feature of withdrawal in 
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humans 95. Models that include both pain and somatic measures of withdrawal and that 

include both rats and mice to address species-specific differences have the potential to 

reduce conflicting reports by providing a more complete picture of opioid withdrawal and 

informing which species more accurately reflect specific aspects of the human 

withdrawal experience.  

Here, we combine behavioral assays to assess both somatic withdrawal and pain related 

signs in fentanyl exposed rats and mice. We find that fentanyl withdrawal signs are 

largely similar to those frequently observed for morphine. However, mice and rats display 

unique patterns of somatic withdrawal behaviors and exhibit contrasting features of 

withdrawal-associated pain, suggesting that both species offer unique advantages in 

modeling withdrawal and associated pain.   

Methods 
 

Rigor. 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. 174 and in ARRIVE (Animal Research: Reporting In Vivo Experiments).  

Animals. All procedures were performed in accordance with the Animal Welfare Act 

regulations and Public Health Service guidelines and approved by the University of 

Maryland School of Medicine Animal Care and Use Committee. While opioid 

withdrawal is an inherently aversive condition, we selected the minimal exposure 

duration and lowest intensity stimuli for hyperalgesia testing. Noxious stimuli were 

immediately stopped after the first behavioral response. We monitored all animals 

throughout the study for signs of distress outside the immediate withdrawal testing 
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period, including: continued weight loss, dehydration, lack of grooming, social isolation, 

excessive vocalization and fighting or injury. Of these signs, only minor weight loss 

occurred and was at a level consistent with prior studies of withdrawal 237–239. This 

weight loss is reported in detail in the results. We studied 29 Wistar Rats (saline: 6 males, 

6 females; fentanyl: 7 males, 10 females) obtained from Charles River (Wilmington, 

MA), ranging in weight from 247 to 586 grams and 3 to 6 months of age at baseline. We 

studied 61 C57BL6/J mice (saline: 16 saline males, 16 females; fentanyl: 13 males, 16 

females) obtained from Jackson Laboratory (Farmington, CT) and ranging in weight from 

18 to 35 grams and 2 to 5 months of age at baseline.  

Drugs. Fentanyl Citrate (Cayman Chemicals, Ann Arbor, MI) and Naloxone 

Hydrochloride (Sigma, St. Louis, MO) were diluted in sterile saline and injected 

subcutaneously for all experiments at the concentrations indicated below.  

Acclimation to handling. Rats were acclimated to handling and to the experimental room 

for a minimum of 10 minutes per day, 5 days per week, for 2 weeks prior to beginning 

baseline assessments. Mice were acclimated to the experimental room for 30 minutes 

before testing.  

Fentanyl Exposure. We exposed animals to fentanyl or saline using subcutaneous (s.c.) 

injections twice daily (morning and afternoon) for a total of 9 exposure days across 2 

weeks (excluding weekends, to mimic intermittent patterns of human use). We escalated 

the fentanyl dose over the first three days of exposure, divided into two separate 

injections (morning and afternoon dose), starting at 0.7 mg/kg twice daily and escalating 

to 1.3 mg/kg twice daily for mice and 0.04 to 0.10 mg/kg twice daily for rats. The total 
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daily dose ranged from 1.4 to 2.6 mg/kg per day for mice and 0.08 to 0.20 mg/kg for rats. 

The animals were maintained at these doses for the remainder of the experiment. We 

selected these doses of fentanyl by designing the escalations to remain below the LD50  

values  for male mice of 62 mg/kg 240 and female rats of 2.91 mg/kg 241, while starting at 

a high enough initial dose to elicit opioid exposure signs in pilot animals. Suspected 

overdoses occurred in 2 rats and 3 mice, all males.  

Locomotor testing. Because hyperactivity is a hallmark of chronic exposure to opioids 

like morphine, a subset of mice (n=6/sex/drug) underwent locomotor testing during 

fentanyl exposure. After habituation to an open field, mice were injected with saline (10 

mL/kg) to determine baseline locomotion over 30 min with video tracking software 

(CleverSys, Reston, VA). The following day, mice received a single s.c. injection of 2.5 

mg/kg fentanyl or saline and were placed back in the open field for an additional 30 min. 

This process was repeated each day for a total of 5 fentanyl (or saline) injections.   

Withdrawal Paradigms. Figure 5.1 outlines the time-course of experiments. Spontaneous 

withdrawal was assessed 16 to 18 hours after the last injection, that is, the morning after 

the previous day’s afternoon dose. This was immediately followed by mechanical and 

thermal sensitivity testing performed at 20-22 hours of withdrawal. This spontaneous 

withdrawal testing timeframe was chosen based on pilot data that suggested qualitatively 

that somatic signs peak during this period (Fig. 5.2). After spontaneous withdrawal, 

animals were given the afternoon dose of fentanyl and returned to their home cages over 

the weekend. To evoke precipitated withdrawal, in the same animals that had previously 

undergone spontaneous withdrawal we administered one half of a total day’s dose of 
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fentanyl (1.3 mg/kg for mice and 0.1mg/kg for rats), or an equal volume of saline for the 

control group. After 5 minutes we administered s.c. naloxone (10 mg/kg for mice, 3 

mg/kg for rats, both fentanyl and saline groups), and performed withdrawal observations 

and testing during the following 30 to 60 minutes. As stated above, we chose fentanyl 

doses based on LD50 values for mice as compared to rats—values that reflect differences 

in metabolic rate for each species. Thus, we chose dosages of naloxone based on these 

differential doses of fentanyl, as well as pilot tests of naloxone-precipitated withdrawal 

with lower doses of naloxone (1mg/kg for rats, 1 mg/kg for mice) which yielded 

qualitatively mild behavioral responses.  

Withdrawal Scoring. The withdrawal behaviors we assessed were diarrhea, facial 

fasciculations/teeth chattering, abdominal constrictions/writhing, ptosis, wet dog shakes, 

abnormal posture, erection/ejaculation, genital grooming, excessive swallowing, 

hyperirritability, chromodacryorrhea (rats only), piloerection, persistent trembling (mice 

only) and paw tremor. We assessed body weight as an independent metric. We scored 

these behaviors using a modified version of the system developed by Gellert and 

Holtzman 239. Graded signs—a numerical score is assigned based on how many times a 

behavior occurred—included abdominal constrictions/writhing (2 points per writhe) and 

wet dog shakes (2 points for 1-2 shakes and 4 points for 3 or more shakes). The 

remaining observed behaviors were checked signs, given a weighted numerical score 

based on their presence or absence. For these checked signs, behaviors receiving a score 

of 2 points were: diarrhea, facial fasciculations/teeth chattering, ptosis, genital grooming, 

excessive swallowing, piloerection and paw tremor. Behaviors receiving a score of 3 

points were: abnormal posture, erection/ejaculation, hyperirritability (defined as thrashing 
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and vocalization upon handling, resisting placement both into and out of plexiglass 

chambers and home cage), and persistent trembling (defined as lasting more than 2 

seconds). Chromodacryorrhea (rats only) received a score of 5 points. For spontaneous 

withdrawal, we observed rats in their home cages for 10 minutes. For naloxone 

precipitated withdrawal, we observed rats for precipitated withdrawal signs for 10 

minutes in plexiglass containers, while obtaining grimace footage (see below). We chose 

this limited observation time window to maximize inclusion of additional tests before the 

effects of naloxone wore off. Naloxone has an average plasma half-life of approximately 

30 minutes in rats 242 and 30 to 60 minutes in mice 243. Therefore, we observed rats for 

precipitated withdrawal signs for 10 minutes while they were in plexiglass chambers 

(8”x8”) undergoing filming for grimace analysis (see below). For mice, all withdrawal 

scoring was performed using 10-minute videos of mice in a plexiglass chamber (4” x 2” 

X 2.5”).  

Body Weights. For rats, we gathered weights prior to baseline behavior and every 

morning prior to initial fentanyl injections, as well as immediately before spontaneous 

withdrawal behavioral testing. On the precipitated withdrawal testing day, we weighed 

rats immediately before the fentanyl injection and at the close of all testing (maximum of 

60 minutes after the naloxone injection). For mice, we gathered weights before baseline 

behavior, every morning prior to initial fentanyl injection and after spontaneous 

withdrawal behavioral testing. We did not collect mouse weights on precipitated 

withdrawal testing days.  

Fecal Boli. For naloxone-precipitated withdrawal in rats only, we counted the number of 
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fecal boli produced in the precipitated withdrawal time frame and reported this as a 

separate metric. We did not quantify boli in rats in spontaneous withdrawal, or in mice in 

either spontaneous or precipitated withdrawal because the apparatus contained a wire 

mesh floor making it incompatible with this metric.  

Mechanical Sensitivity. For rats, to assess mechanical sensitivity we applied calibrated 

von Frey filaments (North Coast Medical, Gilray, CA) ranging from 8 to 300 grams to the 

plantar surface of the right hindpaw. We defined a response as a sharp paw withdrawal, 

licking, or shaking, and used the up-down method across 10 trials 147 to determine each 

animal’s withdrawal threshold. Trials where the response pattern did not converge to a 

stable value were discarded. For mice, we applied a single supra-threshold filament of 2.0 

grams to the plantar surface of the hindpaw 3 times and scored responses on a scale of 1 

(no response or foot passively pushed up by pressure of filament) to 4 (repeated shaking 

or prolonged lift or licking for more than 5 seconds). From these results we generated a 

binary scoring system. Animals that received a score of 0 to 2 received a binary score of 

1. Animals that received a score of 3 to 4 received a binary score of 2. The scores from 

the 3 trials were then averaged.  

Thermal Sensitivity (Heat). For rats, we used the Hargreaves apparatus (IITC, Woodland 

Hills, CA) over 3 trials to assess heat sensitivity, by aiming the light beam at the plantar 

surface of the right hindpaw and recording the latency to paw withdrawal. We use the 

median value of the 3 trials as the reported value for each rat, and then calculated percent 

of baseline latencies during spontaneous and precipitated withdrawal. For mice, we used 

the hotplate test. Mice were covered by a small beaker on top of the hotplate (Hot Plate 
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Analgesia Meter for Mice and Rats Series 8, IITC Life Science) and the temperature was 

gradually increased from 33 to 50°C over a 2-minute period. The time it took for mice to 

respond (grooming/licking hind paw, attempt to escape, etc.) was reported.  

Thermal Sensitivity (Cold). To assess cold sensitivity, we used a 1 mL syringe to apply 1 

drop of acetone (Fisher Scientific, Hampton, NH) to the plantar surface of the hindpaw. 

We performed 3 trials of acetone application at least 5 minutes apart. Scores were then 

obtained, the minimum score being 0 (no response to any of the 3 trials) and the 

maximum possible score being 3 (repeated flicking and licking of paws on each of the 3 

trials). From these results, we then generated a binary scoring system. Animals that 

received a score of 0 to 1 received a binary score of 1. Animals that received a score of 2 

to 3 received a binary score of 2. In rats, acetone did not elicit a response in the saline or 

fentanyl groups from the initial cohorts and the test was discontinued for subsequent 

cohorts.  

Grimace Scoring. To assess ongoing, spontaneous pain in mice and rats, we used the 

grimace scoring system 140,148,149. On baseline and spontaneous withdrawal days, we 

filmed rats in plexiglass chambers for 30 minutes. Due to the time constraint of naloxone-

precipitated withdrawal, we shortened the filming duration to 10 minutes to allow 

sufficient time to perform other behavioral testing. For mice, we recorded somatic 

spontaneous and precipitated behaviors for 10 minutes in plexiglass chambers prior to 

any other behavioral tests. These videos were also used for grimace analysis. We obtained 

2 images per minute by capturing video screenshots. These images were then uploaded 

into MATLAB. For rats, we used the FaceFinder application 149, generously shared with 
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us by J. Mogil, to select still images from video footage for action unit analysis. 

Presumably because of the darker fur and eyes of the C57Bl6/J mice, we manually 

selected still images for this species since FaceFinder did not successfully capture usable 

images. This discrepancy did not affect the scoring itself, since at the end of both 

processes, we were left with ten clear images selected from each animal, at each 

timepoint, for analysis. According to prior reports 148,149 we scored each action unit on a 

scale from 0 (minimal pain) to 2 (multiple signs of pain) for each image. We used a 

custom-written MATLAB script (Natick, MA) which allowed all images from all 

timepoints to be scrambled so that the scorer was blind to timepoint and experimental 

group. This MATLAB script then averaged each image’s score to calculate a “grand 

average” grimace score for each animal at each timepoint.  

Statistical Analysis. We present grimace scores and withdrawal scores in their raw form. 

For heat sensitivity, cold sensitivity, mechanical sensitivity, and body weights, post-

exposure fentanyl withdrawal data are presented as a percent of baseline, to facilitate 

comparisons between animals and between species. For reference, raw values for each 

metric are provided in Table 5.1 for baseline, Table 5.2 for spontaneous and Table 5.3 for 

naloxone precipitated withdrawal. We analyzed all data and generated figures using 

GraphPad PRISM version 8.2.0 for Mac (GraphPad Software, La Jolla, CA). We used 

nonparametric statistical tests where the necessary criteria to use parametric tests were 

not met (normal distribution as assessed by D’agostino-Pearson test, independent data, 

and homogenous variance). If data were normally distributed but had unequal variances 

(as assessed by PRISM’s F-test to compare variances), we use a Welch’s t-test. Although 

sample sizes were not sufficient to fully assess sex differences, we ran a 2-way ANOVA 



 94 

with sex and treatment (fentanyl or saline) as variables: no sex differences were observed 

in any metric. 

 

 

Figure 5.1. Timeline of drug administration and behavioral testing. We assessed baseline 

behavior on Fridays and gave animals the weekend off. We then began 2x daily fentanyl 

or saline administration, for 9 cumulative days, with weekends off. Spontaneous 

withdrawal was assessed the day after the last drug exposure. After 2 days without 

manipulation, we injected animals with fentanyl or saline, waited 5 minutes, then injected 

naloxone to assess precipitated withdrawal. 

 

 

 
Figure 5.2. Time-course of withdrawal scores during spontaneous withdrawal from 

subcutaneous fentanyl. Animals completed the 2-week intermittent, subcutaneous 

fentanyl (or saline) exposure protocol. For each animal, behavior was scored based on a 

10-minute observation at 7.5, 16 and 40 hours after the final dose of fentanyl. Pilot data 

from n=4 saline treated rats and n=4 fentanyl treated rats. Data bars represent medians, 

with error bars showing 95% Confidence intervals.  
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Results 
 

Mice and rats exhibit somatic withdrawal signs at baseline  

Because animals can exhibit some withdrawal-associated behaviors in the absence of 

drug (e.g. genital grooming), we first characterized these behaviors at baseline (Table 5.1; 

Raw withdrawal scores for spontaneous and precipitated withdrawal are in Tables 5.2 and 

5.3). Even before any drug exposure, mice displayed behaviors associated with 

withdrawal, with considerable variation between animals (n=27, median withdrawal 

score=4, 95% C.I. 1-5). Behaviors present in mice at baseline included grooming, genital 

grooming, teeth chattering, swallowing, persistent trembling, paw tremors, piloerection, 

and wet dog shakes. Rats also displayed somatic withdrawal behaviors at baseline (n=14, 

median withdrawal score = 2, 95% C.I. 0-5). Behaviors present in rats at baseline 

included teeth chattering, swallowing, ptosis, hyperirritability, and wet dog shakes.  

Mice and rats exhibit species-specific responses to acute fentanyl  

After baseline behavioral assessments, we proceeded with drug exposure and 

qualitatively assessed animals’ responses to fentanyl (Timeline in Fig.5.1). These 

observations revealed consistent reactions within each species, despite notable 

differences between mice and rats. We chose fentanyl doses based on the LD50 for each 

species to account for differences in metabolic rate between species – mice have a more 

than 10-fold higher LD50 for fentanyl citrate administered subcutaneously, compared to 

rats (Cayman Chemicals). Within minutes after fentanyl injection, mice became 

hyperactive, moving swiftly and persistently around the cage perimeter, despite apparent 
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muscle stiffness, including raised tails (Straub tail) and chest wall rigidity (barrel chested 

in appearance), consistent with previous reports in opioid-exposed mice 244. These signs 

gradually declined over the course of one to two hours, with the mice appearing normal 

within 3 hours. We saw no signs of adaptation to fentanyl exposure throughout the two-

week period, and mice gradually developed hyperlocomotion. We quantitated locomotor 

activity over 5 days of drug or saline exposure. Fentanyl exposed mice ran increasingly 

longer distances across days, compared to saline-treated mice in an open field test (Fig. 

5.3; Saline n = 12, Fentanyl n = 12, 2-way repeated-measures ANOVA. Effect of 

treatment: F(1,22) = 32.2, p < 10-4 Effect of day: F(5,110) = 17.4, p< 10-4. Effect of 

interaction between day and treatment: F(5,110) = 10.3, p < 10-4).  

 

In contrast to mice, rats became lethargic and remained stationary, with exophthalmos 

and reduced respiratory rate. These symptoms persisted for approximately 30 minutes, 

before the rats gradually began moving around the cage. At this point, rats typically filled 

their mouths with bedding granules and started chewing. During week 2 of exposure, rats 

began to display oral stereotypy (gentle forelimb chewing) and hyperactivity, consistent 

with other reports of rat responses to chronic opioid exposure 245–247. This hyperactivity 

included short bursts of rapid locomotion from one side of the cage to the other (along the 

cage’s length), lasting up to 3 hours post-exposure.  
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Figure 5.3: Mice develop hyperlocomotion in response to repeated fentanyl exposure. 

Across 5 days of subcutaneous injections of fentanyl (n=12 animals; 2.5mg/kg/day), mice 

traveled increasingly large total distances in an open field apparatus, compared to 

controls (n=12). Data represent means and 95% confidence intervals.  

 

Spontaneous withdrawal signs differ in mice and rats  

Our goal was to evaluate somatic and pain-related withdrawal behaviors in mice and rats 

during opioid withdrawal. Therefore, after establishing baseline behaviors and 

completing an intermittent fentanyl exposure protocol, we evaluated behavior after 

halting drug exposure (spontaneous withdrawal).  

Weight Changes. Fentanyl exposed mice had greater reductions in weight on the last 

administration day, compared to saline exposed mice (Fig. 5.4A; Saline: n = 15, mean 

100.6% of baseline, 95% C.I. 97.7 - 103.5%. Fentanyl: n = 12, mean 95.6%, 95% C.I. 

91.9 - 99.2%. Cohen’s d = 0.93, t(25) = 2.41, p=0.029, unpaired t test). We calculated 
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each rat’s weight during spontaneous withdrawal (16-24 hours since last fentanyl 

exposure) as a percent of their pre-exposure, baseline weight. Fentanyl exposed rats lost 

weight over the course of the experiments and, compared to saline exposed rats, had 

greater weight reductions at spontaneous withdrawal (Fig. 5.4A, Saline: n = 12: mean 

103% of baseline, 95% C.I.  101 - 105%. Fentanyl: n = 17: mean 98% of baseline, 95% 

C.I. 96.9 - 99.2 %. Cohen’s d = 1.96, t(27) = 5.2, p < 10-4, unpaired t test.). There were no 

sex differences in percent of baseline weights or in any of the other metrics described, 

although larger sample sizes are needed to conclusively determine sex differences.  

Withdrawal Scores. Following the two-week exposure protocol (timeline in Fig. 5.1) we 

observed each animal for 10 minutes during the 16 to 18-hour spontaneous withdrawal 

time frame, and scored their withdrawal-associated behaviors, as described in Methods. 

Both mice and rats exposed to fentanyl showed higher withdrawal scores, compared to 

saline exposed animals (Fig. 5.4B). Fentanyl exposed mice (n = 12) had mean 

spontaneous withdrawal scores of 9.1 (95% C.I. 6.7 - 11.4), whereas saline exposed mice 

(n = 15) had a mean withdrawal score of 5.1 (95% C.I. 3.0 - 7.1, Cohen’s d = 1.09, t(25) 

= 2.8, p = 0.01, unpaired t test). Fentanyl exposed rats (n = 17) had mean withdrawal 

scores of 9.2  (95% C.I. 7.5 - 10.8, Cohen’s d = 1.09), whereas saline exposed rats (n = 

12) had mean scores at spontaneous withdrawal of 1.6  (95% C.I. 0.27 - 2.9, Cohen’s d = 

2.71, t(27) = 7.16, p < 10-4, unpaired t test ). 

Both saline and fentanyl treated mice exhibited multiple somatic withdrawal behaviors 

during the assessment period. However, a greater proportion of mice undergoing 

spontaneous fentanyl withdrawal exhibited wet dog shakes and piloerection (Fig 5.5A). 
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In contrast, most somatic withdrawal behaviors were restricted to fentanyl treated rats, 

with few saline treated rats showing somatic withdrawal behaviors.  

 
Figure 5.4: Passive behaviors in mice and rats during spontaneous fentanyl withdrawal. 

Fentanyl exposed mice and rats lose weight (A) and show more signs of withdrawal (B) 

relative to saline controls. However, only rats showed an increase in spontaneous pain 

metrics (C). Individual points represent data from a single animal, and horizontal lines 

depict medians and 95% confidence intervals. Normalized data are expressed as a percent 

of baseline.  
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Figure 5.5: Prevalence of somatic withdrawal signs in mice and rats during (A) 

spontaneous and (B) naloxone precipitated fentanyl withdrawal. Superscripts denote 

behaviors assessed exclusively in rat(1) or mouse(2). All other data points of 0 reflect an 

absence of behavior, not absence of observation. 
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Mice show thermal hypersensitivity and rats show increased ongoing pain during 

spontaneous withdrawal  

Ongoing Pain. To evaluate ongoing pain, we assessed grimace scores, a well-validated 

metric for spontaneous pain in rodents 140,148,149. Grimace scores of fentanyl exposed mice 

during spontaneous withdrawal did not differ from those in saline treated mice (Fig 5.4C; 

fentanyl: n = 12, mean score. 0.28, 95% C.I. 0.20 - 0.37; saline: n = 15, mean score 0.22, 

95% C.I. 0.14 - 0.30; t(25) = 1.1, p = 0.28, unpaired t test ). Fentanyl exposed rats had 

higher grimace scores during spontaneous withdrawal, compared to saline exposed rats, 

suggesting that they were in more pain (Fig. 5.4C; saline: n = 12, mean score 0.54, 95% 

C.I. 0.44 - 0.65; fentanyl: n = 17, mean score 0.99, 95% C.I. 0.8 - 1.2. Cohen’s d = 1.44, 

t(23.7) = 4.3, p = 0.0002, Welch’s t-test).  

Thermal Sensitivity (Heat). Mice and rats displayed different patterns of heat sensitivity 

20-22 hours into spontaneous withdrawal. Fentanyl exposed mice had shorter-latency hot 

plate responses (Fig. 5.6A), indicative of increased thermal sensitivity (n=17, median 

94.1% of baseline, 95% C.I. 82.3-101.7%), compared to saline exposed mice (n=20, 

median 109.6% of baseline, 95% C.I. 101.9-117.1%; Cohen’s d=0.82, Mann-Whitney 

U=79, p=0.0048), suggesting that they developed heat hypersensitivity during this time 

frame of withdrawal. Fentanyl exposed rats (n = 13, mean 109.8%, 95% C.I. 91.3-

128.3%) and saline exposed rats (n = 8, mean 121.7%, 95% C.I. 68.6 - 174.8%) had 

indistinguishable hind paw heat withdrawal latencies at 20 - 22 hours of spontaneous 

fentanyl withdrawal (Fig. 5.6A; t(9.04) = 0.5, p = 0.63, Welch’s t-test ), suggesting that 

heat sensitivity was unaffected in rats.  
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Thermal Sensitivity (Cold). Fentanyl exposed mice had increased response scores to 

acetone at 20 - 22 hours spontaneous withdrawal (Fig. 5.6B; n = 17, mean 142.9%, 95% 

C.I. 123.7 - 162.2%), compared to saline exposed mice (n = 20, mean 105.8%, 95% C.I. 

93.9 - 117.6%; Cohen’s d = 1.2, t(35) = 3.59, p = 10-3, unpaired t test). In rats, acetone 

failed to evoke any responses, in either experimental group (saline: n = 8; fentanyl: n = 8, 

data not shown).  

Mechanical Sensitivity. Since touch hypersensitivity (mechanical allodynia) can occur in 

opioid withdrawal, we tested for changes in tactile sensitivity by quantifying animals’ 

responses to mechanical stimuli of the hindpaw. Mechanical sensitivity was unaffected at 

20 - 22 hours spontaneous withdrawal in mice and rats, suggesting that they did not 

develop mechanical hypersensitivity (Fig. 5.6C; Mice: Mann-Whitney U=169.5, p=0.99. 

Rats: Mann-Whitney U=62, p=0.77). Thresholds in saline exposed (n=20) and fentanyl 

exposed (n=17) mice were 100% of their baseline values (95% C.I. confined to 100%). 

Similarly, thresholds in saline exposed rats (n=9) were 95% of their baseline values (95% 

C.I. 51.4-304.6%), and in fentanyl exposed rats (n=15) they were 96.5% of baseline (95% 

C.I. 84.9-114.6%). 

 

 

 



 103 

 

Figure 5.6: Pain related behaviors during spontaneous fentanyl withdrawal. (A) Mice 

show increased heat sensitivity using the hotplate test, whereas rats exhibit no change 

using the Hargreaves test. (B) Mice have increased cold sensitivity during spontaneous 

fentanyl withdrawal. (C) Mice and rats show no change in mechanical sensitivity. 

Individual points represent data from a single animal, and horizontal lines depict medians 

and 95% confidence intervals. Normalized data are expressed as a percent of baseline.  

 

Naloxone-precipitated withdrawal signs differ between mice and rats  

Because naloxone-precipitated withdrawal offers precise temporal control over symptom 

onset, we next determined profiles of somatic and pain-associated behaviors by 

administering naloxone 5 min after a fentanyl challenge (timeline in Fig 5.1).  

Weight Changes. Fentanyl exposed rats had greater weight reductions after naloxone 

administration, compared to saline exposed rats (Fig. 5.7A; Saline: n=12, median 100.2% 

of pre-naloxone weight, 95% C.I. 100-100.3%. Fentanyl: n=17, median 99.62%, 95% 

C.I. 99-99.7%. Cohen’s d=1.48, Mann-Whitney U=21, p=10-4). In rats, we recorded 
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weight immediately before fentanyl and naloxone injection, and again after completion of 

naloxone-precipitated withdrawal testing (see Methods). As with spontaneous 

withdrawal, there were no sex differences in weight changes. We did not record mouse 

weights before or after naloxone-precipitated withdrawal. 

Withdrawal Scores. Compared to saline exposed animals, only fentanyl-exposed rats had 

higher precipitated withdrawal scores. Saline exposed rats (n=12) had median withdrawal 

scores of 0 (95%C.I. 0 - 2 ), while fentanyl exposed rats (n=17) had median withdrawal 

scores of 6 (95% C.I. 6 - 7; Fig. 5.7B; Cohen’s d = 3.5, Mann-Whitney U = 3, p < 10-4). 

Saline exposed mice (n = 14) had mean withdrawal scores of 9.1 95% C.I. 6.9 - 11.4). 

Fentanyl exposed mice (n = 12) had mean withdrawal scores of 11(95% C.I. 9.6 - 12.6) 

(Fig 7B; Cohen’s d = 0.59, t(24) = 1.5, p = 0.14, unpaired t test ).  

As with spontaneous withdrawal, mice showed multiple somatic withdrawal signs 

regardless of treatment group (Fig 5.5B), however more fentanyl treated mice exhibited 

wet dog shakes after naloxone compared with saline mice (Fig. 5.5B). In contrast, 

fentanyl exposed rats showed several withdrawal signs that were largely absent in the 

saline group (Fig. 5.5B).  

Ongoing pain. In fentanyl treated mice, naloxone-precipitated withdrawal did not elicit 

changes in grimace scores, relative to saline treated controls (Fig. 5.7C; Saline: n = 9,  

mean score, 95% C.I. 0.16 - 0.53. Fentanyl: n = 9, mean score 0.45, 95% C.I. 0.26 - 0.65 , 

t(16) = 0.94, p = 0.36, unpaired t test), suggesting no changes in ongoing pain during 

withdrawal. In fentanyl exposed rats, precipitated withdrawal resulted in higher grimace 

scores, compared to saline exposed rats (Fig. 5.7C; Cohen’s d = 1.24, Mann-Whitney U = 
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40.5, p = 0.005). Saline exposed rats (n = 12) had median grimace scores of 0.51  

(95%C.I. 0.45 - 0.67). Fentanyl exposed rats (n = 17) had median grimace scores of 1.1 

(95% C.I. 0.63 - 1.5). This suggests that rats in precipitated withdrawal have increased 

spontaneous pain.  

Fecal Boli. An often-reported opioid withdrawal sign is increased fecal output, usually 

diarrhea. Consequently, we examined this metric in rats (platform design precluded this 

assessment in mice). Fentanyl exposed rats had a higher number of fecal boli during the 

precipitated withdrawal time period, compared to saline exposed rats (Fig. 5.7D; Cohen’s 

d= 0.92, Mann-Whitney U=52.5, p=0.008). Saline exposed rats (n=12) had a median of 0 

boli (95% C.I. confined to 0). Fentanyl exposed rats had a median of 1 bolus (95% C.I. 0-

5). Notably, all boli were solid and did not qualify as diarrhea.  
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Figure 5.7: Passive behaviors in mice and rats during precipitated fentanyl withdrawal 

(A) Rats experience weight loss during precipitated fentanyl withdrawal. (B) Mice and 

rats both have increased withdrawal scores. (C) Mice experience no change in their 

grimace scores, while rats display increases. (D) Rats produce more fecal boli during 

precipitated fentanyl withdrawal. Individual points represent data from a single animal, 

and horizontal lines depict medians and 95% confidence intervals. Normalized data are 

expressed as a percent of baseline.  

 

Mice show thermal hypersensitivity and rats show increased ongoing pain during 

precipitated withdrawal  

Thermal Sensitivity (Heat). Fentanyl exposed mice had shorter hindpaw withdrawal 

latencies during precipitated withdrawal, compared to saline exposed animals, suggesting 

increased sensitivity to heat during withdrawal (Fig 5.8A; Cohen’s d = 0.64, Mann-

Whitney U = 36, p = 0.017. Saline: n = 14, median 107.1%, 95% C.I. 100.6 -115.4%. 

Fentanyl: n = 12, median 93.5,, 95% C.I. 87.9 - 104.5%). By contrast, fentanyl exposed 
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rats had higher hindpaw withdrawal latencies during precipitated withdrawal, compared 

to saline exposed animals, suggesting analgesia to heat stimuli in the fentanyl group (Fig 

5.8A; Cohen’s d=1.06, Mann-Whitney U=14, p=0.0045. Saline: n=8, median 68.7%, 

95% C.I. 54.6-121.8%. Fentanyl: n=13, median 127.4%, 95% C.I. 92.8-225.7%).  

Thermal Sensitivity (Cold). During precipitated withdrawal in mice there was no 

difference in acetone response scores when comparing saline and fentanyl exposed 

animals (Fig 5.8B; Mann-Whitney U = 68, p = 0.42. Saline: n = 14, median 97.6%, 95% 

C.I. 71.4 - 125%. Fentanyl: n = 12, median 100%, 95% C.I. 80 - 150%). Neither saline 

nor fentanyl exposed rats responded to acetone application, suggesting that the stimulus 

was not noxious enough to cause pain in either group.  

Mechanical Sensitivity. There was no difference in mechanical responses between saline 

and fentanyl exposed mice (Fig. 5.8C; Mann-Whitney U=83.5, p=0.99). Both saline 

exposed mice (n=14) and fentanyl exposed mice (n=12) had median response thresholds 

that were 100% of baseline values (saline: 95% C.I. 93.8-160%; fentanyl; 95% C.I. 100-

120%). The relatively short duration of naloxone, combined with the length of behavioral 

assessments for the rats, prevented us from recording mechanical sensitivities in this 

species. 
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Figure 5.8: Pain related behaviors during precipitated fentanyl withdrawal. (A) Mice 

exhibit increased heat sensitivity, while rats have decreased heat sensitivity in 

precipitated fentanyl withdrawal. (B) Mice experience no change in cold sensitivity. (C) 

Mice show no change in mechanical sensitivity. Mice experience no change in cold 

sensitivity. Individual points represent data from a single animal, and horizontal lines 

depict medians and 95% confidence intervals. Normalized data are expressed as a percent 

of baseline.  

 

Discussion 
 

We report somatic withdrawal and pain behaviors in rats and mice after chronic fentanyl 

exposure under standardized conditions. We report that both rats and mice exhibit 

increased somatic withdrawal signs during spontaneous and naloxone precipitated 

withdrawal, although the prevalence of individual behaviors differs between species. The 

species diverge further in how they express withdrawal-associated pain behaviors: only 

mice display hyperalgesia evoked by hot and cold stimuli, while rats exhibit increased 
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signs of ongoing, spontaneous pain.  

Intermittent exposure paradigm. Our mice and rats received subcutaneous injections of 

fentanyl, twice-daily for two weeks, with no exposure on the weekends. We chose the 

doses of fentanyl in mice and rats based on the LD50 for each species, to account for 

differences in metabolism between the species. We recognize that a full dose-response 

study is needed to fully account for discrepancies in how each species metabolizes 

fentanyl.  

We used an intermittent delivery schedule to mimic irregular exposure in opioid abusers, 

where individuals go through repeated bouts of intoxication and withdrawal. Repeated 

exposure and subsequent withdrawals likely contributed to the outcomes reported here, as 

they presumably do in human opioid users. Disentangling which symptoms are due to 

opioid receptor saturation versus the sudden loss of the agonist or the degree to which 

self-administration contributes to fentanyl withdrawal symptoms, will require additional 

studies. 

No Sex Differences. We found no sex differences in any fentanyl withdrawal metrics, but 

recognize that a larger sample size may be necessary to reveal such differences. Indeed, 

sex differences were reported, in both rats and mice, in both the types and severity of 

spontaneous and precipitated opioid withdrawal 248,249. However, whether sex differences 

in withdrawal are present depends on the choice of species, behavioral metrics analyzed, 

and on whether spontaneous or precipitated withdrawal is induced 250. 
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Mice and rats show somatic signs of withdrawal. In humans, opioid withdrawal is 

expressed as tachycardia, GI upset, sweating, tremor, restlessness, yawning, 

anxiety/irritability, pupil dilation, rhinorrhea and lacrimation, bone or joint aches, and 

piloerection 95. While both humans and non-human animals are impacted by affective and 

emotional components of withdrawal, 251–254, here we chose to focus on somatic signs and 

hyperalgesia. A similar spectrum of withdrawal signs occurs in rat and mouse models of 

spontaneous and naloxone-precipitated morphine withdrawal 239,248,255–258. However, few 

studies directly compare the withdrawal nuances in different rodent species within the 

same report. The few studies that do use both species find mostly overlapping withdrawal 

signs 259.  

We directly compared fentanyl withdrawal profiles in rats and mice. While we find some 

overlap of signs in our model of fentanyl withdrawal, their prevalence varied by species. 

For mice in both spontaneous and precipitated withdrawal, grooming, wet dog shakes, 

teeth chattering, swallowing, genital-specific grooming, and paw tremors were the most 

prevalent behaviors in the fentanyl group (Fig. 5.5). For these mice, a higher frequency of 

wet dog shakes appears to be the behavior that best indicates withdrawal from the 

intermittent fentanyl exposure paradigm. In comparison, rats showed considerably fewer 

withdrawal-associated behaviors at baseline: Only wet dog shakes and hyperirritability 

were present in more than one rat at baseline. In rats in spontaneous withdrawal, 

abdominal constrictions or writhing, wet dog shakes, teeth chattering, and swallowing 

were the most prevalent behaviors in fentanyl treated animals (Fig. 5.5). During 

precipitated withdrawal in rats, we observed animals in plexiglass chambers, due to the 

limited time in which to complete all tests and observations before naloxone’s effects 
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waned. Therefore, wet dog shakes and abdominal constrictions or writhing were limited 

by space constraints. In these conditions, teeth chattering, swallowing, ptosis, and 

hyperirritability were the most prevalent behaviors in fentanyl treated rats, distinguishing 

them from their saline treated counterparts.  

Although jumping behavior in mice, and weight loss in both species are considered 

highly reliable opioid withdrawal metrics  116,257,260, the design of our observation 

chambers—specifically, their short height—limited jumping behavior expression in our 

study, potentially accounting for the discrepancy between the literature and our results.  

Mice and rats show weight loss during chronic opioid administration and spontaneous 

withdrawal. During spontaneous withdrawal, fentanyl exposed rats and mice both lost 

weight. This may be an effect of withdrawal, or of repeated drug exposure, since chronic 

fentanyl and morphine exposure (both intermittent and continuous) lead to weight loss 

237,238,261,262. 

Rats show weight loss and moderately increased fecal boli production during precipitated 

withdrawal. Fentanyl exposed rats lost weight over the course of precipitated withdrawal 

(approximately 1 hour maximum), presumably because they produced more fecal boli 

than saline animals during this period. Notably, these boli did not constitute profuse 

diarrhea, as reported in studies using different opioids and exposure routes 256,263,264.  

Rats show signs of ongoing pain during withdrawal. Humans experience stimulus-evoked 

withdrawal hyperalgesia, but the most common descriptions of opioid withdrawal pain 

includes “muscle and bone aches” 95. In contrast, data assessing ongoing, spontaneous 
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pain in rodents during opioid withdrawal is lacking. Here, we used a well-validated, non-

reflexive measure of spontaneous pain in rodents, the grimace scale 140,148,149 to assess 

this quality of pain in animals undergoing fentanyl withdrawal. Fentanyl exposed rats 

have higher grimace scores during both spontaneous and precipitated withdrawal, 

suggesting that they experience more ongoing pain. Mice showed no differences in 

grimace scores during withdrawal, suggesting that they are either free of spontaneous 

pain during fentanyl withdrawal, or, due to social dynamics, are less likely to display 

visible signs of pain or distress.  

Mice and rats show no signs of mechanical hyperalgesia during fentanyl withdrawal . 

Mechanical hyperalgesia following opioid exposure in rodents has been observed using 

the paw pressure vocalization test 104,107–110,112, tail pressure test 265, or with von Frey 

testing 106. Using 10-trial von Frey testing for rats, and a 3-trial testing paradigm for mice 

(see Methods), we did not observe any withdrawal-induced changes in mechanical 

sensitivity. Previous studies 104,106,108,112 were designed to model acute fentanyl exposure, 

administering lower doses of fentanyl during one exposure day. These studies yielded 

hyperalgesia emerging several hours after opioid-induced analgesia had waned, and 

lasting several days post-exposure. In contrast, our study involves fentanyl injections that 

escalated to higher total dosages, are more dispersed over time, and continue across 2 

weeks. The absence of mechanical hyperalgesia at 20-22 hours spontaneous withdrawal 

in our study may reflect differences in our animal subjects or exposure paradigm, which 

was intended to model patterns of fentanyl misuse and abuse instead of acute exposure.  
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Mice show thermal (heat) hyperalgesia during fentanyl withdrawal. Previous studies 

demonstrated hyperalgesia to heat stimuli following opioid exposure using the tail flick 

108,111,115,116, hot plate 113,114,117,266,267 or Hargreaves tests 111,235,265. Consistent with prior 

reports 114, fentanyl exposed mice developed thermal hyperalgesia at both 20-22 hours 

spontaneous withdrawal and during precipitated withdrawal. In our hands, rats showed no 

signs of heat hyperalgesia. In fact, during precipitated withdrawal, fentanyl exposed rats 

had longer withdrawal latencies compared to saline animals. As we collected heat 

responses last during precipitated withdrawal experiments in rats, it is possible that, by 

this time (30-60 minutes after naloxone), precipitated withdrawal hyperalgesia may have 

faded or been overshadowed by returning fentanyl analgesia, since naloxone was 

administered 5 minutes after fentanyl. The species difference might also reflect the 

different thermal assays we used for rats and mice. The Hargreaves test which we used in 

rats is thought to primarily reflect spinal mechanisms, whereas the hotplate test which we 

used in mice also reflects activity in supraspinal pathways 268. 

Mice show thermal (cold) hyperalgesia during fentanyl withdrawal . In humans, cold 

hyperalgesia occurs during chronic opioid use and withdrawal 100,101,103. In rodents, 

evidence of cold hyperalgesia during withdrawal is less extensive. Thus, our effort to 

assess this metric adds important data to the literature on altered pain perception during 

fentanyl withdrawal. Morphine withdrawal hyperalgesia has been shown in male 

C57Bl6/J mice tested on a cold plate 269. One group reported minimal effects of chronic 

fentanyl exposure and withdrawal on cold sensitivity in aged rats 261. Here, we use the 

acetone test to measure cold sensitivity 195,270. In our study, only fentanyl exposed mice in 

spontaneous withdrawal showed cold hyperalgesia. Surprisingly, mice undergoing 
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precipitated withdrawal did not. No rats, including the saline group, responded to acetone 

application in our study. Compared to other investigations, our rats are older, with 

presumably thicker plantar skin. Whether this physical difference impaired the cold 

response, or whether there is no cold hyperalgesia associated with this model of 

withdrawal remains to be determined.   

Limitations. Our study seeks to understand how mice and rats model signs of withdrawal 

from a repeated, intermittent fentanyl exposure paradigm that mimics patterns of human 

fentanyl misuse, and to compare how pain-associated metrics are altered in these 

conditions. While we find distinct profiles of withdrawal behaviors and associated pain in 

mice compared to rats, we note that there are methodological differences that can 

contribute to these outcomes. We based our fentanyl dosing regimen on the LD50s for 

each species, resulting in mice receiving a higher dose than rats. A full dose-response 

experiment for each species would provide a more complete picture of how this 

difference impacts withdrawal signs in mice and rats. Further, the different methods used 

for each species to test for changes in mechanical and thermal sensitivities capture 

different aspects of these modalities. Thus, while our data suggest that mice and rats 

show different withdrawal signs and pain-associated behaviors during spontaneous and 

precipitated withdrawal from intermittent fentanyl exposure, the experimental factors 

outlined above are important to consider when interpreting these results. 

Conclusion. Using escalating, intermittent, subcutaneous fentanyl exposure to evaluate 

withdrawal and associated pain in mice and rats, we find only partially overlapping 

somatic withdrawal signs in both species and thermal withdrawal hyperalgesia in mice. 
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Rats show signs of ongoing pain during withdrawal while these signs were not observed 

in mice. These data support the use of rodents in modeling aspects of opioid withdrawal 

and highlight that species choice is important when designing experiments to further our 

understanding of opioid withdrawal and withdrawal-associated pain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1: Baseline Behaviors. Raw data values at baseline. Values shown are median 

with 95% CI, followed by minimum, maximum, standard deviation, and sample size. 

Note that we assessed baseline behavior prior to any drug exposure, so sample sizes 

represent animals from eventual saline and fentanyl groups.  
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Table 5.2: Spontaneous Withdrawal Behaviors. Raw data values and summary of 

behavioral changes in spontaneous withdrawal. Note that higher acetone and grimace 

scores, but lower heat withdrawal latencies indicate more pain. Arrows indicate change in 

fentanyl relative to saline groups. Values shown are median with 95% CI, followed by 

minimum, maximum, standard deviation, and sample size.
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Table 5.3: Raw data values and summary of behavioral changes in naloxone precipitated 

withdrawal. Note that higher acetone and grimace scores, but lower heat withdrawal 

latencies indicate more pain. Arrows indicate change in fentanyl relative to saline groups. 

Values shown are median with 95% CI, followed by minimum, maximum, standard 

deviation, and sample size. 
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Chapter 6: Discussion 
 

 

The crucial role of the parabrachial complex in neuropathic pain 

In chapter 2, we report that in behaviorally confirmed chronic pain, PB activity is 

amplified. In part, this manifests as a modestly increased neuronal response to heat 

stimulation in CCI-ION animals, however, the sample size for this comparison is small. 

The more compelling difference that we identify is the firing of PB neurons that 

continues after a noxious mechanical stimulus has ceased: these activity patterns are 

termed "after-discharges." We find that the proportion of mechanically-responsive PB 

neurons displaying after-discharges is larger in CCI-ION animals. The duration of these 

after-discharges is also longer in PB neurons from CCI-ION rats. Thus, a key 

electrophysiological correlate of CCI pain in rats is amplified PB activity in response to 

an acute noxious stimulation.  

 

This correlation between maladaptive CCI pain and amplified neuronal activity in PB is 

consistent with other data in the field 36,37. Recent work builds upon these findings, 

showing that there is indeed a causal relationship between PB function and behavioral 

manifestations of persistent, maladaptive pain 16 39 40.  

 

After-discharges following an acute stimulus may prove to be a promising pain 

biomarker. Spinal neurons in particular display a pattern of increasingly amplified after-

discharges which is correlated with pain hypersensitivity and central sensitization 271. In a 
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sciatic nerve injury model, dorsal horn neurons display after-discharges 272. These 

findings are also consistent with data from orofacial pain models. CCI-ION injury 

induces persistent hypersensitivity that is independent of peripheral inputs 138. In the 

spinal trigeminal nucleus, after-discharges are pronounced during this persistent pain 

phase, and blocking this prolonged firing relieves pain 138. PB receives input from the 

dorsal horn and the spinal trigeminal nucleus, however, it is unknown whether 

downstream regions directly relay patterns of after-discharge activity to PB. It is also 

unknown if after-discharges within PB are communicated to specific upstream regions or 

underlie distinct behaviors.  

 

Future work will improve our understanding of how PB functions as an aversive center 

and the circuit-based mechanisms underlying enhanced PB activity in maladaptive pain.  

 

Examining Cell Types. Investigating the functional relevance of different PB cell types 

and anatomical subdivisions is a promising approach. Although PB is a compact region 

with a high proportion of excitatory neurons, molecular identity and anatomical location 

are important classifications functionally. For example, projections arising from different 

anatomical subdivisions of lateral PB communicate with distinct target regions and 

mediate unique behaviors associated with aversive learning and escape from pain 31. 

Also, Calcitonin gene-related peptide (CGRP)-expressing PB neurons represent a 

population with unique functional roles. This molecular population encodes incoming 
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sensory signals and is required for appropriate behavioral responses to these stimuli, as 

well as aversive memory formation 29,30,166. CGRP PB neurons projecting to different 

upstream brain regions are necessary substrates in distinct components of danger 

response behaviors and associative fear learning 273. Finally, although excitatory neurons 

vastly outnumber inhibitory ones within PB 40, they likely have opposing roles in 

modulating both acute pain responses in uninjured conditions and in shaping 

maladaptive, persistent pain. In both naive and chronic pain conditions, activating 

glutamatergic PB neurons enhances pain, while inhibiting this population reduces pain 

274. In contrast, activating GABAergic PB neurons does not affect normal pain sensitivity 

– only in maladaptive pain conditions is pain relief achieved by engaging this inhibitory 

PB population 274. Exploring the local and circuit-based interactions between PB sub-

regions and the differential roles of molecularly distinct populations will clarify how we 

might selectively manipulate PB to achieve more effective and specific pain control, 

while maintaining adaptive responses to harm.  

                                                           

Investigating After-Discharges. Determining the synaptic mechanisms underlying after-

discharges and enhanced activity in PB will provide more concrete targets for future 

therapies and interventions. In CCI-ION conditions, PB is hyperactive due, in part, to 

decreased probability of inhibitory neurotransmitter release, mostly arising from the 

central amygdala 40. However, changes within PB might also contribute to after-discharge 

firing patterns. After-discharges are best characterized in the spinal cord – in particular in 
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a context called “wind-up,” when these after-discharges progressively amplify, in 

intensity and duration, with repeated stimuli. Wind-up of after-discharges occurs in naive 

animals with pain-specific c-fiber activation, but in chronic neuropathic pain conditions 

can also be achieved by activating a-beta fibers that relay proprioceptive and innocuous 

tactile sensory input 271. In the context of wind-up, multiple mechanisms have been 

explored and likely contribute to the phenomenon. Blocking NMDA receptors or NK-1 

receptors in vivo reduces wind-up; it is also plausible that increased glutamate or 

substance P release onto spinal neurons, or decreased inhibitory control, could contribute 

271. Further work might disentangle the relationship between after-discharges and wind-

up, determining the cellular and synaptic mechanisms of the after-discharges we recorded 

in PB of CCI animals. Once these mechanisms are identified, continued research can 

explore new or existing pharmacotherapies targeting these components. 

 

Circuit-Based Exploration. Finally, it is crucial to understand the dynamics of PB’s 

interactions with other brain regions implicated in pain and aversion. Two particularly 

relevant regions that receive inputs from PB are the Rostral Ventromedial Medulla 

(RVM) and the Central Amygdala (CeA). RVM is a key node in the descending pain 

modulatory system, receiving input from the periaqueductal gray and directly projecting 

to spinal dorsal horn neurons and the equivalent anatomical node of the orofacial region, 

the trigeminal nucleus 199,275,276. RVM neurons can either facilitate or suppress 

downstream responses to sensory inputs; the prevailing effect can be shaped by 
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neuropathic injury 277. Within RVM, populations of cells respond distinctly to noxious 

thermal or mechanical stimulation under light anesthesia in uninjured conditions. 

Neurons with low spontaneous activity that are excited by noxious input are deemed “ON 

cells”, while neurons with higher baseline activity that are inhibited by noxious input are 

called “OFF cells” 278. Traditionally, ON cells are considered to be pro-nociceptive and 

OFF cells anti-nociceptive 279. PB projects directly to RVM 19. It is plausible that this 

pathway is involved in pain processing, as experimentally activating this pathway can 

alter acute response profiles of identified nociceptive RVM neurons. Optogenetically 

activating RVM-projecting PB neurons can increase firing in both ON and OFF RVM 

cells, although some data suggest that some of the relatively sparse inhibitory PB neurons 

might also project to RVM 136. The PB-RVM connection is also implicated in persistent 

pain contexts. In a model of inflammatory pain, PB-RVM communication contralateral to 

the site of insult is necessary for behavioral hypersensitivity to develop 39. Further work 

is needed to thoroughly characterize the effect of PB to RVM communication at baseline 

and in various pain conditions.  

 

CeA is implicated in survival-related behaviors. It is widely considered to play a vital role 

in pain processing and fear conditioning (Reviewed by 280). PB and CeA communicate 

bidirectionally. Decreased inhibitory input from CeA to PB contributes to chronic pain 

development 40. However, activating CeA neurons that receive direct excitatory inputs 

from PB can either exacerbate or mitigate pain behaviors, depending upon the CeA 
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neurons’ molecular phenotype 281. Clearly, the communication between PB and CeA is 

vital in allowing animals to appropriately respond to pain and other aversive conditions. 

When this circuitry is overstimulated or dysfunctional, the functional consequences can 

be dramatic. Further research is needed to determine the specific mechanisms by which 

PB and CeA communicate bidirectionally to shape behavioral responses. This will help 

us understand how the brain integrates incoming information and commands responses. 

Most importantly, it might also help to identify strategic nodes for intervention, thus 

advancing our ability to develop better pain therapies.  

 

PB is positioned to contribute directly to migraine-associated pain 

In chapter 3, we identify a novel pathway that is primed to mediate migraine-associated 

pain. Activation of trigeminal ganglion neurons is considered an important initiating 

factor in migraine pain. Neurons within the trigeminal ganglion innervate the outermost 

meningeal layer, the dura mater. Although many factors are likely involved, changes 

affecting the dura are a key component of maladaptive headache pain, and dura irritation 

in rodents mimics migraine-associated symptoms observed in humans, such as allodynia 

163–165. Here, we show that PB neurons encode inputs from the dura by identifying 

neurons within PB that respond robustly, reliably, and with short-latency to dura 

stimulation. We also show that there is a direct anatomical basis for these responses, 

identifying trigeminal ganglion neurons that project to the dura peripherally and to PB 

centrally.  
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The direct projection from the trigeminal ganglion to PB, bypassing the spinal trigeminal 

nucleus, is non-canonical. The spinal trigeminal nucleus projects to PB and is the 

accepted first relay site for trigeminal ganglion neurons – equivalent to the relationship of 

dorsal root ganglion neurons to dorsal horn neurons 133. However, other findings 

corroborate the existence of a parallel, direct trigeminal ganglion to parabrachial pathway 

that bypasses the spinal trigeminal nucleus 16,168–171.  

 

It is also plausible that PB is directly activated in migraine conditions. In rats, dura 

inflammation causes an increase in cFos expression in the lateral parabrachial area 175. 

cFos is an immediate-early gene that is used as a common surrogate for neural activity. 

Thus, this finding suggests PB activity is enhanced in conditions modeling migraine 175. 

If this finding is supported by electrophysiology and awake behavioral data, it would 

show that similar to its activity in other persistent pain states 37,38,40, amplified PB activity 

might also be a hallmark of migraine headache pain.  

 

To elucidate the functional relevance of this dura-trigeminal ganglion-PB pathway, it is 

critical to design experiments that thoroughly characterize this connection, and 

manipulate it in baseline and migraine conditions.  

 

Applying a Migraine Model. The electrophysiology data presented in chapter 3, 

suggesting a direct connection between the trigeminal ganglion and PB, are from 
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anesthetized preparations. To truly appreciate the role of this pathway it is necessary to 

perform behavioral studies. In particular, selectively activating dura-responsive PB 

neurons in awake animals in baseline conditions will help determine whether activity 

through this pathway is sufficient to mimic migraine-like behaviors. It would also be 

fruitful to induce a migraine-like phenotype using a variety of models. Some possibilities 

include dura irritation with inflammatory mediators, CGRP application, or nitric oxide 

administration. In this context, inhibiting PB neurons that receive direct dura input via the 

trigeminal ganglion might alleviate migraine-associated behaviors. If this is the case, it 

would be particularly interesting to examine whether this effect generalizes to different 

migraine-associated behaviors spanning multiple sensory modalities, for example, 

allodynia, photophobia, appetite suppression, and ongoing pain as assessed by facial 

grimace. Further, it would be revealing if specific migraine models were differentially 

affected by manipulating these PB neurons of interest. Finally, while the anatomical 

tracing data presented confirm a direct dura-trigeminal ganglion-PB pathway, the 

possibility remains that the electrophysiology findings might be mediated indirectly, 

through the spinal trigeminal nucleus. Experiments involving dura stimulation coupled 

with PB recording while inhibiting neural activation within the spinal trigeminal nucleus 

could help determine whether the responses reported are truly direct.  

 

Determining Dura Innervation. Mapping the dura innervation pattern of trigeminal 

ganglion neurons that also project to PB will be useful in determining this pathway’s 
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functional relevance. The dura and its blood vessels are innervated by a variety of fibers, 

including a-beta, a-delta and c subtypes, in addition to sympathetic terminals arising from 

the superior cervical ganglion 282,283. The majority of innervation arising from the 

trigeminal ganglion likely carries nociceptive information284. Certain regions of the dura 

mater are thought to be innervated by distinct trigeminal divisions (reviewed by 285. 

However, peripheral processes from an individual trigeminal ganglion neuron can 

innervate large regions of the dura, including regions contralateral to the ganglion 176,177. 

In chapter 3, the focus is on the dura overlying the middle meningeal artery in both 

electrophysiology and anatomical tracing experiments. It is unknown whether trigeminal 

ganglion neurons that peripherally innervate different regions of the dura also project 

centrally to PB. Answering this question would require a more comprehensive 

quantification of the complete dura-trigeminal ganglion-PB connection. This might offer 

insights into the pathway’s physiological function and would provide a more complete 

picture as to the pathway’s significance in relaying inputs from the periphery.  

 

Studying Cellular Phenotypes Within the Trigeminal Ganglion. Another direction for 

future study is to determine the anatomical location and molecular phenotype of 

trigeminal ganglion cells that project to PB and of the PB neurons to which they project.  

The majority of dura-responsive PB neurons identified in chapter 3 are in the lateral PB. 

This is consistent with the finding that dura irritation activated neurons in the superior 

lateral PB 175. It is possible that the anatomic locations of the dura-responsive PB neurons 
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we identified were affected by experimental factors and stimulus search strategy. It is 

important to more specifically investigate the location of these PB neurons receiving 

trigeminal inputs. As discussed previously, distinct PB sub-regions can make unique 

anatomical connections and behavioral contributions 31. It would be useful to know 

whether the population described in chapter 2 overlaps with previously described PB 

populations that have known functional roles.  

 

A significant proportion of dura-responsive PB neurons had cutaneous receptive fields 

(20/48 neurons). PB neurons have considerable dendritic spread: the region of highest 

overlap between dendritic arbors and spinal inputs is more important in determining a PB 

neuron’s receptive field, compared to the cell body location 286. The same is likely true 

concerning the direct trigeminal ganglion inputs to PB. Therefore, this is another 

important consideration for any future work outlining the direct trigeminal ganglion to 

PB connection with greater resolution.  

 

It will also prove useful to investigate the trigeminal ganglion neurons that communicate 

directly with PB. As stated in chapter 3, approximately 26% of the trigeminal ganglion 

neurons that innervate the dura also project to PB. It is unclear what proportion of total 

trigeminal ganglion neurons project to PB, and the receptive fields of these ganglion cells 

is not known. It is also unknown which molecular mediators these specific PB-projecting 

trigeminal ganglion neurons express. Trigeminal ganglion neurons are known to contain 
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several neurotransmitters and peptides, including glutamate, GABA, CGRP, neuronal 

nitric oxide synthase, substance P, and more 287. In particular, CGRP positive cells are 

numerous throughout the trigeminal ganglion, and peripheral CGRP release is involved in 

migraine pathogenesis 288. This role is highlighted by the success of drugs that reduce 

circulating CGRP or block CGRP receptors, in both preventing and relieving migraine 

headaches 289. Although CGRP can also be released from central trigeminal ganglion 

terminals and CGRP receptors exist within the ganglion itself 290, these drugs likely act 

primarily in the periphery 291. The ability of these CGRP-targeting drugs to relieve types 

of maladaptive pain distinct from migraine is unclear, despite the fact that peripheral 

CGRP expression and increased CGRP levels are not distinct to the cranial region or to 

migraine 292,293. Some research suggests that CGRP acts to specifically enhance 

behavioral responses to nociceptive inputs from the dura but not from other anatomical 

regions, and that blocking its activity prevents sensitization of nociceptive-specific 

trigeminal ganglion neurons.294. It is also possible that distinct anatomical connections of 

the trigeminal ganglia (such as the direct projection to PB described here), relative to the 

dorsal root ganglia, might explain differences between migraine pain and other forms of 

maladaptive pain. Research exploring the interactions between the trigeminal ganglion 

and PB while determining the neurotransmitters mediating these interactions will provide 

insight into the commonalities and divergences between migraine and other forms of 

maladaptive pain.  
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Developing diverse rodent models of pain will facilitate further investigation of PB’s 

contribution 

Pain, Aging and Dementia. Modeling pain in a variety of contexts is vital for developing 

better pain management strategies. In chapter 4 we use the 5XFAD mouse model to 

determine how brain amyloid accumulation affects pain sensitivity. Chronic pain 

prevalence increases with age 62,63. As individuals age, pain perception is dynamic, with 

increased sensory thresholds but decreased tolerance to painful stimuli 69. Thus, when 

studying pain in aging, it is important to distinguish between acute and persistent pain. 

Many studies evaluating pain thresholds and tolerance use discrete applications of 

thermal, mechanical, electrical, or ischemic pain 69. From clinical data, it is unclear 

whether alterations in acute sensory processing influence the increased chronic pain 

prevalence observed with age. In naïve animals, age can amplify persistent joint pain but 

is less likely to shape acute pain responses 295. Changes within the brain can underlie age-

related differences in pain processing. For example, with increasing age, changes in the 

descending pain modulatory system can disrupt normal pain suppression functions 296.  

 

Pain prevalence is particularly high, yet under-treated in patients with dementia, 

including those with Alzheimer’s Disease 180,183. Despite this, a link between cellular 

changes, cognitive decline, and altered pain processing is unclear. Thus, one goal is to 

identify brain changes associated with normal aging and with specific forms of cognitive 

decline. Amyloid accumulates throughout the brain with increasing age; this can be 

asymptomatic or associated with cognitive decline, as in Alzheimer’s Disease 71,203. PB is 
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a site of early age-related histological changes in humans, including amyloid buildup88–90. 

Amyloid can shape both neuronal and glial activity 77–79,84–87. I hypothesized that in a 

mouse model of early amyloid accumulation, amyloid in PB would cause amplified 

neuronal activity, underlying increased pain sensitivity. However, in 5XFAD animals we 

found only sparse or absent amyloid deposits in PB. At 2 months of age, these animals 

already displayed a heavy amyloid burden in regions such as the hippocampus, cortex, 

and RVM. Thus, PB is not a site of early amyloid accumulation in the 5XFAD mouse 

model.  

 

5XFAD animals did not show clear changes in sensory function or pain sensitivity. While 

several statistical differences emerged between control and 5XFAD animals in 

spontaneous formalin-evoked behaviors, acetone responses, and grimace scores, the 

magnitudes of these differences were modest. Furthermore, considering each 

experimental metric as part of a cohesive profile suggests that the individual statistical 

differences have minimal functional significance. There are several possible explanations 

for this. First, at the ages tested, there may be no differences in pain sensitivity: the 

possibility remains that changes might emerge at much older ages. This would suggest 

that amyloid accumulation, even in major pain processing regions like RVM, is 

insufficient to disrupt sensory function. It would be useful to systematically evaluate 

sensory profiles and pain responses in animal models recapitulating other aspects of 

Alzheimer’s disease, such as hyperphosphorylated tau. Second, we did not observe 
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expected patterns of cognitive decline in 5XFAD animals (see chapter 4, discussion). In 

the 5XFAD model, reports vary regarding the onset and severity of cognitive decline, 

depending upon experimental context. In aging humans, it is unclear whether 

pathological changes in the brain directly modulate pain susceptibility and sensory 

function, or whether there is a more complex interaction between cognitive decline, 

communication ability, and pain perception. It is possible that cognitive changes — 

which we did not observe until 13-months of age — shape pain responses in the 5XFAD 

model. Finally, the sensory evaluations and pain models that we implement may be 

insufficient to elicit behavioral differences. We rely heavily on reflexive tests of 

mechanical and thermal sensitivity. Others in the pain research field recognize this as a 

pervasive limitation and are working to improve the ways we evaluate reflexive 

responses 297. Increasingly noxious sensory stimuli, or more complex behavioral tasks 

may be needed to truly quantify differences in pain. Here, we use formalin injection as a 

model of persistent, inflammatory hindpaw pain. It is possible that other models of 

maladaptive pain, such as neuropathic, arthritis, or migraine-associated, might yield 

different results. These open questions highlight that evaluating sensory behaviors in 

diverse experimental contexts is vital. Establishing valid models and experimental 

protocols will allow future investigation of PB’s role, if any, in shaping pain perception in 

the contexts of aging and cognitive decline. 
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Opioid Withdrawal. For many individuals, pain is a feature of opioid withdrawal 95. Some 

former opioid users have reduced tolerance to acutely painful stimuli and non-opioid 

users can experience hyperalgesia during withdrawal from a single drug exposure 100,298. 

In patients discontinuing opioid use, managing pain can prevent relapse, emphasizing the 

importance of understanding pain in withdrawal 99. To determine whether PB contributes 

to opioid withdrawal pain, we needed to develop an animal model. We implemented a 

chronic, intermittent protocol of escalating fentanyl exposure to introduce opioid 

dependence in mice and rats. We then assessed withdrawal behaviors and associated pain 

during both spontaneous and naloxone-precipitated withdrawal: I predicted that both 

would elicit classic somatic behaviors and withdrawal-associated pain. We observed 

somatic withdrawal in both species but pain-associated behaviors were distinct. Mice 

showed thermal hyperalgesia in fentanyl withdrawal while rats displayed signs of 

ongoing, spontaneous pain. 

 

These findings suggest that rats and mice experience different types of withdrawal-

associated pain. Further work can identify the mechanisms explaining these differences 

and will determine how PB contributes to withdrawal pain. There are three key areas for 

future investigation.  

 

First, an analysis of PB activity and opioid receptor expression during opioid exposure 

and withdrawal is needed. PB neurons express mu and kappa opioid receptors, suggesting 
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that opioid exposure and withdrawal could modulate PB activity 299,300. It is unknown 

whether PB opioid receptor function is dynamic during opioid exposure and withdrawal – 

exploring this question would help determine the molecular underpinnings of the 

observed behavioral differences. During opioid exposure, mu receptor activation in PB 

contributes to fentanyl-associated respiratory depression 301. In slice electrophysiology 

experiments, mu opioid receptor agonists decrease both excitatory and inhibitory 

neurotransmitter release within PB, but kappa agonists have variable effects, in a few 

instances selectively promoting glutamate release 302. Kappa opioid receptor activation in 

some brain regions is aversive, however, the behavioral effect in PB is unknown 303 304. 

Modulating these receptors in vivo while evaluating PB activity would shed light on PB’s 

role in opioid withdrawal pain. Performing such experiments in both mice and rats might 

help explain the species differences reported in chapter 5. Higher PB neural activity is 

causally related to maladaptive pain. If enhanced PB activity correlates with more severe 

opioid withdrawal pain, it would suggest that mechanisms of withdrawal pain converge 

with other forms of maladaptive pain. Conversely, if PB activity was unaffected in opioid 

withdrawal pain, this might uncover mechanistic distinctions and unique therapeutic 

targets to manage withdrawal pain and to prevent relapse.  

 

Experiments modulating PB using optogenetics or pharmacology would be informative. 

It is possible that manipulating PB activity might reproduce or alleviate specific somatic 

withdrawal behaviors or metrics of withdrawal pain. If modulating a particular population 
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of PB neurons can alleviate opioid withdrawal symptoms, it would be useful to know 

whether this intervention also mitigates other forms of pain: a likely outcome, as PB is a 

critical node in processing diverse sensory stimuli and threatening environmental cues.  

 

Conclusion and Summary 

This dissertation examines PB’s role in various rodent models of maladaptive pain. This 

work contributes to the growing work casting PB as a center of pain processing and 

aversion. Here, I report that PB activity is increased with chronic neuropathic pain. I then 

highlight PB’s unique anatomical connections placing it in a prime position to mediate 

migraine-associated pain. Maladaptive pain is a unifying experience across diverse 

clinical conditions. Examining pain and sensory function using different models is vital 

in uncovering common mechanisms and treatment targets. In chapters 4 and 5, I evaluate 

sensory profiles in a model of early amyloid buildup and in opioid withdrawal. I find that, 

in a mouse model of early amyloid accumulation, there are no signs of altered pain 

sensitivity. These data provide novel information, as studies of pain perception in this 

5XFAD model are not well-characterized. These data suggest that other models might 

better recapitulate the increased pain associated with aging and Alzheimer’s Disease in 

humans. In opioid withdrawal, I find that fentanyl withdrawal elicits distinct profiles of 

withdrawal associated pain in mice and rats. These findings set the groundwork for 

investigating PB’s role in different rodent models of pain. A deep understanding of the 

brain mechanisms underlying pain in various contexts will aid in the effort to design 

broadly safe and effective pain therapies.  
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