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The incidence of mild blast traumatic brain injury has risen due to the increased use of 

improvised explosive devices (IEDs) in military conflicts. Mild blast TBI (mbTBI) is especially 

relevant due to its lack of acutely observable symptoms, and to its association with long-term 

neurodegenerative and neuropsychiatric disorders. Predominantly, TBI patients often suffer from 

chronic stress, neuropathic pain and headaches, which greatly compromise the health and quality 

of life of these individuals. Treatments for neuropathic pain have been empirically found and 

produce little effect in lessening neuropathic pain, likely due to the lack of targeted therapies. This 

highlights the need for better understanding of the molecular mechanisms underlying neuropathic 

pain, TBI and chronic stress that could lead to mechanistic therapeutic targets. Oxidative stress is 

an important mechanism of the pathophysiology of neuropathic pain, TBI and chronic stress. We 

hypothesize that acrolein, an endogenously formed neurotoxin, is able to stay active in the body 

for up to 10 days, is involved in the pathophysiology of neuropathic pain in TBI and chronic stress. 

This study aims to correlate acrolein elevation in the body with neuropathic pain, deepen the 

understanding of underlying mechanisms of pain in TBI and chronic stress, and mitigate this pain 

with acrolein scavenging. The ultimate goal of this research is to provide therapies for TBI and 

chronic stress patients that can eliminate pain and significantly improve their health and quality of 

life. 
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CHAPTER 1. INTRODUCTION 
 

 

 

 Blast injury definitions, epidemiology, impact and symptoms 

Traumatic brain injury (TBI) is one of the most common causes of death and disability in 

young people,101,148 and is the leading cause of death in individuals under 45 years of age in the 

United States and Europe.158 TBI can result from a physical blow to the head in traumatic events 

such as falls,205 motor vehicle collisions,91 sports related injuries,123 or by exposure to explosive 

blasts.49  

In military conflicts, one out of five injured soldiers suffer from TBI253 and 52% of these cases 

are due to explosion.93 For this reason, blast traumatic brain injury (bTBI) is known as the signature 

injury of modern warfare.253 Of these cases, mild blast traumatic brain injury (mbTBI) is the most 

common type.203 It was long thought that the skull would act as a protecting shield preventing 

injuries to the brain from the blast waves, but it is now well know that the brain is vulnerable to 

blast wave injuries at thresholds even below of other organs.19,20,195  

Mild blast traumatic brain injury is particularly relevant due to its lack of acute symptoms, 

since there is an inconsistency in diagnosis.47,79,226 It is usually believed that no injury has been 

sustained if the individual has not lost consciousness or has had any memory or cognitive issues 

after the incident; however, in most cases, there is no need of any of these symptoms to show to 

have suffered from a mild blast traumatic brain injury that can initiate a long-term 

neurodegenerative cascade. This lack of acute symptoms can lead the physicians and the individual 

to believe that no injury has been sustained, diminishing the importance of the injury. When the 

importance of the injury is diminished, it is common that the injured individuals lack of 

preventative measures that might therefore lead to repetitive TBI222 promoting even more damage 

to the brain.  

Mild blast traumatic brain injury has also been closely associated to long term severe 

neurodegenerative and neuropsychiatric disorders.30,75,107 Some of the most common 

neurodegenerative diseases associated with TBI include Alzheimer’s disease,97 Parkinson’s 

Disease,106 amyotrophic lateral sclerosis,53 and chronic traumatic encephalopathy.21 Among other 

reasons, this can be due to the fact that protein accumulation and oxidative stress, which are 

important characteristics of many neurodegenerative disorders, have been found to occur after TBI 
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as well. Particularly, amyloid-beta,122 tau,204 alfa-synuclein,105 and other protein accumulations 

have been observed after TBI, which are the same hallmark protein accumulations observed in 

Alzheimer’s disease, tauopathies, including CTE, and Parkinson’s disease respectively. 

Blast traumatic brain injury also has significant comorbidity and symptoms that commonly 

overlap with the combat-related neurological dysfunction post-traumatic stress disorder (PTSD),19 

and chronic stress.209 These disorders often coexist because mild blast traumatic brain injuries are 

commonly sustained during military conflicts, which are also often associated with traumatic 

experiences. Evidence suggests that mild TBI can promote PTSD and chronic stress, and that stress 

reactions after TBI attribute to secondary impairment after mild-TBI. This indicates a synergy 

where stress can exacerbate impairment post-mild TBI, and where also mild-TBI can lead to PTSD 

and chronic stress.42 Importantly, some of the most common symptoms post-TBI include 

neuropathic pain, migraine and headache;220 which have been also linked to PTSD and chronic 

stress.34  

Pain is quite frequent in TBI and neurotrauma, where patients experience long-lasting and 

persistent pain after the traumatic injury.212 Pain after trauma is difficult to treat, hinders the ability 

of participating in rehabilitation programs, delays the acquisition of an optimal level of activity 

and independence, is burdensome and negatively affects the patients’ mood. In TBI, even after a 

minor injury in both children and adults, a major subset of patients develop chronic headache that 

hinders the ability to concentrate and chronic pain, with about 43% of veteran patients and 58% 

civilian populations developing chronic posttraumatic headache (PTH) after mild-TBI, where the 

majority of combat veterans report the headache intensity as moderate to severe.166 Neuropathic 

pain, low back pain, extremity pains and complex regional pain syndrome are also present post-

TBI.166 For these reasons, pain is consistently rated as one of the most difficult problems associated 

with traumatic injuries.166  

Although chronic stress and pain are common comorbid conditions after TBI, the exact 

molecular mechanisms underlying and linking these conditions are still poorly understood, which 

makes the identification of therapeutic targets for the development of effective treatments for these 

conditions harder to achieve. These disorders greatly compromise the health and quality of life of 

injured individuals, are costly to treat and manage, and are burdensome to the health care providers 

and loved ones of TBI victims. Thus, it is imperative that more research efforts are focused on 
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understanding the mechanisms underlying these conditions to reduce the economic burden and 

improve the health and quality of life of individuals suffering from these conditions. 

Importantly, as of today TBI is still poorly understood, and therefore, there are no current 

treatments that can prevent, slow down or stop the neurodegenerative processes involved in TBI 

or the symptoms associated with TBI. This highlights the importance of focusing research efforts 

on understanding the molecular mechanisms involved in TBI that could potentially lead to 

therapeutic targets and treatments that can stop the neurodegeneration and alleviate symptoms 

post-TBI. 

 

 Chronic stress definitions, epidemiology, impact and symptoms 

Emotionally and physiologically challenging experiences can cause stress, and the brain is the 

key organ of the response to stress since it determines what is threatening.157 There are two types 

of stress: acute, where an event occurs with a foreseeable end and it is expected that the stress shall 

pass after the end of the event or experience is accomplished (e.g. an exam); or chronic, where 

there is uncertainty of the duration of the event, or the event does not end (e.g. losing a job, caring 

for a loved one with dementia).210 During acute stress the cellular immunity has been observed to 

be suppressed, while the humoral immunity is preserved; and during chronic stress both the cellular 

and humoral immunity have been observed to be suppressed.210 The cellular immunity involves 

the activation of phagocytes, cytotoxic T-lymphocytes and release of cytokines; while the humoral 

immunity is mediated by antigen responses involving B cells. Particularly, chronic stress has the 

potential to induce disease,129 and has been linked to multiple disorders that greatly increase the 

mortality rate and compromise the health and quality of life of the individuals who suffer from 

them, such as cardiovascular diseases,259 obesity,64 depression,201 cancer,197 among other 

disorders.  

Chronic stress is a very common condition38 that is experienced by numerous individuals due 

to different circumstances and situations, such as social stressors,241 work,51 environmental 

conditions,22 among others. Chronic stress situations occur when the stress lasts for months or 

years. Specifically, chronic stress has been highly reported post-TBI and has been linked to 

burdensome fatigue and to a decreased quality of life.26 Prominently, a significant symptom 

involved with chronic stress is pain.263 An example is fibromyalgia, a disorder where the painful 

sensations are amplified leading to widespread musculoskeletal pain, that has been reported after 
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significant psychological stress and has been called a “stress-related disorder”.264 Commonly, TBI 

victims have experienced situations of extreme stress in military conflicts that can lead to chronic 

stress, which in turn can lead to persistent pain. 

Stress and pain have significant conceptual and physiological overlaps since both phenomena 

challenge the body’s homeostasis and share the behavioral model of failure to extinguish negative 

memories or emotions. In normal situations, the organism is able to adapt to stress or pain by 

regulating the internal milieu and maintaining stability, which ability is termed allostasis. Stress 

and pain are adaptive in protecting the organism in short term situations. However, persistence of 

either stress or pain leads to an allostatic overload that is maladaptive and can lead to suffering and 

compromised well-being. Importantly, physiological and structural remodeling of the learning 

circuitry including the hippocampus, amygdala and ventromedial pre-frontal cortex, also known 

as the limbic brain, have been observed in chronic pain and stress conditions and are also linked 

to risk the onset of one another.3 

Stress has been linked to pain by different mechanisms. One of them is by changing the 

dopaminergic activity that can either inhibit pain in acute stress situations or promote pain in 

chronic stress situations. On the one hand, acute stress has been observed to activate a pain-

suppression system that includes the release of endogenous opioids and substance P mediated by 

the activation of mesolimbic dopamine neurons that arise from the cell bodies of the ventral 

tegmental area and project to the nucleus accumbens.264 On the other hand, in situations of 

persistent stress, pain or hyperalgesia has been observed to occur due to a reduction of the 

dopamine output in the nucleus accumbens; thus, chronic stress appears to lead to a dysfunction 

of the mesolimbic dopaminergic activity that promotes pain.264 

Chronic pain and chronic stress have also been linked via chronic stress-induced hypothalamo-

pituitary-adrenal (HPA) dysfunction, where chronic pain activates the hypothalamo-pituitary-

adrenal axis acting as an inescapable stressor.34 Moreover, chronic stress and neuropathic pain 

have also been closely related due to the response of the hippocampus to both chronic and 

neuropathic pain,156 in that chronic stress induces an increased efflux of norepinephrine in the 

hippocampus,4,174 and neuropathic pain suppresses the hippocampal norepinephrine 

neurotransmission through elevated local production of the inflammatory cytokine TNF-alfa.60,118 

Thus, chronic stress and neuropathic pain induce important responses of the hippocampus by 

producing changes in neurotransmission of norepinephrine, which is an important neurotransmitter 
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in the fight-or-flight response of the body, with high concentrations of norepinephrine in situations 

of stress or danger, and low concentrations of norepinephrine in relaxed states of the body such as 

those observed during sleep.  

The hippocampal formation is vulnerable to damages such as TBI and is also particularly 

sensitive to the adrenal glucocorticoids secreted during the diurnal rhythm and chronic stress. 

Adrenal glucocorticoids have adaptive or protective effects in the short term but promote 

pathophysiology when there is repeated stress or hypothalamo-pituitary-adrenal axis (HPA) 

dysregulation, which is also induced by chronic stress. Repeated stress or elevated levels of 

glucocorticoids in the CA3 region have been observed to promote changes in the structural 

plasticity of the hippocampus causing dendritic remodeling.156 Importantly, it has been shown that 

chronic stress induces morphological changes in the hippocampus that can lead to changes in pain 

perception.156  

Although chronic stress and pain are often comorbid conditions, the exact mechanisms that 

link chronic stress to pain are still incompletely understood. For this reason, a better understanding 

of the overlapping and distinguishing features of chronic stress and pain could provide greater 

insight into the neurobiology of these processes and contribute to the development of rational drug 

treatments.3 

Up to date, chronic stress is a very common condition that compromises the health and quality 

of life of individuals who suffer from it. The health deterioration effects associated to chronic 

stress are costly to treat and manage, and burdensome to the individual, health care providers, and 

their loved ones. Moreover, since the molecular mechanisms associated to chronic stress are still 

incompletely understood, the treatments available for the health deterioration experienced by 

individuals suffering from chronic stress only superficially and temporarily improve the symptoms 

but do not treat the root problem, which is chronic stress. For this reason, a better understanding 

of the molecular mechanisms involved in chronic stress is necessary to potentially provide 

treatments that prevent the health deterioration cascade that occurs due to chronic stress.  

 

 Neuropathic pain definitions, epidemiology and impact 

Pain can become a disabling chronic, burdensome, and intractable state that interferes with the 

normal social or occupational functioning of people who experience it.34 Chronic pain conditions, 

such as neuropathic pain, affect every aspect of a patient’s life, the society, and the lives of their 
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loved ones in many ways. It contributes to a loss of physical and emotional function that affects 

the patient’s ability to work at home and job and engage in social and recreational pursuits.240 

These conditions also affect the patients and the world economically due to the care expenses 

involved and the potential decrease of financial income due to the disabling characteristic of 

chronic pain conditions. Chronic pain conditions have also been associated with an increase in risk 

of mortality, independent of sociodemographic factors.234 Pain is a global cause of disability in 

both developed and developing countries.199 

Although there is a general lack of awareness, pain is a global health problem in urgent need 

of new specific therapeutic approaches.196 Due to the enormous global burden of pain, this 

condition has been considered as a disease, and chronic pain conditions have been defined as a 

pathological state.196 Pain has a valuable role in medical action as the symptom par excellence and 

as a precious and meaningful tool; however, as stated by the founding father of pain medicine, 

John J Bonica, in 1953, pain “in its late phases, when it becomes intractable, it no longer serves as 

a useful purpose and then becomes, through its mental and physical effects, a destructive force”.37 

Thus, pain can be a biologically protective tool, or it can lose its adaptive function and become a 

pathological condition that greatly reduces the quality of life of individuals. Due to this complex 

nature of pain, the attempt to understand pain remains one of the oldest challenges in history of 

medicine.196  

Approximately 10% of the population experience neuropathic pain.112,235 However, the true 

incidence of neuropathic pain is unknown since it is commonly under-diagnosed and treated 

inadequately.28,111 Neuropathic pain occurs due to damage to the nervous system, causing central 

molecular changes such as impaired inhibitory transmission.266 

Neuropathic pain elicits different types of symptoms, such as anesthesia, dysesthesia, 

hyperalgesia, hyperpathia, hypoesthesia, paresthesia, phantom pain, referred pain, and allodynia.95 

Anesthesia is a loss of pain detection,94 dysesthesia is an unpleasant abnormal sensation,61 

hyperalgesia is an exacerbated pain response,153 hyperpathia is a delayed and prolonged response 

to a stimulus,116 hypoesthesia is a reduced tactile detection of a stimulus that would normally cause 

pain,151 paresthesia is an abnormal non-painful sensation,65 phantom pain occurs by perceiving 

pain in a limb that has been amputated,87 and referred pain consists of pain that does not reflect 

the area of tissue damage, but a different area that is not damaged.247 The typical examinations to 

assess neuropathic pain include allodynia evaluations such as touch, pressure, cold, heat, vibration, 
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pinprick, and the summation, in which there would be pain responses to stimuli that are normally 

not painful.41 

Headache is considered to be a mixture of neuropathic and non-neuropathic pain because it 

prospectively involves a complex of musculoskeletal, inflammatory and neuropathic 

mechanisms.36 Musculoskeletal pain is caused by involuntary muscle contractions triggered by 

demyelinated neurons,36 but is different from neuropathic pain because, despite the demyelination 

of neurons, the nerve damage does not appear to affect the somatosensory pathways.236 On the 

other hand, inflammatory pain refers to pain that occurs after tissue injury and the resulting 

inflammatory process117 that normally resolves as the tissue heals,268 although some of the 

mechanisms of chronic inflammation overlap with neuropathic pain.55 

 

1.3.1 Mechanisms of neuropathic pain 

The type of pain that is perceived when the tissue is damaged is called nociceptive pain, 

which has an assistive role of wound repair by generating avoidance of contact until the damaged 

tissue has repaired.267 This type of pain is distinct from neuropathic pain, which is “initiated or 

caused by a lesion or dysfunction in the nervous system”.40 Neuroinflammation and neuroimmune 

activation has been suggested to play a role in acute and chronic pain, since both occur following 

nervous system injuries.257 Neuroimmune activation involves microglia, endothelial cells and 

astrocytes; and neuroinflammation can be defined as the migration of immune cells to the site of 

nervous injury.67 Microglia are known to keep the homeostatic balance in the CNS, and after an 

acute insult, microglia activate and work as CNS immune cells;63 but if the balance is compromised 

by the insult, microglia promote excitotoxic and inflammatory cascades, such as extracellular 

glutamate increase, that contribute to chronic neuroinflammation and neurodegeneration.67,225 A 

group of proteins that have been observed to have modulation properties in the neuroinflammatory 

cascades and neuropathic pain, are cytokines.140,249 Cytokines can induce the production of 

arachidonic acid, which exacerbates the injury by increasing extracellular levels of glutamate, and 

can also lead to the formation of superoxide free radicals, which can have a direct effect in 

sensitization, and even cellular death.67 

The sensory neurons terminate as free nerve endings on the skin, near to blood vessels and 

hair follicles; accordingly, being able to recognize temperature, mechanical and chemical changes 

in the environment.185  These groups of neurons that allow identification of external stimuli are 
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located in the dorsal root ganglia (DRG), which are positioned in the vertebral column lateral to 

the spinal cord, and in cranial nerves, such as the trigeminal nerves in the trigeminal ganglia.185 

Interestingly, correlations have been found between trigeminal nerve demyelination and trigeminal 

neuropathic pains, such as trigeminal neuralgia in multiple sclerosis. 231 Also, neuropathic pain has 

been correlated to inflammation of the DRG,152 but the mechanisms are still to be elucidated. 

These facts highlight the importance to understand the molecular mechanisms that also 

occur within the sensory neurons after the nerves have been damaged, such as in TBI, or the 

homeostatic balance has been compromised, such as in situations of chronic stress, that can lead 

to neuropathic pain.  

 

1.3.2 Current treatments for neuropathic pain 

Neuropathic pain is more difficult to treat than many other types of chronic pain, and is often 

misdiagnosed and poorly managed.180 Neuropathic pain is a debilitating disease state that is 

commonly resistant to currently available therapeutic agents. People suffering from neuropathic 

pain often receive temporary pain relief with prescribed analgesics, such as morphine, nonsteroidal 

anti-inflammatory drugs and anticonvulsants, which can bring long-term complications and their 

limited efficacy leaves a significant number of people untreated and in a constant pain that also 

constitutes a largely inescapable stress.34 

Existing treatments include opioids,131 antidepressants,217 anticonvulsants,262 NMDA 

antagonists,84 and various others like capsaicin,73 lidocaine,11 mexiletine,85 and cannabinoids.177 

Current medications, such as anticonvulsants and antidepressants, have empirically showed 

effectiveness for neuropathic pain;198 consequently being non-specific for neuropathic pain.115 

Hence, many of the actual medications are not tolerated by patients due to adverse side effects, 

such as addiction,92 cardiac arrhythmia,120 psychotomimetic effects.138 burning sensations,71 drug 

interactions,160 tremors,67 loss of motor coordination,113 and sudden death.218 These treatments also 

fail to relieve pain entirely,206 and in the long term,160 causing neuropathic pain treatments to 

continue to be unsatisfactory.12 This is due to the still unclear exact pathophysiological 

mechanisms underlying most types of chronic pain.219 Remarkably, the pathophysiological 

mechanisms underlying pain post-TBI and in chronic stress have not been specifically 

identified.103,244 Thus, it is imperative that mechanisms underlying neuropathic pain in TBI and 

chronic stress are elucidated, that might lead to the development of new long term pain relieving 
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drugs with mechanistic therapeutic targets that will be able to relieve pain entirely without 

undesired side effects. 

 

 The role of oxidative stress in blast injury, chronic stress, and neuropathic pain 

In order to find a mechanistic therapeutic target for neuropathic pain in TBI and chronic stress, 

it is necessary to understand the overlapping pathophysiological mechanisms underlying these 

conditions. It is well known that oxidative stress plays a major role in the secondary injury cascade 

that occurs after TBI and promotes long-term neurodegeneration that leads to neurodegenerative 

and neuropsychiatric disorders.62 Similarly, people experiencing chronic stress have been found to 

exhibit high levels of oxidative stress by increases in plasma superoxide anions and 

malondialdehyde, and modified antioxidant defense.50,100 Moreover, the role of oxidative stress in 

neuropathic pain has been widely reported with the presence of superoxide free radicals as 

previously mentioned, and in different diseases, including diabetes,82,139,172,179,246,248 cancer,10,125 

injuries,171 etc. 

Despite the involvement of oxidative stress in TBI, chronic stress, neuropathic pain, and many 

other diseases that are considered incurable as of today, antioxidant treatments have proven 

ineffective.208 Significant efforts have been made to apply pharmaceuticals that target reactive 

oxygen species (ROS), but little success has been achieved, possibly due to the short half-life and 

instability of ROS,104,178 and the short-term duration of the oxidative stress markers.9 This has 

pointed to the pursuit of a longer-lasting oxidative stress compound that could serve as a 

therapeutic target for all TBI, chronic stress and neuropathic pain, where acrolein could serve this 

purpose. 

 

1.4.1 Acrolein’s role in secondary injury process and neuropathic pain 

Acrolein, also known as 2-propenal, is a relatively electrophilic alfa-beta unsaturated aldehyde; 

and consequently, extremely reactive,77 and highly toxic.27 It is found as a pollutant in the 

environment, as an exhaust from gas combustion, and vapor from extremely heated cooking oils.77 

The permissible exposure limit is 0.1 ppm in a period of time of eight hours.127 Acrolein exposure 

commonly occurs by inhaling tobacco smoke, being correlated to lung cancer;80 and by ingesting 

foods with burnt fats, where it is not believed to cause any health risk.5 
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Acrolein is a product of lipid peroxidation, a process that is generated naturally in small 

amounts in the body, mainly by the effect of several reactive oxygen species, in which the reactive 

oxygen species attack the polyunsaturated fatty acids of the fatty acid cell membrane, instigating 

a self-propagating chain reaction that is dangerous for the viability of cells and tissues, and that 

has been identified as a crucial step in the pathogenesis of several disease states.167 Acrolein is 

able to induce the production of reactive oxygen species, which are necessary for the lipid 

peroxidation chain reaction in which acrolein is formed; thus, instigating a vicious cycle of lipid 

peroxidation and formation of acrolein and reactive oxygen species.228 

Acrolein is formed in the metal-catalyzed oxidation of polyunsaturated fatty acids including 

arachidonic acid,242 and metabolized by the conjugation with gluthatione.223 Acrolein’s extreme 

reactivity allows it to bind to phospholipids and proteins, damaging the phospholipidic cell 

membrane, and potentially inhibiting many enzimes;110 and to modify DNA bases,56 promoting 

DNA damage, and inhibiting DNA repair;80 accordingly being genotoxic and causing cytopathic 

effects.108 It is also able to generate free radicals,146,147 and to stay active in the body for seven to 

ten days, much longer compared to other oxidative species that decay within fractions of a 

second.102 

  Protein-bound acrolein has been suggested as a potent biomarker of oxidative stress and 

protein damage in the long term;243,269 and acrolein has proven to induce inflammation, 39,183,256 

and to play a role in tissue damage at sites of inflammation.7 Moreover, oxidative stress caused by 

acrolein has demonstrated to be a crucial factor in the neurotoxicity mechanisms that lead to 

neurodegeneration and neuronal death in Alzheimer’s disease.45,145 

     Acrolein has the ability to damage lipids and proteins, which are major components of the 

myelin sheath;164 therefore, being able to induce demyelination.216 The acrolein-mediated myelin 

retraction exposes voltage-gated potassium channels, which causes an outward potassium current 

that results in failure of action potential conduction.119,193,227,35,211,213,258 The demyelination permits 

the exposition of axons that allows acrolein to damage the lipid membrane, causing breakage of 

the membrane and axonal permeability.214 Since mitochondria have the ability to combat of 

oxidative stress by producing non-pathological ROS through the electron transport chain, the 

demyelination and axonal membrane compromise allow acrolein to attack mitochondria, which 

causes mitochondrial dysfunction by oxidative stress; this instigates deficient energy production, 

and release of ROS that result in cell death, and axonal loss.32,44,76,86,141,190,245,251,252 
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Several studies have suggested that acrolein has the ability to contribute to neurogenic 

inflammatory pathways of pain through the activation and upregulation of the TRPA1 channel, 

which in turn elicits inflammatory pain and neurogenic inflammation.23,46,54,237 Neurogenic 

inflammation consists of vasodilation and is triggered by the release of proinflammatory 

neuropeptides such as the substance P, and calcitonin gene-related peptide (CGRP).99 Importantly, 

acrolein plays such a crucial role in inflammatory processes, that it is used to induce chronic or 

acute inflammation in animal models that experience associated pain.161 Likewise, acrolein can 

induce pain by glutamate release,17 which is known to be an excitatory neurotransmitter that is 

released by pain-transmitting afferent neurons;202,267 and which can be stimulated by TRPA1 

channel activation,137,254 that can be induced by acrolein. Moreover, acrolein is able to induce pain 

by increasing the proinflammatory chemokine MCP1, which is also related to pain and able to 

transactivate TRPA1 inducing pain directly and indirectly.134  

Hitherto, our lab has proven that acrolein plays a significant role in the neurological disability 

process that occurs in multiple sclerosis (MS), and that injections of acrolein scavengers in 

experimental autoimmune encephalomyelitis (EAE) mice, a model of MS, provides an effective 

sequestration of acrolein that results in reduced demyelination, neuroprotection, dampened 

symptom severity and slowed disease progression.142 These observations indicate that acrolein is 

a pathological factor in MS.238 

     Furthermore, our lab has also proposed and demonstrated that acrolein plays an important role 

in the secondary injury process that contributes to motor and sensory deficits, particularly paralysis 

and neuropathic pain, after spinal cord injury (SCI);215 specifically, acrolein and TRPA1 

concentrations have shown an elevation for 14 days after SCI. Moreover, the pronociceptive role 

of acrolein has been confirmed by an increased thermal and tactile sensitivity for up to 10 days 

after the application of an intrathecal injection of acrolein in uninjured rats.72 These observations 

lead us to propose a role of acrolein in neuropathic pain in TBI and chronic stress. 

 

1.4.2 The role of TRPA1 in neuropathic pain 

Nerve damage has been observed to upregulate the expression of different types of transient 

receptor potential ion channels (TRP channels), that are involved in neuropathic pain and in the 

pathway in these ganglia.18 The TRP channels are generally activated by changes in the 

temperature and send the information through the nervous system.159 The TRP cation channels are 
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classified by ankyrin repeats in subfamilies that include TRPC, TRPV, TRPM, TRPN, TRPP, and 

TRPML.162 Six TRP channels have been identified to contribute to pain, which include TRPV1, 

TRPV2, TRPV3, TRPV4, TRPM8 and TRPA1.143 Of these six channels, TRPV1, TRPV2, 

TRPV3, TRPV4, TRPM8, and TRPA1 are considered as thermoreceptors;25,109,163,192,265,272 

TRPV1, TRPV3, TRPM8, and TRPA1 are considered as chemoreceptors;15,29,150,191 and TRPV4, 

and TRPA1 are considered as mechanoreceptors.144,189 Of these channels, the two channels that 

have been closely associated to neuropathic pain or pain after trauma are the TRPV1 and TRPA1 

channels. 

     The TRPV1 channel is known to transduce nociceptive currents, since it activates at pain 

threshold temperatures of 42ºC or higher, it also activates at low pH, and responds to capsaicin, 

the chili peppers ingredient that causes the burning sensation.170,232 However, in animal studies it 

has been observed that mice lacking TRV1 do respond to noxious mechanical stimuli, indicating 

that this channel might not be involved in instigating neuropathic pain due to noxious mechanical 

stimuli.48 Interestingly, it was observed that in the presence of extracellular ATP, the TRPV1 

activation threshold was reduced from 42ºC to 35ºC, suggesting that ATP released by damaged 

cells post-trauma might contribute to allodynia.233  On the other hand, the channel that has been 

observed to transduce noxious currents in response to painful cold, is the ANKTM1 channel, also 

known as TRPA1, which is activated at temperatures below 17ºC.224 Both TRPV1 and TRPA1 are 

expressed by the same unmyelinated nociceptors,23 but the TRPA1 is particularly relevant since it 

is involved in pain and responds to all three types of stimuli as a thermoreceptor,272 

chemoreceptor,15 and mechanoreceptor,189 making it a specially interesting receptor target for the 

treatment of neuropathic pain. 

The TRPA1 channel is a Ca(2+)-permeable non-selective cation channel that depolarizes the 

plasma membrane and causes calcium influx.128 It was first cloned from human fetal lung 

fibroblasts, and it is the sole representative of the A subfamily of TRP channels. The TRPA1 

channel consist of six putative transmembrane spanning segments (S1-6), a pore forming loop 

between S6 and S6, and intracellularly located NH2 and COOH termini, exhibiting an unusual 

structural feature of 14 NH2-terminal ankyrin repeats, from which the channel derives its name as 

transient receptor potential ankyrin 1 channel.16 On these ankyrin repeated domain, calcium ions 

can bind and activate the TRPA1 channel. In addition, the N-terminal cysteine residues are also 

responsible for electrophile-mediated TRPA1 channel activation. 
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The TRPA1 channel is expressed in neurons of the dorsal root ganglia (DRG), vagal ganglia, 

trigeminal ganglia, and hair cells,169 where it is believed to be vital for the proper function of the 

auditory system. TRPA1 has been shown to be activated by the pungent components of mustard 

oil and garlic, to be related to pain and neurogenic inflammation, and to cause hypersensitivity to 

thermal and mechanical stimuli.24,124,149 As well, the TRPA1 channel is activated by the pro-

inflammatory factor bradykinin, an inflammatory compound that plays a role in pain after tissue 

damage by being released from the damaged cells and acting as a neurotransmitter for pain 

signaling.255,270 After nerve injury, the TRPA1 expression has been shown to increase.88 

Remarkably, TRPA1 has been proven to promote hyperalgesia in neuropathic pain models,194 and 

to play an important role in inflammatory and neuropathic pain models.74 

Nociceptive sensory neurons express TRPA1 that can transmit noxious stimuli, or pain signals 

into electrical activity to the CNS.58,59,230 Acrolein is a known ligand that directly excites the 

TRPA1 channel in DRG nociceptive neurons to transmit pain sensation.23 Due to the electrophilic 

properties of acrolein, it acts as an agonist to the TRPA1 channel and is able to gate this channel 

by reacting with the nucleophilic thiol group of cysteine and lysine residues in the N-terminal of 

the TRPA1 channel via covalent modification to activate the channel.14 TRPA1 can also be 

activated by byproducts of oxidative stress by forming disulfide bonds via oxidation by hydrogen 

peroxide,173,186 which results in a modification of the N-terminal cysteine in TRPA1 that results in 

widening of the pore of the channel that leads to a much larger influx of calcium ions compared to 

normal physiological conditions.8 Additionally, acrolein is also able to promote TRPA1 

upregulation that can also lead to hypersensitivity.181 

TRPA1 can be activated indirectly through the G-protein coupled receptor (GPCR) mediated 

pathway such as the bradykinin-induced signaling pathway, where bradykinin binds to the 

bradykinin 2 receptor and the intracellular calcium level is increased through a phospholipase C 

(PLC)-mediated down-stream signaling; thus, allowing these calcium ions to bind to the N-

terminal of the TRPA1 channel and activating the channel.15  

Similarly, TRPA1 can be activated via TRPV1. As mentioned above, both channels are 

expressed by the same unmyelinated nociceptors, which allow the TRPV1 channel to indirectly 

activate TRPA1. The TRPV1 channel can be sensitized by high temperatures or by binding to its 

agonists such as capsaicin or secondary messengers such as PKC. The activation of the TRPV1 

channel leads to an increase in influx of calcium ions into the cytoplasm, and these calcium ions 
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can bind to TRPA1 resulting in an activation of the TRPA1 channel via an indirect TRPV1 

activation.31,114 

Interestingly, anesthetic agents such as lidocaine can promote the activation and sensitization 

of the TRPA1 channel.155 These anesthetic agents depress the CNS, but also activate peripheral 

nociceptive sensory neurons by activating the TRPA1 channel. Thus, the lack of effective therapies 

for the treatment of neuropathic pain and the general addiction associated with anesthetic agents 

might be explained by this phenomenon in which the agents depress the CNS but also sensitize 

TRPA1, promoting an unsatisfactory treatment of pain and neuropathic pain conditions where 

TRPA1 is involved.  

After trauma, such as after spinal cord injury, the TRPA1 channel gene expression level has 

been observed to be increased in the spinal dorsal horn and dorsal root ganglia. Interestingly, 

TRPA1 messenger RNA (mRNA) levels have been observed to be increased seven days after 

spinal cord injury in the lumbar level of DRG cells. This suggests that acrolein could contribute to 

generation of neuropathic pain even after the acrolein levels have returned to normal physiological 

concentrations after trauma; thus, indicating that even after acrolein levels return to normal, the 

TRPA1 channels might have been upregulated by acrolein and might be hypersensitized to 

acrolein. In this case, possibly an even lower concentration of acrolein might be necessary to be 

maintained post-trauma to be able to reduce neuropathic pain. In other words, since acrolein is 

able to activate and upregulate TRPA1, even after normal physiological concentrations of acrolein 

have been achieved post-trauma, even a small physiological concentration of acrolein in the body 

might be sufficient to generate neuropathic pain post-trauma; thus, since there are more TRPA1 

channels post-trauma and these are hypersensitized, acrolein might be needed to be maintained at 

even lower physiological concentrations than normal to prevent the instigation of neuropathic pain 

post-trauma. 

Another pathway through which the TRPA1 channel can be activated is through inflammation. 

The same nociceptive neurons that are colonized with TRPA1 channels, also express the 

chemokine monocyte chemoattractant protein-1 (MCP1). Remarkably, previous studies have also 

shown that the chemokine MCP1 produced by pro-inflammatory factors such as acrolein could 

activate the TRPA1 channel.126 Thus, acrolein can act both as a TRPA1 agonist and as a pro-

inflammatory factor, being able to activate TRPA1 directly and indirectly through chemokine-

mediated signaling pathways. 
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1.4.3 The role of MCP1 in neuropathic pain 

The monocyte chemoattractant protein-1 (MCP1), also known as CCL2, is one of the key 

chemokines that regulate migration and infiltration of monocytes and macrophages, being highly 

relevant to the immune and inflammatory responses.68 MCP1 has been closely related to several 

disease states, including neuropathic pain. 

Neuroimmune activation involves microglia, endothelial cells and astrocytes; and 

neuroinflammation can be defined as the migration of immune cells to the site of nervous injury.67 

Microglia are known to keep the homeostatic balance in the central nervous system (CNS), and 

after an acute insult, microglia activate and work as CNS immune cells;63 but if the imbalance is 

compromised by the insult, microglia promote excitotoxic and inflammatory cascades, such as 

extracellular glutamate increase, that contribute to chronic neuroinflammation and 

neurodegeneration.67,225 

Cytokines, specially chemokines, have modulation properties in the neuroinflammatory 

cascades and neuropathic pain,140,249 and can induce the production of arachidonic acid, which 

exacerbates the injury by increasing extracellular levels of glutamate, and can also lead to the 

formation of superoxide free radicals, which can have a direct effect in sensitization, and even 

cellular death.67 Interestingly, the lipid peroxidation of arachidonic acid generates acrolein, which 

in turn promotes neuroinflammation; and neuroinflammation can induce the production of 

arachidonic acid leading to increased oxidative stress, making a vicious loop between 

neuroinflammation and lipid peroxidation with acrolein formation in neurodegenerative processes 

and neuropathic pain. 

In the nervous system, MCP1 is released at the postsynaptic spinal dorsal horn to promote the 

activity of neuronal glial cells that express MCP-1 receptor CCR2.260,261 MCP1 is expressed in the 

same nociceptive sensory neurons which are densely colocalized with TRPA1 channels.1 Studies 

have shown a significant involvement of MCP1 in neuropathic pain states.2,96 Additionally, it has 

been demonstrated that acrolein is able to stimulate the release of MCP1, and that MCP1 is able 

to transactivate the TRPA1 channel,132,133,136 being involved in direct and indirect instigation of 

neuropathic pain.  

Studies have shown that the activation of the MCP1 receptor CCR-2 by MCP1, which can be 

activated by acrolein, can elicit membrane depolarization, trigger action potentials and sensitize 

nociceptors through the transactivation of the TRPA1 channels to generate neuropathic pain after 
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injury.135 Thus, due to the reactive nature of acrolein, as well as its diffusive, stable and prolonged 

presence in the body and its ability to promote the release of MCP1, acrolein also plays an 

important role in an inflammation-associated pathway that leads to the chronic nature of 

neuropathic pain. 

Thus, MCP1 is not only an important inflammatory marker, but is also related to pain 

conditions in different diseases. MCP1 is closely related to inflammatory cascades that promote 

oxidative stress, its release is stimulated by acrolein, and is able to transactivate the TRPA1 

channel. 

 

 Thesis objectives 

In summary, the exact mechanisms underlying neuropathic pain in TBI and chronic stress are 

still incompletely understood. All TBI, chronic stress and neuropathic pain greatly compromise 

the health and quality of life of individuals who suffer from these conditions, and there are 

currently no treatments that can stop the neurodegeneration in TBI, to treat chronic stress to avoid 

the long-term disorders associated with it, and to treat neuropathic pain mechanistically and 

effectively.  

We propose that acrolein, due to its’ long half-life compared to other reactive oxygen species 

and important involvement in oxidative stress pathological mechanisms, might play a significant 

role in instigating neuropathic pain in TBI and chronic stress by directly upregulating and 

activating the TRPA1 channel, and indirectly by stimulating the release of MCP1, which also 

transactivates the TRPA1 channel, where both TRPA1 and MCP1 have been correlated to 

neuropathic pain.  

The proposed study will examine a globally relevant issue using an animal model of mild blast 

traumatic brain injury (mbTBI), and an animal model of chronic stress where neuropathic pain 

behaviors will be investigated as well as their relationship with acrolein, TRPA1 and MCP1. This 

study also aims to provide a method of acrolein sequestering to treat and mitigate neuropathic pain 

in both conditions, mbTBI and chronic stress, with the purpose of reducing acrolein levels in-vivo 

and consequently reducing MCP1 and TRPA1 levels, which are notably involved in neuropathic 

pain.  

The objectives of this thesis are: 1) demonstrate the role of acrolein in neuropathic pain post-

TBI, 2) demonstrate the role of acrolein in neuropathic pain in chronic stress, 3) evaluate the 
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efficacy of acrolein scavengers in mitigating neuropathic pain post-TBI and in chronic stress. The 

knowledge gained by this study will influence the lives of many patients suffering from 

neuropathic pain, TBI and chronic stress, and will potentially offer an easily translational therapy 

that will improve the health and quality of life of these patients.  

The applications of this study are not limited to patients suffering from TBI and chronic stress 

given that neuropathic pain is present in many other conditions, and that oxidative stress and 

acrolein have been implicated in many disease and trauma pathological states. Our laboratory is 

currently investigating the role of acrolein in multiple sclerosis, Parkinson’s disease, and spinal 

cord injury, and this study can easily be extended to any animal model of those disease states in 

the future. 
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CHAPTER 2. CORRELATION OF NEUROPATHIC PAIN-LIKE 

BEHAVIORS AND CHANGES IN ACROLEIN, TRPA1 AND MCP1 

PROTEIN EXPRESSION POST-MBTBI 
 

 

 

2.1 Allodynia behavioral experiments 

2.1.1 Rationale 

Cogitating that neuropathic pain in the body and headaches are common symptoms post-

mbTBI in humans, it was important to determine whether an induced-mbTBI rat model would 

produce similar effects, so we could further study the mechanisms underlying neuropathic pain 

after mbTBI in a laboratory setting.  

Central neuropathic pain is associated in human patients to thermal and mechanical 

hyperalgesia and allodynia.229 Allodynia refers to cutaneous sensitivity to stimuli that are 

innocuous under normal conditions.75 The typical examinations to assess neuropathic pain include 

allodynia evaluations such as touch, pressure, cold, heat, vibration, pinprick, and the summation; 

in which there would be pain responses to stimuli that are normally not painful.41 Previous studies 

in TBI patients using von Frey stimuli for allodynia have shown that an approximate 40% of these 

patients experience chronic head and face pain after head injury.66 In humans and rodents, 

headache pain involves an abnormal activation of the trigeminovascular system; and peripheral 

axons of the trigeminal ganglion innervate the periorbital skin,75  which is why periorbital allodynia 

measurements with von Frey filaments are commonly used to test for headache pain. Additionally, 

changes in pain perception in rodents are assessed by measuring thresholds of hind paw withdrawal 

from mechanical pressure with von Frey filaments.154 Thus, we conducted periorbital and hind 

limb mechanical allodynia measurements with the well-known and validated method of von Frey 

sensory testing.90 

 

2.1.2 Brief methods 

The mbTBI was induced to live male sprague dawley rats of approximately 350 g of body 

weight. As a first approach to understand whether neuropathic pain behaviors were present in rats 

post-mbTBI and to understand whether acrolein, TRPA1 and MCP1 were involved in this model, 

only male rats were used for these first chapters. This was only as a first approach and to avoid 

variation between genders in revealing neuropathic pain and molecular involvement of acrolein, 
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TRPA1 and MCP1. However, in the studies included in the Chapter 6 and Chapter 7, male and 

female rats were included to better understand the differences and effects of these studies.  

The rats were deeply anesthetized with a mixture of ketamine and hydralazine (80 mg/kg and 

10 mg/kg respectively) though intraperitoneal (IP) injection, restrained by the nose and the sides 

of the head, and placed 3.5 cm under the shock tube nozzle directed towards the rat’s brain. A 

shield mimicking the soldiers’ armor was placed over the rat’s body for protection during the blast 

injury. All procedures were in accordance to the Purdue Animal Care and Use Committee 

(PACUC) animal protocol #111000280. For these experiments, the n=4 for sham and n=4 for blast, 

with a total of n=8 for these preliminary experiments. 

To deliver the shock wave, a validated blast wave model was used, which consists of an open-

ended shock tube where nitrogen gas is compressed into a chamber with one end sealed by a thin 

(0.25”) PET membrane.253 The pressure inside the chamber exceeds the mechanical strength of the 

membrane, breaking the membrane and releasing the nitrogen through the shock tube generating 

a shock wave that mimics the ideal Friedlander waveform used to describe shock wave 

phenomena.13 The blast wave intensity is of 150 kPa with a duration of 2 msec. The blast wave is 

directed to the rat’s brain from above onto the dorsal surface of the prone animal, which applies 

downward pressure onto the work table. After the blast wave is delivered, the animals are allowed 

to recover from anesthesia with maintenance of core temperature on a thermostatic heating pad.  

Previously, our lab has demonstrated that this blast model is capable of causing deformation 

of the brain inside the skull in-vivo, which was tested by implanting a soft implantable elastomeric 

polymeric magnet and three external 3-axis giant magnetoresistance sensors (GMR) on the skull. 

The change in relative position due to a brain deformation under a blast wave was measured by a 

change in the magnetic field.220 The schematics of the blast model setting and the sensor system 

used to validate brain deformation under a blast wave is shown in Figure 1.  

  



 

 

37 

 

 

 

 

 

Figure 1 Schematic of blast model setting and intracranial brain deformation sensor system. The 

air tank containing nitrogen is shown on the left, the air chamber and the air nozzle are divided by 

the thin PET membrane that breaks when the pressure inside the chamber exceeds the mechanical 

strength of the membrane, delivering the blast wave over the rats’ head, which is fixed by the nose 

and sides of the head. The figure on the right shows the rat’s head fixed, the body holder that 

mimics the body armor worn by soldiers protecting the body from the blast wave, and the GMR 

sensor array used to measure the brain deformation under the blast wave. The image on the bottom 

right represents the mechanics of the magnet, measuring the distance between the soft magnet 

implanted on the dura matter and the GMR fixed on the skull while the brain is deformed under 

the blast wave.220 
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Allodynia measurements were performed on the periorbital areas and hind limbs for testing of 

headache and general body pain respectively. Before starting the tests, rats were allowed to 

acclimate in the behavioral room for 30 min to 2 hours to permit acclimation of differences in 

temperature and noise, to avoid stress, and allow for more robust measurements. The tests were 

performed in three different days within two weeks before inducing the blast injury to obtain three 

baselines, and on days 1, 4, 8, 11, 15, and 22 post-mbTBI starting with periorbital allodynia 

measurements following by hind limb measurements. 

The hind limb measurements are performed by placing the rat in a plastic cage with a wire 

mesh bottom that allows complete access to the hind paws. The rats were acclimated for 

approximately 15 min or until cage exploration or grooming activities ceased. Both left and right 

paws were tested on the mid-plantar area. The paws were touched with 1 von Frey filament at a 

time, with logarithmically incremental stiffness, perpendicular to the paw. Stimuli were presented 

at intervals of 10-15 sec, allowing for resolution of any behavioral responses to previous stimuli. 

A positive response was recorded when there was a sharp withdrawal of the paw, as well as 

flinching immediately upon removal of the filament. The highest force used to test rats in hind 

limb regions was 15 g.52 Each rat was stimulated 10 times bilaterally with each filament 

ascendingly until 15 g were reached or until a filament caused a 100% response. The 50% 

withdrawal threshold was determined by using the up-down method,69 where in the absence of a 

positive response of the filament selected, a stronger filament is presented; and in the event of paw 

withdrawal, a weaker filament is presented. The optimal threshold calculation requires 6 responses 

in the immediate vicinity of the 50% threshold. The 50% threshold is intrapolated using the 

following formula, where Xf is the last filament used in value of log units, k is a tabular value for 

the pattern of positive and negative responses, and  is the mean difference in log units between 

stimuli (here, 0.252 for the use of all filaments 1.65-5.18).52 

 

50% 𝑔 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = (10[𝑋𝑓+𝑘𝛿])/10,000 

 

For the periorbital measurements, rats were placed in a universal acrylic restrainer tube 

designed for rodents of up to 500 g that allowed access to the face and tail. They entered the 

restrainer uncoaxed and were restrained without force. 
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Rats were allowed to acclimate in the tube for 5 min or no longer than 10 min, and tested for 

no longer than 5 min; thus, the rats were in the restrainer tube for no longer than 15 min to avoid 

stress. 

The periorbital measurements were performed by touching the upper part of the face right 

above each eye using calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA) as shown in 

Figure 2,75 with the difference that rats were not inclined in the tube for testing. The mechanical 

threshold was determined by applying the von Frey monofilaments to the periorbital region on the 

right and left side of the face on the rostral portion of the eye. Similar to the method described 

above for hind limb allodynia assessments, a firm perpendicular contact with the skin was applied 

causing the filament to bend at the precise bending force that was calibrated by the manufacturer. 

When the rat stroked its face vigorously with the forepaw, shook its head or withdrew its head 

from the stimulus, it was considered as a positive response; otherwise, it was considered as a 

negative response. The highest force used to test rats in periorbital regions was 10 g.75 Each rat 

was stimulated 10 times bilaterally with each filament ascendingly. Force thresholds were defined 

as greater than 50% response frequency and are presented as mean threshold (g)  standard error 

of the mean (SEM). 

The data were analyzed statistically by using an ANOVA test and a Tukey post-hoc test. The 

mechanical threshold is presented by group as mean g  standard error of the mean.  

 

2.1.3 Results and Discussion 

The hind limb mechanical allodynia tests showed an increase in pain-like behaviors on post-

mbTBI rats starting one day after injury and persisting with increased sensitivity compared to day 

1 throughout days 4, 8, 11, 15, and 22 as shown in Figure 3A. The results with * indicate a p-value 

< 0.05.  

 Sham rats, which were just subject to anesthesia and to the noise of the blast wave at the same 

distance from the nozzle but without receiving the blast wave, showed no significant changes in 

allodynia and showed results consisting to allodynia behaviors observed in healthy rats.52 On the 

other hand, rats that received the blast wave showed increased pain by becoming sensitive and 

responsive to stimuli that were innocuous to sham healthy rats.  
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Figure 2 Representation of periorbital testing from 75. The rat is placed in a universal cylindrical 

restrainer parallel to the floor rather than inclined, and is tested with von Frey monofilaments 

ascendingly with a maximum force of 10 g. The periorbital areas tested are shown in white crosses 

over the eyes, which consists of the right and left side of the face on the rostral portion of the eye. 

The rats are stimulated 10 times bilaterally with each filament. 
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Figure 3 Allodynia post mild blast TBI. (A) Hind limb mechanical allodynia post-mbTBI. Sham 

rats, subjected to anesthesia and the noise of the blast at the same distance than the mbTBI rats but 

without receiving the blast wave, did not show any changes throughout the study and behaved as 

healthy rats. The mbTBI rats, however, showed an increase in pain behaviors by a reduction of 

mechanical thresholds since day 1 and with even more sensitivity throughout the study. (B) 

Periorbital allodynia post-mbTBI. The mbTBI rats showed an increase in headache behaviors by 

a reduction of mechanical thresholds since day 1 and with even more sensitivity throughout the 

study, while sham rats did not show headache behaviors. N=4 per group statistically analyzed with 

Anova and post-hoc Tukey test, p<0.05. 

Hind limb allodynia post-mbTBI 

Periorbital allodynia post-mbTBI 
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Since day 1, mbTBI rats showed a reduced threshold of 10.83 g, which was even further 

reduced to approximately 2.7 g of force thresholds throughout the study. In other words, on day 1 

the rats became 30% more sensitive than healthy rats and became 82% more sensitive than healthy 

rats throughout the rest of the study. Moreover, the length of the persistent pain of two months 

correlates with chronic pain behaviors in humans.43 Therefore, we can cognize that mbTBI rats 

became highly sensitive and displayed chronic pain behaviors post-mbTBI. 

Since the typical evaluations to assess neuropathic pain in rodents consist of allodynia 

measurements with von Frey filaments, these results indicate that rats that receive a mild blast 

traumatic brain injury experience general body pain that can relate to the neuropathic pain 

experienced in different areas of the body by post-mbTBI patients. 

Thus, these results validate that this model is appropriate for the study of neuropathic pain 

post-mbTBI, and that the results, consisting with behaviors observed in humans, can be a plausible 

method for translational treatments. 

The periorbital mechanical allodynia tests showed an increase in headache-like behaviors on 

post-mbTBI rats starting one day after injury and persisting with increased sensitivity throughout 

days 4, 8, 11, 15, and 22 as shown in Figure 3B. Sham rats showed no significant changes in 

allodynia and showed results consisting to allodynia behaviors observed in healthy rats.75 On the 

other hand, rats that received the blast wave showed increased pain by becoming sensitive and 

responsive to stimuli that were innocuous to sham healthy rats. Throughout the study, rats showed 

gradually increasing headache, which was even further reduced to approximately 1.97 g of force 

thresholds. In other words, the rats became 80% more sensitive than healthy rats throughout the 

rest of the study. Therefore, we can cognize that mbTBI rats became highly sensitive and displayed 

headache behaviors post-mbTBI. 

These results indicate that rats that receive a mild blast traumatic brain injury experience 

headache pain that can relate to the headaches and migraines experienced by post-mbTBI patients. 

Thus, these results validate that this model is appropriate for the study of headache and neuropathic 

pain post-mbTBI, and that the results, consisting with behaviors observed in humans, can be a 

plausible method for translational treatments. 
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2.2 Biochemical experiments 

2.2.1 Rationale 

As a first approach to better understand whether the behavioral changes observed in the mbTBI 

rats would correlate with molecular changes in acrolein, TRPA1 and MCP1 as previously 

proposed, the tissue of sham and blast rats, including the brain, and spinal cords, were collected 8 

weeks post-mbTBI. Moreover, since acrolein western blotting was only restricted to the end of the 

study as a first approach, we decided to collect urine throughout the study to further analyze the 

acrolein metabolite, 3-HPMA, and understand how acrolein would change at different time points 

in-vivo.  

 

2.2.2 Brief methods 

At week 8 post-mbTBI, rats were deeply anesthetized with a mixture of ketamine and xylazine 

(80 mg/kg and 20 mg/kg respectively) and were transcardially perfused with freshly prepared 

oxygenated Kreb’s solution. The whole brain and the whole spinal cord were excised immediately 

and were frozen and stored at 80ºC.  

For the western blotting procedure, the tissue was homogenized and sonicated in 1X RIPA 

buffer (Sigma, St. Louis, MO) with protease inhibitor cocktail at 1:100 final concentration 

(Sigma). Samples were centrifuged at 14,000 g at 4ºC for 30 min. The supernatant was saved for 

protein concentration quantification via the biochoninic acid protein kit (Pierce, Rockford, IL 

USA) and SPECTRAmax (Molecular Devices, Sunnyvale, CA). A mass of 30 ug of protein with 

20% SDS, β-mercaptoethanol, and 2x laemmli buffer were loaded to individual wells of a 15% 

tris-HCl gels and electrophoresed at 80 Volts for around 2.5 hours. Proteins were subsequently 

transferred to a nitrocellulose membrane via electro-blotting in an ice bath for 60 minutes at 75 

volts in 1X transfer buffer (Tris-glycine buffer, BioRad Hercules) in 20% methanol. The 

membrane was then blocked in 1X casein (Vector) and incubated with anti-actin, anti-acrolein, 

anti-TRPA1 or anti-MCP1 at 4ºC overnight. Membranes were washed in casein and incubated 

with a biotinylated anti-rabbit secondary antibody. Chemiluminescent signal acquisition was 

performed with the DuoLux substrate immunodetection kit (Vector). Membranes were imaged 

using an Azure c300 Western blot imaging system with 5-minute exposure (Azure Biosystems, 

Dublin, CA). AlphaView software (Protein Simple, San Jose, CA) was used to quantify the relative 
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signal of each band with local background analysis. Data were normalized to actin levels and 

further normalized to control.  

Urine was collected in standard metabolic collection cages prior to mbTBI to obtain three 

baselines within a two-week period, and after the injury, and quantified as previously described.271 

Urine was prepared using solid phase extraction before liquid chromatography with tandem mass 

spectrometry (LC/MS/MS) analysis,271 and 3-HPMA levels were normalized to urine creatinine 

levels under the assumption of normal kidney function. 

 

2.2.3 Results and Discussion 

The western blots of acrolein shown in Figure 4 indicate a significant increase in acrolein 

concentrations in the brain of mbTBI rats 2 days and 7 days post injury compared to sham rats. 

These results correlate with the increase in headache and neuropathic pain-like behaviors 1 and 8 

days post-mbTBI, indicating that as pain behaviors increased, acrolein increased as well.  

TRPA1 is also elevated 8-weeks post-mbTBI in the brain compared to sham rats, as shown in 

Figure 5. This indicates that more pain channels are expressed in the brain that can correlate with 

the pain behaviors observed in mbTBI rats. Thus, TRPA1 appears to also be involved in the 

neuropathic pain behaviors post-mbTBI. 

MCP1 shows a significant elevation in the brain 8-weeks post-mbTBI compared to sham rats, 

as shown in Figure 6. This indicates that more inflammation is present in the brain that can 

contribute to more pain behaviors. Therefore, this suggests that MCP1 may also be involved in the 

neuropathic pain behaviors post-mbTBI. 

Additionally, analysis of urine of rats before injury and 1, 2, 5 and 7 days after injury shows 

an increased 3-HPMA metabolite in the urine post-blast, as shown in Figure 7. This indicates that 

acrolein is systemically elevated in the body and persists at least for up to 7 days post-injury 

according to the results. This is very relevant considering that most oxidative stress markers just 

last up to seconds or minutes in the body; however, according to our results, acrolein is able to 

stay elevated in the body for up to a week after the injury, suggesting that this neurotoxin might 

still be affecting and contributing to the secondary injury process for a long time after injury. 

These results suggest that acrolein appears to be elevated both in the brain and the body after 

mbTBI and possibly contributes to the upregulation of both TRPA1 and MCP1, which are directly 
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related to increased pain. Thus, acrolein might be generating the secondary injury cascade that 

contributes to increased TRPA1 and MCP1 and therefore to neuropathic pain post-mbTBI. 

 

 

Figure 4 Acrolein protein expression is increased in the brain at 2 and 7 days post-mbTBI as 

compared to healthy sham rats as shown by the western blotting results. N=4 per group statistically 

analyzed with Anova and post-hoc Tukey test, *p<0.05. From Acosta, Race et al. unpublished 

date. 

 

 

 

 

 

Figure 5 TRPA1 protein expression is increased in the brain 8 weeks post-mbTBI as compared to 

healthy sham rats as shown by the western blotting results. N=4 per group statistically analyzed 

with Anova and post-hoc Tukey test, *p<0.05.
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Figure 6 MCP1 protein expression is increased in the brain 8 weeks post-mbTBI as compared to 

healthy sham rats as shown by the western blotting results. N=4 per group statistically analyzed 

with Anova and post-hoc Tukey test, **p<0.01 

 

 

 

Figure 7 3-HPMA is increased in urine 1, 2, 5 and 7 post-mbTBI as compared to baseline. N=4 

per group statistically analyzed with Anova and post-hoc Tukey test, *p<0.05, **p<0.01. 
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CHAPTER 3. CORRELATION OF NEUROPATHIC PAIN-LIKE 

BEHAVIORS AND CHANGES IN ACROLEIN, TRPA1 AND MCP1 

PROTEIN EXPRESSION AFTER CHRONIC STRESS 
 

 

 

3.1 Allodynia behavioral experiments 

3.1.1 Rationale 

To better understand chronic stress and its relationship with neuropathic pain, it seemed 

necessary to establish a chronic stress animal model that would enable us to control parameters 

and determine whether neuropathic pain was reproducible after chronic stress in an animal model. 

For this purpose, we used sprague dawley male rats of approximately 200 g of body weight and 

implemented a chronic stress animal model to determine whether this model would lead to 

neuropathic pain throughout the study mimicking the neuropathic pain observed in humans in 

chronic stress. 

 

3.1.2 Brief methods 

The chronic stress induction was achieved by restraining the rats for 2 hours every day in a 

universal cylindrical restrainer throughout the length of the study.273 Periorbital and hind limb 

allodynia assessments were performed on days 1, 4, 8, 11, 15, 18, 22 and 29 as described on section 

2.1.2. For these experiments, we expected a higher variation within groups, so our preliminary 

studies had an n=5. 

As a first approach to understand whether neuropathic pain behaviors were present in rats in 

chronic stress and to understand whether acrolein, TRPA1 and MCP1 were involved in this model, 

only male rats were used for these first chapters. This was only as a first approach and to avoid 

variation between genders in revealing neuropathic pain and molecular involvement of acrolein, 

TRPA1 and MCP1. However, in the studies included in the Chapter 6 and Chapter 7, male and 

female rats were included to better understand the differences and effects of these studies and 

different disease models. 

 

3.1.3 Results and Discussion 

The allodynia measurements of the hind limbs of restrained rats showed increased neuropathic 

pain behaviors starting on day 1 of stress and being maintained throughout the study as shown in 
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Figure 8A. On day 1 the rats showed a mechanical threshold of 4.5 g and by the end of the 

experiment of 1.5 g. This indicates that the hypersensitivity of the stressed rats increased by 70% 

on day 1 and was maintained at 90% throughout the study. These results indicate that chronic stress 

alone can induce general body neuropathic pain behaviors. 

The periorbital allodynia measurements of restrained rats showed increased headache 

behaviors starting on day 1 of stress and gradually increasing throughout the study as shown in 

Figure 8B. On day 1 restrained rats showed a mechanical threshold of 7.3 g that decreased to 0.03 

g by the end of the study. In other words, headache behaviors of stressed rats increased 27% on 

day 1 and were maintained at 99.7% throughout the study. This indicates that chronic stress alone 

can induce headache behaviors and increase headache hypersensitivity significantly. 

Moreover, these results also indicate that the chronic stress rat model is appropriate for the 

study of neuropathic pain in chronic stress since it shows similar neuropathic pain and headache 

behaviors as those observed in humans with chronic stress. 

 

3.2 Biochemical experiments 

3.2.1 Rationale 

To further determine whether acrolein, TRPA1 and MCP1 were involved in the neuropathic 

pain behaviors observed in the chronic stress rat model, as proposed in our theory, and similar to 

the results obtained of mbTBI rats, the brains and spinal cords of control and stress rats were 

collected on day 30 and submitted to western blots. 

 

3.2.2 Brief methods 

The animals were submitted to stress daily as described on section 3.1.2, and the tissue 

collection and western blotting techniques were as described on section 2.2.2. 
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Figure 8 Allodynia post restrain. (A) Hind limb mechanical allodynia during stress. Control rats 

did not show any changes throughout the study and behaved as healthy rats. The restrained rats, 

however, showed an increase in pain behaviors by a reduction of mechanical thresholds since day 

1 and with even more sensitivity throughout the study. (B) Periorbital mechanical allodynia during 

stress. Control rats did not show any changes throughout the study and behaved as healthy rats. 

The restrained rats, however, showed an increase in pain behaviors by a reduction of mechanical 

thresholds since day 1 and with even more sensitivity throughout the study. N=4 per group 

statistically analyzed with Anova and post-hoc Tukey test, *p< 0.05 
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Figure 9 TRPA1 protein expression is increased in the brain at 4 weeks after chronic stress as 

compared to control rats as shown by the western blotting results. N=4 per group statistically 

analyzed with Anova and post-hoc Tukey test, **p<0.01. 

 

 

 

 

Figure 10 Acrolein protein expression is increased in the spinal cord at 4 weeks after chronic stress 

as compared to control rats as shown by the western blotting results. N=4 per group statistically 

analyzed with Anova and post-hoc Tukey test, *p<0.05. 
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Figure 11 TRPA1 protein expression is increased in the spinal cord at 4 weeks after chronic stress 

as compared to control rats as shown by the western blotting results. N=4 per group statistically 

analyzed with Anova and post-hoc Tukey test, *p<0.05. 

 

 

 

Figure 12 MCP1 protein expression is increased in the spinal cord at 4 weeks after chronic stress 

as compared to control rats as shown by the western blotting results. N=4 per group statistically 

analyzed with Anova and post-hoc Tukey test, *p<0.05. 
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3.2.3 Results and Discussion 

The western blots of the brains of restrain rats showed a significant increase in TRPA1 channel 

expression as compared to healthy controls 4 weeks after chronic stress as shown in Figure 9. 

These results indicate that more pain channels are expressed in the brain that could contribute to 

the high sensitivity observed in headache behaviors shown in the previous section. Thus, this 

suggests that the TRPA1 channel might be involved in the headache mechanisms in chronic stress. 

The acrolein-lysine adducts in the western blots showed a significant increase in acrolein 4 

weeks post-stress in the spinal cords of restrained rats as compared to healthy controls as shown 

in Figure 10. This acrolein increase correlates with the changes in hind limb neuropathic pain 

behaviors observed in restrained rats after 4 weeks of chronic stress. This suggests that acrolein 

might be involved in the neuropathic pain observed in chronic stress. 

The protein expression of TRPA1 was also elevated in the spinal cords of stressed rats 4 weeks 

post-stress as compared to healthy controls as shown in Figure 11. This indicates that more TRPA1 

pain channels are expressed in the spinal cord 4 weeks after chronic stress and that this elevation 

correlates with hind limb neuropathic pain behaviors observed 4 weeks post-stress.  

Thus, these results suggest that the TRPA1 channel might also be involved in the neuropathic 

pain in chronic stress. 

Additionally, the protein expression of the chemokine MCP1 was also elevated 4 weeks post-

stress in restrained rats compared to control rats as shown in Figure 12. This is an indicative of 

inflammation that correlates with inflammatory pain and with hind limb neuropathic pain 

behaviors observed in restrained rats 4 weeks post-stress. Therefore, these results indicate that 

MCP1 might also be involved in neuropathic pain behaviors in chronic stress. 

In summary, since acrolein, TRPA1 and MCP1 are elevated either in the brain or the spinal 

cord in chronic stress rats as compared to controls in the same way that headache and neuropathic 

pain behaviors are present in chronic stress rats compared to controls, this suggests that all acrolein, 

TRPA1 and MCP1 appear to be involved in headache and neuropathic pain in chronic stress. 
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CHAPTER 4. REDUCTION IN NEUROPATHIC PAIN-LIKE 

BEHAVIOR AND ACROLEIN, TRPA1 AND MCP1 PROTEIN 

EXPRESSION BY SEQUESTERING ACROLEIN IN MBTBI 
 

 

 

4.1 Allodynia behavioral experiments 

4.1.1 Rationale 

Based on the preliminary results of increased headache and neuropathic pain behaviors in rats 

post-mbTBI, and based on the fact that acrolein, TRPA1 and/or MCP1 were elevated in the spinal 

cord and/or brains of the mbTBI rats, we considered potential mechanisms that could decrease 

such behaviors and protein expression elevations.  

Oxidative stress plays a major role in the secondary injury cascade, and acrolein is a lipid 

peroxidation product that lasts for at least up to 7 days according to the studies shown here.  

Moreover, acrolein is able to upregulate and transactivate the TRPA1 channel, and it is also able 

to stimulate the release of chemokines such as MCP1, which are both directly related in 

neuropathic pain. For these reasons, we considered the role of acrolein in neuropathic pain post-

mbTBI. Thus, the use of acrolein scavengers to sequester acrolein seemed as an efficient option to 

decrease acrolein elevation post-mbTBI, reduce the oxidative stress post-injury, discontinue the 

secondary injury cascade, potentially also reduce TRPA1 and MCP1 expressions assuming that 

these were elevated in this injury model due to acrolein, and alleviate headaches and neuropathic 

pain.  

Previously our lab has shown that the acrolein scavenger hydralazine is able to reach the CNS 

within 2 hours after IP injection; as well as to provide neuroprotection against acrolein in a spinal 

cord injury rat model and alleviate acute neuropathic pain after spinal cord injury.182 Consequently, 

we decided to test whether acrolein also played a significant role in neuropathic pain post-mbTBI 

by sequestering acrolein with the acrolein scavenger hydralazine. 

 

4.1.2 Brief methods 

The mbTBI induction was performed exactly as described on section 2.1.2 with the addition 

of a new mbTBI group that received the hydralazine treatment. Rats were injected intraperitoneally 

with hydralazine (5 mg/kg) within 1 hour after injury, and every day before allodynia testing 
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thereafter. The allodynia testing was performed exactly as described on section 2.1.2 for periorbital 

and hind limb assessments. For this set of experiments n=7. 

 

4.1.3 Results and Discussion 

The hind limb allodynia assessments after the hydralazine treatment showed a significant 

improvement in alleviation of neuropathic pain as compared to mbTBI rats that was statistically 

comparable to healthy rats, as shown in Figure 13A. This shows that hydralazine is able to 

sequester acrolein providing an alleviation of general body neuropathic pain, demonstrating that 

acrolein appears to be directly involved in neuropathic pain post-mbTBI. 

The periorbital allodynia assessments showed a significant alleviation of headache behaviors 

post-mbTBI with the hydralazine treatment, as shown in Figure 13B. These results, similar to the 

hind limb assessments, demonstrate that acrolein might be directly involved in headache post-

mbTBI and that the sequestering of acrolein is able to provide an alleviation of headache post-

mbTBI.  

In both cases, these results indicate that hydralazine, an FDA approved drug,81 is able to 

alleviate neuropathic pain and headaches post-mbTBI in-vivo, and might represent a potential 

therapy for the treatment of neuropathic pain in TBI patients. 

 

4.2 Biochemical experiments 

4.2.1 Rationale 

In order to confirm the efficacy of hydralazine in sequestering acrolein in the animal tissue, 

and to confirm that acrolein reduction would also lead to a reduction in TRPA1 and MCP1 

expressions, and therefore alleviate pain, western blot experiments were conducted in the brains, 

trigeminal nerves, spinal cords, and dorsal root ganglia (DRG) of the three different groups. The 

trigeminal nerves were particularly important for the analysis of headaches since changes in the 

trigeminovascular system are directly involved in headache mechanisms.75 Moreover, the analysis 

of DRG was also particularly important for the general body neuropathic pain since it is known 

that sensory afferent impulses originate from the DRG,250 and since changes in channel expression 

have been observed in the DRG in different pain models.33 
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Figure 13 Hind limb and periorbital allodynia after a mild blast traumatic brain injury.  In both 

hind limb (A) and periorbital (B) allodynia tests, sham, blast, and blast rats treated with the acrolein 

scavenger hydralazine show similar trends. The high mechanical threshold of sham rats indicate 

there is no hypersensitivity after blast noise exposure. Starting at 4 days post-mbTBI, blast rats 

indicate a significant hypersensitivity that persists throughout the observation period. Blast rats 

treated with hydralazine show no hypersensitivity and significant differences from the blast rats, 

indicating that the hydralazine treatment is able to mitigate hypersensitivity post-mbTBI. N=7 per 

group statistically analyzed with Anova and post-hoc Tukey test, * p<0.05. 
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4.2.2 Brief methods 

On day 60 after mbTBI induction and hydralazine treatment, brains, trigeminal nerves, spinal 

cords and DRGs of all sham, mbTBI treated with hydralazine, and mbTBI rats were collected. 

Tissue harvesting, and western blotting techniques were performed exactly as described on section 

2.2.2. Additionally, immunohistochemistry staining with acrolein on the amygdala and basal 

ganglia slices of the brain was performed. 

 

4.2.3 Results and Discussion 

The brain analysis with the western blotting technique showed a significant increase of 

acrolein, TRPA1 and MCP1 in mbTBI rats that were significantly reduced to healthy levels with 

the hydralazine treatment, as shown in Figure 15 and Figure 16. Moreover, immunohistochemistry 

staining with acrolein showed a darker staining on the blast group that was similar to the control 

group after the hydralazine treatment was applied, as shown on Figure 14. These results indicate 

that hydralazine treatment is able to reduce acrolein, TRPA1 and MCP1 levels in the brain post-

mbTBI. These reductions in acrolein, TRPA1 and MCP1 with hydralazine treatment correlate with 

the decreased headaches observed in the periorbital allodynia assessments of the hydralazine 

treated group. Thus, this suggests that acrolein plays a significant role in upregulating TRPA1 and 

MCP1 levels in the brain post-mbTBI, which are involved in neuropathic pain and headache; and 

that hydralazine treatment is able to sequester acrolein significantly, therefore reducing TRPA1 

and MCP1 in the brain, and consequently providing alleviation of headaches post-mbTBI. 

 

 

Figure 14 Immunohistochemical staining of the basal ganglia and amygdala with acrolein in sham, 

blast, and blast rats treated with hydralazine. 
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Figure 15 Acrolein concentrations in the brain after mb-TBI. Acrolein is significantly elevated in 

the brains of blast rats compared to sham rats and blast rats treated with the acrolein scavenger 

hydralazine. N=7 per group statistically analyzed with Anova and post-hoc Tukey test, **p<0.01. 
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Figure 16 TRPA1 and MCP1 concentrations in the brain after mb-TBI. TRPA1 (A) and MCP-1 

(B) are significantly elevated in the brains of blast rats compared to sham rats and blast rats treated 

with the acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-

hoc Tukey test, **p<0.01. 

 

 

The trigeminal nerves’ analysis showed an increase in acrolein, TRPA1 and MCP1 in 

mbTBI rats that was significantly reduced to healthy levels with hydralazine treatment, as shown 

in Figure 17 and Figure 18. These reductions in acrolein, TRPA1 and MCP1 correlate with 

reductions in headache with the hydralazine treatment. Thus, the results suggest that acrolein is 

significantly involved in headache post-mbTBI by elevating TRPA1 and MCP1, which play a 

major role in headache and neuropathic pain. Nevertheless, sequestering acrolein with hydralazine 

is able to reduce acrolein levels, therefore reducing TRPA1 and MCP1 in the trigeminal nerves, 

and consequently providing headache alleviation post-mbTBI. 
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Figure 17 Acrolein concentrations in the trigeminal nerves after mb-TBI. Acrolein is significantly 

elevated in the trigeminal nerves of blast rats compared to sham rats and blast rats treated with the 

acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-hoc 

Tukey test, **p<0.01. 
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Figure 18 TRPA1 and MCP1 concentrations in the trigeminal nerves after mb-TBI. TRPA1 (A) 

and MCP-1 (B) are significantly elevated in the trigeminal nerves of blast rats compared to sham 

rats and blast rats treated with the acrolein scavenger hydralazine. N=7 per group statistically 

analyzed with Anova and post-hoc Tukey test, **p<0.01. 
 

 

In the spinal cords, acrolein, TRPA1 and MCP1 were elevated in mbTBI rats, but were 

significantly decreased with hydralazine treatment, as shown in Figure 19 and Figure 20. Acrolein 

continued to be elevated in the spinal cord too, which is consistent with previous results that 

showed acrolein’s metabolite, 3-HPMA, is elevated in the body up to 7 days post-mbTBI. 

Therefore, this suggests that hydralazine treatment is able to downregulate TRPA1 and MCP1 by 

sequestering acrolein post-mbTBI in the spinal cord, which correlates with reductions in hind limb 

neuropathic pain with hydralazine treatment post-mbTBI. 
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Figure 19 Acrolein concentrations in the spinal cord after mb-TBI. Acrolein is significantly 

elevated in the spinal cord of blast rats compared to sham rats and blast rats treated with the 

acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-hoc 

Tukey test, **p<0.01. 
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Figure 20 TRPA1 and MCP1 concentrations in the spinal cord after mb-TBI. TRPA1 (A) and 

MCP-1 (B) are significantly elevated in the spinal cord of blast rats compared to sham rats and 

blast rats treated with the acrolein scavenger hydralazine. N=7 per group statistically analyzed 

with Anova and post-hoc Tukey test, **p<0.01. 
 

 

The DRG showed a significant increase in acrolein, TRPA1 and MCP1 protein expression 

that was significantly reduced to healthy levels with hydralazine treatment, as shown in Figure 21 

and Figure 22. This indicates that acrolein is significantly involved in general body neuropathic 

pain, and that hydralazine treatment is able to sequester acrolein, therefore reducing TRPA1 levels 

in the DRG post-mbTBI that alleviate neuropathic pain.  
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Figure 21 Acrolein concentrations in the dorsal root ganglia after mb-TBI. Acrolein is 

significantly elevated in the dorsal root ganglia of blast rats compared to sham rats and blast rats 

treated with the acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova 

and post-hoc Tukey test, **p<0.01. 

 

 

 

 



 

 

64 

 

Figure 22 TRPA1 and MCP1 concentrations in the dorsal root ganglia after mb-TBI. TRPA1 (A) 

and MCP-1 (B) are significantly elevated in the dorsal root ganglia of blast rats compared to sham 

rats and blast rats treated with the acrolein scavenger hydralazine. N=7 per group statistically 

analyzed with Anova and post-hoc Tukey test, **p<0.01. 

 

 

In summary, the biochemical results indicate that hydralazine is able to sequester acrolein 

significantly, and therefore provide a significant decrease in TRPA1 and MCP1. This cascade 

reduction correlates with alleviation of headaches and neuropathic pain and indicates that 

hydralazine treatment might be an effective option to treat neuropathic pain, and even potentially 

reduce the secondary injury cascade post-mbTBI. 
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CHAPTER 5. REDUCTION IN NEUROPATHIC PAIN-LIKE 

BEHAVIOR AND ACROLEIN, TRPA1 AND MCP1 PROTEIN 

EXPRESSION BY SEQUESTERING ACROLEIN IN CHRONIC STRESS 
 

 

 

5.1 Allodynia behavioral experiments 

5.1.1 Rationale 

Previous results showed a significant increase in neuropathic pain in chronic stress that 

correlated with acrolein, TRPA1, and/or MCP1 elevations in the spinal cord and/or brain. 

Therefore, we decided to test acrolein’s direct involvement in neuropathic pain in chronic stress 

by treating restrained rats with the acrolein scavenger hydralazine, expecting that by sequestering 

acrolein, TRPA1 and MCP1 concentrations would be reduced and consequently neuropathic pain 

and headache would be alleviated. 

 

5.1.2 Brief methods 

Chronic stress was induced by restraining the rats every day as described on section 3.1.2. Hind 

limb and periorbital allodynia measurements were performed as described on section 2.1.2. 

Hydralazine was injected intraperitoneally before induction of chronic stress on day 1, and daily 

as described on section 4.1.2. For this set of experiments n=7 per group. 

 

5.1.3 Results and Discussion 

Hind limb mechanical allodynia assessments showed an increase in neuropathic pain in restrain 

rats that was alleviated by the hydralazine treatment, as shown in Figure 23A. This indicates that 

acrolein is directly involved in neuropathic pain in chronic stress as sequestering of acrolein by 

the application of the hydralazine treatment can attenuate neuropathic pain behaviors. 

Periorbital allodynia assessments similarly showed an increase in pain in restrained rats 

that was alleviated by the hydralazine treatment, as shown in Figure 23B. This indicates that 

acrolein is also involved in headache in chronic stress, and that hydralazine alone can attenuate 

such pain by sequestering acrolein. 
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Figure 23 Hind limb and periorbital allodynia after a restrain.  In both hind limb (A) and periorbital 

(B) allodynia tests, control, restrain, and restrain rats treated with the acrolein scavenger 

hydralazine show similar trends. The high mechanical threshold of control rats indicate there is no 

hypersensitivity. Starting at 1 days post-restrain, restrain rats indicate a significant hypersensitivity 

that persists throughout the observation period. Restrain rats treated with hydralazine show no 

hypersensitivity and significant differences from the restrain rats, indicating that the hydralazine 

treatment is able to mitigate hypersensitivity post-restrain. N=7 per group statistically analyzed 

with Anova and post-hoc Tukey test, * p<0.05. 

 



 

 

67 

These results suggest a direct involvement of acrolein in headache and neuropathic pain in 

chronic stress and demonstrate that treatment with hydralazine can alleviate these symptoms. Thus, 

hydralazine treatment could be a potent treatment for headache and neuropathic pain for patients 

suffering from chronic stress. 

 

5.2 Biochemical experiments 

5.2.1 Rationale 

The section above demonstrated that acrolein sequestering could alleviate pain in chronic 

stress. Hence, it was expected that hydralazine treatment would be able to reduce acrolein levels 

at a molecular level, in synchrony with reducing headache and neuropathic pain. In this case, 

considering that acrolein is able to promote the upregulation of TRPA1 and release of MCP1, it 

was also expected that acrolein depletion by hydralazine treatment would at least partially reduce 

the elevated expression of TRPA1 and MCP1 and consequently reduce headaches and neuropathic 

pain. Therefore, it was necessary to confirm that acrolein elevation in the tissue had a direct 

relationship with headache and neuropathic pain in chronic stress. For this purpose, the rats’ tissue 

was collected and submitted to western blots. 

5.2.2 Brief methods 

As described on section 2.2.2, rats were deeply anesthetized and the brains, trigeminal nerves, 

spinal cords and DRG of all sham, restrained, and hydralazine treated rats were collected. The 

western blotting technique was performed as described in the same section. Additionally, 

immunohistochemistry with acrolein staining of the basal ganglia and amygdala was performed 

on all 3 groups. 
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Figure 24 Immunohistochemical staining of the basal ganglia and amygdala with acrolein in sham, 

blast, and blast rats treated with hydralazine. 
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Figure 25 Acrolein concentrations in the brain after restrain. Acrolein is significantly elevated in 

the brain of restrain rats compared to control rats and restrain rats treated with the acrolein 

scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-hoc Tukey test, 

**p<0.01. 
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Figure 26 TRPA1 and MCP1 concentrations in the brain after restrain. TRPA1 (A) and MCP-1 

(B) are significantly elevated in the brain of restrain rats compared to control rats and restrain rats 

treated with the acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova 

and post-hoc Tukey test, **p<0.01. 

 

 

5.2.3 Results and Discussion 

A significant increase in acrolein, TRPA1 and MCP1 concentrations were observed in the brain 

of restrained rats. These molecular changes were back to normal after application of hydralazine, 

as shown in Figure 25 and Figure 26. Moreover, the immunohistochemical staining of the basal 

ganglia and amygdala of control, restain and restrain rats treated with hydralazine, showed a darker 

staining of acrolein on the restrain group that got as healthy after treated with hydralazine, as 

shown in Figure 24. This indicates a direct relationship between acrolein concentration and 

headache behaviors in the brain, as the hydralazine treatment was able to attenuate headaches in 

chronic stress, as well as decrease acrolein, TRPA1 and MCP1 levels. Due to the importance of 

TRPA1 and MCP1 in neuropathic pain, we can also deduce that acrolein sequestering reduces 

TRPA1 and MCP1 levels attenuating headaches in chronic stress. 
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Figure 27 Acrolein concentrations in the trigeminal nerves after restrain. Acrolein is significantly 

elevated in the trigeminal nerves of restrain rats compared to control rats and restrain rats treated 

with the acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-

hoc Tukey test, **p<0.01. 
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Figure 28 TRPA1 and MCP1 concentrations in the trigeminal nerves after restrain. TRPA1 (A) 

and MCP-1 (B) are significantly elevated in the trigeminal nerves of restrain rats compared to 

control rats and restrain rats treated with the acrolein scavenger hydralazine. N=7 per group 

statistically analyzed with Anova and post-hoc Tukey test, **p<0.01. 

 

 

The analysis of the trigeminal nerves showed an increase in acrolein, TRPA1 and MCP1 

levels that was attenuated to healthy levels by the hydralazine treatment in chronic stress, as shown 

in Figure 27 and Figure 28. This correlates with the reduced headaches observed in restrained rats 

that received the hydralazine treatment. Thus, acrolein appears to have a significant role in 

headaches as the sequestering of such decreases both TRPA1 and MCP1 and alleviates headaches 

in chronic stress. 
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Figure 29 Acrolein concentrations in the spinal cords after restrain. Acrolein is significantly 

elevated in the spinal cords of restrain rats compared to control rats and restrain rats treated with 

the acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-hoc 

Tukey test, **p<0.01. 
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Figure 30 TRPA1 and MCP1 concentrations in the spinal cords after restrain. TRPA1 (A) and 

MCP-1 (B) are significantly elevated in the spinal cords of restrain rats compared to control rats 

and restrain rats treated with the acrolein scavenger hydralazine. N=7 per group statistically 

analyzed with Anova and post-hoc Tukey test, **p<0.01. 

 

 

Acrolein, TRPA1 and MCP1 were also significantly elevated in the spinal cords of the 

restrained rats, and the hydralazine treatment reduced these elevations significantly, as shown in 

Figure 29 and Figure 30. These changes in molecular expression corelate with the hind limb 

neuropathic pain behaviors observed in these groups, suggesting an important role of acrolein in 

neuropathic pain in chronic stress. 

The western blots of DRG showed a significant reduction of acrolein, TRPA1 and MCP1 

in hydralazine treated rats compared to restrained rats, as shown in Figure 31 and Figure 32. This 

also correlates with the hind limb allodynia assessments of all three groups and demonstrates a 

significant role of acrolein in the perpetuation of neuropathic pain in chronic stress. 
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Figure 31 Acrolein concentrations in the dorsal root ganglia after restrain. Acrolein is significantly 

elevated in the dorsal root ganglia of restrain rats compared to control rats and restrain rats treated 

with the acrolein scavenger hydralazine. N=7 per group statistically analyzed with Anova and post-

hoc Tukey test, **p<0.01. 
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Figure 32 TRPA1 and MCP1 concentrations in the dorsal root ganglia after restrain. TRPA1 (A) 

and MCP-1 (B) are significantly elevated in the dorsal root ganglia of restrain rats compared to 

control rats and restrain rats treated with the acrolein scavenger hydralazine. N=7 per group 

statistically analyzed with Anova and post-hoc Tukey test, **p<0.01. 

 

Altogether, these results demonstrate that acrolein is present in brains, trigeminal nerves, 

spinal cords and DRG of chronically stressed rats, and that acrolein appears to be responsible of 

the headache and neuropathic pain in chronic stress. Hydralazine treatment alone is able to 

decrease these molecular expressions back to normal levels, and to alleviate pain. Hence, 

hydralazine treatment acts as a potent treatment against oxidative stress and the neuropathic pain 

cascade that occurs in chronic stress and could be easily translated into treatments for human 

patients with chronic stress. 
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CHAPTER 6. STUDY OF THE COMORBIDITY OF A MILD BLAST 

TRAUMATIC BRAIN INJURY AND CHRONIC STRESS 
 

 

 

6.1 Allodynia behavioral experiments 

6.1.1 Rationale 

Previous results demonstrated that chronic stress and mbTBI alone were able to promote 

neuropathic pain and headache. It is well known that military populations experience excessive 

stress before, during and after military conflicts; however, it is unknown whether chronic stress 

before, after and during battle is able to exacerbate headache and neuropathic pain in mbTBI. 

Given the high incidence of chronic stress in comorbidity with mbTBI, we designed a clinically 

relevant comorbidity model of chronic stress and mbTBI to elucidate the effect of chronic stress 

and mbTBI in instigating neuropathic pain and headache.  

To understand whether acrolein-scavenging still proves effective in mitigating pain even in the 

comorbidity of both conditions, a comorbidity group treated with hydralazine was included and 

tested for allodynia. 

 

6.1.2 Brief methods 

In order to generate a comorbidity model of mbTBI and chronic stress, we decided to generate 

similar situations in rats that could reflect the experiences of military populations in respect of 

these two conditions. Thus, we submitted the rats to stress as previously described for 1 week 

before the blast to reflect the stress that military populations might encounter during training, after 

leaving the family and before the combat occurs. After 1 week of restrain, the rats were exposed 

to mbTBI as described on previous sections. The rats were allowed to recover that day after mbTBI 

and were not restrained. One day after mbTBI the rats were subjected to stress again for 2 weeks 

after mbTBI.  
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Figure 33 Hind limb allodynia in sham, blast, restrain, comorbidity and comorbidity rats treated 

with hydralazine. Restrain, blast and comorbidity rats show significantly more hypersensitivity 

than sham and hydralazine treated rats. N=8 per group from an average of four female and four 

male rats, statistically analyzed with Anova and post-hoc Fisher test, * p<0.05. 

 



 

 

79 

 

 

 
Figure 34 Hind limb allodynia in sham, blast, restrain, comorbidity and comorbidity rats treated 

with hydralazine. Restrain, blast and comorbidity rats show significantly more hypersensitivity 

than sham and hydralazine treated rats. N=8 per group from an average of four female and four 

male rats, statistically analyzed with Anova and post-hoc Fisher test, * p<0.05. 

 

 

 

In this set of experiments, female and male rats were included to better reflect the military 

populations and variations between females and males. Additionally, sham, blast, restrain and 
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comorbidity rats treated with hydralazine were included with an N=4 per group per gender with a 

total N=40 for the whole experiment with the 5 groups and both genders. 

 

6.1.3 Results and Discussion 

In both hind limb and periorbital allodynia measurements, as shown in Figures 33 and 34 

respectively, the comorbidity group showed an even lower mechanical threshold than the blast and 

restrain groups, indicating even more hypersensitivity in the comorbidity of both conditions. 

Despite the increased hypersensitivity of the comorbidity group, the hydralazine treatment still 

proved effective even at the same concentrations used before, indicating that hydralazine is a 

potent treatment for neuropathic pain in the comorbidity of mbTBI and chronic stress. 

 

6.2  Biochemical experiments 

6.2.1 Rationale 

To test whether the neuropathic pain behaviors in the comorbidity group and the comorbidity 

group treated with hydralazine coincide, the brains, trigeminal nerves, spinal cords and DRG of 

all five groups were collected and biochemically analyzed with western blotting for acrolein, 

TRPA1 and MCP1 concentrations. 

 

6.2.2 Brief methods 

The blots were designed to show all five groups in one same gel from the same gender to block 

the gender and only show variations of disease model. The results were analyzed and averaged 

considering both genders to have a total N=8 per group including female and male rats. 

 

6.2.3 Results and discussion 

In most cases acrolein, TRPA1 and MCP1 was elevated in the comorbidity group compared 

with the blast and restrain groups. The hydralazine treatment in the comorbidity group was able to 

significantly reduce protein concentrations to healthy levels. These results coincide with the 

allodynia results and indicate that the comorbidity of these conditions instigates more protein 

accumulation and more neuropathic pain than the conditions alone, and despite this, the 

hydralazine treatment is able to mitigate these effects and restore normal levels. 

 



 

 

81 

 

 

 

 

 

 

 
Figure 35 Acrolein in the brain of sham, blast, restrain, comorbidity and comorbidity rats treated 

with hydralazine. The brains of the comorbidity group showed an increase in acrolein 

concentrations compared to the blast and restrain groups. The treatment with hydralazine was able 

to reduce acrolein levels that were significantly similar to the sham. N=8 per group from an average 

of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher test, * 

p<0.05. 



 

 

82 

 

 

 

 

 
Figure 36 TRPA1 in the brain of sham, blast, restrain, comorbidity and comorbidity rats treated 

with hydralazine. The brains of the blast, restrain and comorbidity groups showed an increase in 

protein concentrations. The treatment with hydralazine was able to reduce TRPA1 levels that were 

significantly similar to the sham. N=8 per group from an average of four female and four male 

rats, statistically analyzed with Anova and post-hoc Fisher test, * p<0.05. 
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Figure 37 MCP1 in the brain of sham, blast, restrain, comorbidity and comorbidity rats treated 

with hydralazine. The brains of the comorbidity group showed an increase in protein 

concentrations compared to the blast and restrain groups. The treatment with hydralazine was able 

to reduce MCP1 levels that were significantly similar to the sham. N=8 per group from an average 

of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher test, * 

p<0.05. 
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Figure 38 Acrolein in the trigeminal nerves of sham, blast, restrain, comorbidity and comorbidity 

rats treated with hydralazine. The trigeminal nerves of the comorbidity group showed an increase 

in protein concentrations compared to the blast and restrain groups. The treatment with hydralazine 

was able to reduce acrolein levels that were significantly similar to the sham. N=8 per group from 

an average of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher 

test, * p<0.05. 
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Figure 39 TRPA1 in the trigeminal nerves of sham, blast, restrain, comorbidity and comorbidity 

rats treated with hydralazine. The trigeminal nerves of the comorbidity group showed an increase 

in protein concentrations compared to the blast and restrain groups. The treatment with hydralazine 

was able to reduce TRPA1 levels that were significantly similar to the sham. N=8 per group from 

an average of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher 

test, * p<0.05. 
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Figure 40 MCP1 in the trigeminal nerves of sham, blast, restrain, comorbidity and comorbidity 

rats treated with hydralazine. The trigeminal nerves of the comorbidity group showed an increase 

in protein concentrations compared to the blast and restrain groups. The treatment with hydralazine 

was able to reduce MCP1 levels that were significantly similar to the sham. N=8 per group from 

an average of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher 

test, * p<0.05. 
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Figure 41 Acrolein in the spinal cords of sham, blast, restrain, comorbidity and comorbidity rats 

treated with hydralazine. The spinal cords of the comorbidity group showed an increase in protein 

concentrations compared to the blast and restrain groups. The treatment with hydralazine was able 

to reduce acrolein levels that were significantly similar to the sham. N=8 per group from an average 

of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher test, * 

p<0.05. 
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Figure 42 TRPA1 in the spinal cords of sham, blast, restrain, comorbidity and comorbidity rats 

treated with hydralazine. The spinal cords of the comorbidity group showed an increase in protein 

concentrations compared to the blast and restrain groups. The treatment with hydralazine was able 

to reduce TRPA1 levels that were significantly similar to the sham. N=8 per group from an average 

of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher test, * 

p<0.05. 
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Figure 43 MCP1 in the spinal cords of sham, blast, restrain, comorbidity and comorbidity rats 

treated with hydralazine. The spinal cords of the comorbidity group showed an increase in protein 

concentrations compared to the blast group. The treatment with hydralazine was able to reduce 

MCP1 levels that were significantly similar to the sham. N=8 per group from an average of four 

female and four male rats, statistically analyzed with Anova and post-hoc Fisher test, * p<0.05. 
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Figure 44 Acrolein in the dorsal root ganglia of sham, blast, restrain, comorbidity and comorbidity 

rats treated with hydralazine. The dorsal root ganglia of the comorbidity group showed an increase 

in protein concentrations compared to the blast and restrain groups. The treatment with hydralazine 

was able to reduce acrolein levels that were significantly similar to the sham. N=8 per group from 

an average of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher 

test, * p<0.05. 
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Figure 45 TRPA1 in the dorsal root ganglia of sham, blast, restrain, comorbidity and comorbidity 

rats treated with hydralazine. The dorsal root ganglia of the comorbidity group showed an increase 

in protein concentrations compared to the blast and restrain groups. The treatment with hydralazine 

was able to reduce TRPA1 levels that were significantly similar to the sham. N=8 per group from 

an average of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher 

test, * p<0.05. 
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Figure 46 MCP1 in the dorsal root ganglia of sham, blast, restrain, comorbidity and comorbidity 

rats treated with hydralazine. The dorsal root ganglia of the comorbidity group showed an increase 

in protein concentrations compared to the blast and restrain groups. The treatment with hydralazine 

was able to reduce MCP1 levels that were significantly similar to the sham. N=8 per group from 

an average of four female and four male rats, statistically analyzed with Anova and post-hoc Fisher 

test, * p<0.05.  
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CHAPTER 7. NEUROPATHIC PAIN-LIKE BEHAVIORS AND 

ACROLEIN, TRPA1 AND MCP1 EXPRESSION DIFFERENCES 

BETWEEN FEMALE AND MALE RATS 
 

 

 

7.1 Allodynia behavioral experiments 

7.1.1 Rationale 

Due to the relevance of many disease and condition differences observed in humans and 

animals between different genders, we decided to analyze the allodynia responses of female and 

male rats of each group, including sham, blast, restrain, blast with combination of restrain, and 

blast with combination of restrain with the addition of the hydralazine. In other words, this chapter 

includes all the groups included on the Chapter 6, which are the main disease states included with 

the hydralazine treatment on the group with the comorbidity of blast and stress. The purpose of 

this study was to better understand whether female or male rats were more sensitive to allodynia 

measurements in healthy conditions, and to understand whether a specific disease model would 

affect more one gender or the other. 

 

7.1.2 Brief methods 

Female and male age-matched rats were used for this study. Male rats of approximately 350 g 

of body weight and female rats of approximately 320 g were included in the study. The same time 

points and same experimental procedures as described on the section 6.1.2 were used for this study. 

The sham, blast, comorbidity and hydralazine treated comorbidity rats were exposed to blast under 

anesthesia of a mixture of ketamine and xylazine as previously described.  

Sham rats were only exposed to the blast noise at the same distance from the overpressure 

explosion as the blast rats but at a different angle to avoid receiving the blast pressure wave. The 

blast rats were placed under anesthesia and exposed to the blast pressure wave as previously 

described. The restrain rats were not placed under anesthesia and were just placed on a universal 

restrainer for 2 hours every day throughout the length of the study. The comorbidity group was 

restrained for 1 week before blast, with no restrain on the day of blast to allow for recovery of 

anesthesia and restrained for other 2 weeks thereafter. The hydralazine treated comorbidity group 

received a hydralazine treatment of 5 mg/kg daily as previously described. N=4 per group with a 

total N=40 rats considering all 5 groups with female and male rats. 
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Allodynia was measured with von Frey filaments as previously described before the 

experiments were conducted for baseline, and 1 week thereafter for the sham and restrain groups. 

The blast group was measured before the experiments were conducted for baseline, 1 day, 1 week 

and 2 weeks after blast. And the comorbidity and hydralazine treated comorbidity groups were 

measured for baseline, 1 week after restrain, 1 day, 1 week and 2 weeks after blast. 

 

7.1.3 Results and Discussion 

The allodynia measurements showed no significant differences either in hind limb (A) or 

periorbital (B) areas between females and males in any of the analyzed groups including sham in 

Figure 47, blast in Figure 48, restrain in Figure 49, comorbidity in Figure 50 and comorbidity rats 

treated with hydralazine in Figure 51. 

These results indicate a general similarity in response to pain between females and males, 

although a small difference was observed, with female rats being slightly more sensitive to 

allodynia measurements in all groups but not significant. This might be due to the small 

exploratory N=4 per group used for this set of experiments. Perhaps if the N increases per group, 

the small differences observed might become significant and female rats might be statistically 

more sensitive to allodynia measurements. 
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Figure 47 Hind limb (A) and periorbital allodynia (B) in female and male sham rats. Both genders 

show similar trends with no statistically significant differences. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 48 Hind limb (A) and periorbital allodynia (B) in female and male mbTBI rats. Both 

genders show similar trends with no statistically significant differences. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 49 Hind limb (A) and periorbital allodynia (B) in female and male chronic stress rats. Both 

genders show similar trends with no statistically significant differences. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 50 Hind limb (A) and periorbital allodynia (B) in female and male comorbidity rats. Both 

genders show similar trends with no statistically significant differences. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 51 Hind limb (A) and periorbital allodynia (B) in female and male comorbidity rats treated 

with hydralazine. Both genders show similar trends with no statistically significant differences. 

N=4 per group statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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7.2 Biochemical experiments 

7.2.2 Rationale 

The purpose of this study was to understand whether female or male rats expressed different 

acrolein, TRPA1 and MCP1 concentrations in the brain, trigeminal nerves, spinal cords and DRG 

and to analyze these results and compare them with the allodynia measurements to better 

understand whether allodynia and protein concentrations match between genders and between 

disease models. 

 

7.2.3 Brief methods 

Female and male age-matched rats were used for this study as described on section 7.1.2. Male 

rats of approximately 350 g of body weight and female rats of approximately 320 g were included 

in the study. The same time points and same experimental procedures as described on the section 

6.2.2 were used for this study, with the study lasting approximately 3 weeks for all groups, and 

with the tissue including brains, trigeminal nerves, spinal cords and DRG collected after the 3 

weeks of the study. The tissue was collected as previously described.  

For this specific section of the chapter, the data is presented as the average of the group with 

SEM without including representative western blot images. This is since all representative images 

are shown on Chapter 6 and blocked by gender to avoid variation between gender and groups at 

the same time, so on Chapter 6 only the disease model causes variation on the images. This 

decision was made to be able to show differences between disease models on Chapter 6, but also 

be able to quantify these differences between genders and show them on this Chapter in the spirit 

to reduce animals use as accorded with the Animal Care and Use Committee. 
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Figure 52 Acrolein concentrations in the brain of female and male rats. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 53 TRPA1 concentrations in the brain of female and male rats. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 54 MCP1 concentrations in the brain of female and male rats. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 55 Acrolein concentrations in the trigeminal nerves of female and male rats. N=4 per group 

statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 56 TRPA1 concentrations in the trigeminal nerves of female and male rats. N=4 per group 

statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 57 MCP1 concentrations in the trigeminal nerves of female and male rats. N=4 per group 

statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 58 Acrolein concentrations in the spinal cords of female and male rats. N=4 per group 

statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 59 TRPA1 concentrations in the spinal cords of female and male rats. N=4 per group 

statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 60 MCP1 concentrations in the spinal cords of female and male rats. N=4 per group 

statistically analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 61 Acrolein concentrations in the DRG of female and male rats. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 62 TRPA1 concentrations in the DRG of female and male rats. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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Figure 63 MCP1 concentrations in the DRG of female and male rats. N=4 per group statistically 

analyzed with Anova and post-hoc Fisher test, *p<0.05. 
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7.2.1 Results and Discussion 

The acrolein, TRPA1 and MCP1 protein concentration analyses between females and males in 

the brains, trigeminal nerves, spinal cords and DRG within disease groups showed no statistically 

significant differences. Brain protein concentrations are shown in Figures 52-54; trigeminal nerves 

in Figures 55-57; spinal cords in Figures 58-60; and DRG in Figures 61-63. These results coincide 

with the allodynia measurements of the previous section where no statistically significant 

differences were observed between genders within the same disease models. 

These results indicate a general similarity in protein expression between females and males, 

although a small difference was observed, with female rats usually showing a higher average of 

protein quantification compared to male rats in most tissue samples in most disease groups. This 

might be due to the small exploratory N=4 per group used for this set of experiments. Perhaps if 

the N increases per group, the small differences observed might become significant and female 

rats might have statistically higher protein concentration of acrolein, TRPA1 and MCP1 in all 

brain, trigeminal nerves, spinal cords and DRG within disease group.  
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CHAPTER 8. CONCLUSIONS 
 

 

 

This study clearly demonstrates the involvement of acrolein in neuropathic pain post-mbTBI 

and in chronic stress given that increased headache and neuropathic pain was observed along with 

increases in acrolein, TRPA1 and MCP1 in both conditions and in the comorbidity of these two 

conditions. Moreover, the headache and neuropathic pain observed in mbTBI, chronic stress, and 

the comorbidity of both conditions, was mitigated after the injection of the acrolein-scavenger 

hydralazine, and all acrolein, TRPA1 and MCP1 were significantly reduced in brains, trigeminal 

nerves, spinal cords and DRG of mbTBI, chronic stress and even comorbidity rats after the 

injection of the acrolein-scavenger hydralazine. 

These results suggest that acrolein is able to promote headache and neuropathic pain in mbTBI 

and chronic stress, and in the comorbidity of these conditions via upregulation and activation of 

TRPA1, and by stimulating the release of MCP1, which also transactivates TRPA1. Additionally, 

this study demonstrates that acrolein is present in the CNS in mbTBI, chronic stress, and the 

comorbidity of these conditions which coincides with the literature that indicates the important 

involvement of oxidative stress in both conditions.  

Thus, since oxidative stress has been involved in the neurodegenerative conditions post-TBI, 

and in the health deterioration due to chronic stress, acrolein-scavenging has the potential to not 

only mitigate the headache and neuropathic pain in both conditions, but also to mitigate the 

neurodegenerative processes and secondary injury cascade in TBI, and to prevent the health 

consequences observed in chronic stress. In that case, acrolein scavenging could prevent the long 

term neurodegenerative and neuropsychiatric disorders associated with TBI, such as Alzheimer’s 

disease, Parkinson’s disease, amyotrophic lateral sclerosis, chronic traumatic encephalopathy, 

PTSD, etc; and could prevent the health complications observed in chronic stress, such as cardiac 

diseases, obesity, and even cancer. These are all great long-term implications, but much more 

detailed research in each of these areas is needed to confirm this; and possibly, these negative 

health effects need to be treated not only by acrolein scavenging, but by a combination of different 

mechanistic therapies.  

Acrolein scavenging by hydralazine could be an excellent treatment that could be easily 

translated for human patients given that hydralazine is an FDA approved drug. Remarkably, the 
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hydralazine treatment was also efficient in mitigating neuropathic pain and headache behaviors in 

the comorbidity of both mbTBI and chronic stress together, suggesting that hydralazine is a potent 

acrolein-scavenger that might be effective not only for the treatment of neuropathic pain and 

headache in the comorbidity of mbTBI and chronic stress, but also on the comorbidity of different 

conditions where oxidative stress plays a role. Thus, this study has the potential to provide an 

easily translational treatment for neuropathic pain post-mbTBI and chronic stress that could greatly 

improve the health and quality of life of these patients. 
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CHAPTER 9. FUTURE DIRECTIONS 
 

 

 

As discussed above, soldiers are exposed to enormous stress in the battlefield, and many 

mbTBI patients suffer from PTSD and chronic stress post-injury. From the results presented here, 

it is clear that chronic stress alone can induce headache and neuropathic pain, and that stress before 

and after a mild blast TBI exacerbates neuropathic pain, and acrolein, TRPA1, and MCP1 

concentrations in the brain, trigeminal nerves, spinal cords and DRG. Although it is very likely 

that exposure to stress could also exacerbate more severe or repetitive TBI neuropathic pain and 

protein concentrations in the nervous system, these implications were not analyzed in these 

experiments but would be interested to pursue given the commonality of repetitive TBI due to 

misdiagnosis of mild TBI. Naturally, the studies presented here could also be extended to human 

studies as a clinical trial for neuropathic pain after mbTBI or during chronic stress. 

Additionally, this research studies focused on the effect of the hydralazine treatment on 

neuropathic pain but not on the neurodegeneration promoted by mbTBI and by chronic stress. 

Thus, in a future study more neurodegenerative markers could be analyzed in these disease models 

to analyze first whether chronic stress can promote mild neurodegeneration markers and second, 

whether the treatment of acrolein-scavenging with hydralazine is able to reverse such effects in 

the nervous system. The experimental procedures are explained in more detail in the Part 1 of the 

proposed future studies. 

Moreover, it has been previously reported that cigarette smoking tends to be predominant in 

military populations, specifically post-TBI patients.207 Similarly, individuals under chronic stress 

have also been found to smoke cigarettes in higher proportion.221 Cigarette smoke has been linked 

to many diseases, such as emphysema, cardiovascular disease, microbial infections like meningitis, 

lung diseases, and cancer; where it has been linked to increased risk of morbidity and 

mortality.70,98,168,175,176 In 1999 more than a million deaths were linked to tobacco smoke in China, 

predicting a large increase in mortality on the decades to come.188  

Cigarette smoke has been known to produce toxicological consequences due to its effect on 

complex lipid peroxidation processes,57 where acrolein can be produced. For this reason, the 

carcinogenesis of acrolein in cigarette smoke in lung cancer has been tested, finding that acrolein 

is able to mutate DNA and also impair the DNA repair capacity.80 Acrolein has also been proven 
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to be a major mediator of cigarette smoke-induced macrophage activation and 

inflammation.78,83,130,165 Hence, acrolein in cigarette smoke is a major component that relates to 

the morbidity caused by smoking.121  

It has been previously demonstrated that acrolein inhalation in similar concentrations to those 

of cigarette smoke is able to penetrate the CNS, and be detected in the spinal cord in the EAE 

mouse model of multiple sclerosis.239 Cigarette smoke has also been shown to cause neuropathic 

pain in spinal cord injury patients.200 Thus, considering this evidence, bearing in mind that acrolein 

is a major component of cigarette smoke, and that acrolein played a major role in neuropathic pain 

in TBI and chronic stress based on the results provided, we propose that acrolein in cigarette smoke 

can exacerbate headache and neuropathic pain in TBI and chronic stress. 

Although smoking cessation would be a natural option to reduce acrolein levels and 

neuropathic pain in the body of smoker TBI and chronic stress patients, this might not be so simple. 

Disease-related issues might hinder smoking cessation for patients with neurodegenerative and 

inflammatory dieases.6 It has been demonstrated that smoker patients of neurodegenerative 

disorders tend to be heavy smokers and find it difficult to quit due to the pleasurable effects of 

smoking, and because smoking helps them cope with their conditions.89 Additionally, smoker 

individuals under chronic stress report that cigarette smoke help them relieve feelings of stress.184 

Thereupon, it might be useful to offer these patients another option that does not affect their 

lifestyle choices, such as an anti-acrolein treatment. This treatment would potentially reduce 

endogenous and exogenous sources of acrolein that lead to neuropathic pain in TBI and chronic 

stress, which would improve the quality of life of both non-smoker patients, and patients that have 

difficulties with smoking cessation. Accordingly, the proposed Part 2 will determine the effects of 

cigarette smoke in neuropathic pain post-mbTBI, as well as the efficacy of the acrolein-scavenger 

hydralazine in mitigating pain despite the exogenous input of acrolein through cigarette smoking. 

And finally, Part 3 will determine the effects of cigarette smoke in neuropathic pain in chronic 

stress, as well as the efficacy of hydralazine treatment in mitigating such pain. Additionally, the 

comorbidity of these two conditions along with cigarette smoking and acrolein-scavenging with 

hydralazine could also be tested. 
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Part 1. Determine the neurotoxicity in mbTBI and chronic stress, and the efficacy of the 

acrolein-scavenger hydralazine in reversing these effects 

It is well known that mbTBI is associated with long-term neurodegenerative and 

neuropsychiatric disorders, and that chronic stress has been associated with several disease states. 

For this reason, understanding whether mbTBI and chronic stress promote neurotoxic changes in 

the nervous system is important to prevent these conditions in the long-term. To test this, changes 

in myelin could be observed in healthy conditions, in mbTBI, chronic stress, and if changes are 

observed in these disease states, the hydralazine treatment could be used to further investigate 

whether acrolein sequestering is able to reduce this neurotoxicity in these two conditions. 

Similarly, changes in neuronal populations could be analyzed, as well as microglial activation, 

blood brain barrier disruption, mitochondrial disfunction, among others could be analyzed in both 

conditions. These studies could provide more insight on the exact pathophysiological mechanisms 

occurring in the nervous system in these two conditions that can lead to a deteriorated state in the 

long-term, and possibly even ameliorate these with acrolein-scavenging with the hydralazine 

treatment. 

Part 2. Determine the effects of cigarette smoke in neuropathic pain post-mbTBI, and 

the efficacy of the acrolein-scavenger hydralazine  

Similar to the studies described above, we will examine neuropathic pain behaviors by testing 

for periorbital and hind limb allodynia, as well as examining the brains, trigeminal nerves, spinal 

cords, and DRG for biochemical analysis of acrolein, TRPA1 and MCP1. As previously, baseline 

mechanical allodynia will be assessed in three different days within a 2-week period before mbTBI 

induction. 

This animal model will be similar to the mbTBI model described above with the addition of 

cigarette smoke inhalation starting on the day of mbTBI induction. Reference cigarettes (3R4F, 

University of Kentucky Reference Cigarette Program, KY, USA) will be kept frozen until use. The 

cigarettes will be conditioned at room temperature for 30 min prior to ignition and will be coupled 

to a vacuum pump that will be in line with a custom-built translucent 6”x12”x24” air-tight 

chamber, where a maximum of 8 rats will be placed. Inhalation sessions will occur once daily for 

1 hour throughout the study.187 Rats will be tested for periorbital and hind limb allodynia 1 day 

post-injury and weekly thereafter for 4 weeks. Rats will be sacrificed 1 day after the last allodynia 

test and tissue will be harvested for biochemical analyses as previously described. Rats will be 
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divided into three groups: control, cigarette smoke-blast, and cigarette smoke-blast with 

hydralazine treatment (n=7 per group). Hydralazine treatment will be applied through IP injection 

on the day of the mbTBI induction. 

We hypothesize that headache and neuropathic pain will be exacerbated by the cigarette smoke 

in this mbTBI model, and that the hydralazine treatment will be able to mitigate this effect. 

Part 3. Determine the effects of cigarette smoke in neuropathic pain in chronic stress, 

and the efficacy of the acrolein-scavenger hydralazine  

As previously described, headache and neuropathic pain will be examined by testing for 

periorbital and hind limb allodynia, as well as examining the brains, trigeminal nerves, spinal 

cords, and DRG for changes in protein expression of acrolein, TRPA1 and MCP1. As previously, 

baseline mechanical allodynia will be assessed in three different days within a 2-week period 

before the start of chronic stress induction. 

This animal model will be similar to the chronic stress model described above with the addition 

of cigarette smoke inhalation starting on the first day of restrain. Cigarette smoke inhalation will 

be performed as described above with 1 hour of inhalation daily throughout the length of the study. 

Rats will be tested for periorbital and hind limb allodynia 1 day post-restrain and weekly thereafter 

for 4 weeks. The rats will be sacrificed 1 day after the last allodynia test, and the tissue will be 

harvested for biochemical analyses as previously described. Rats will be divided into three groups: 

control, cigarette smoke-restrain, and cigarette smoke-restrain with hydralazine treatment (n=7 per 

group). Hydralazine treatment will be applied through IP injection on day 1 of restrain. 

We hypothesize that headache and neuropathic pain will be exacerbated by the cigarette smoke 

in this chronic stress model, and that the hydralazine treatment will be able to mitigate this effect. 

Potential difficulties and alternative solutions 

No complications are expected for Parts 1, 2 and 3, given that these animal models have already 

been successfully tested for the experiments described here, and given that cigarette smoke 

inhalation has previously been performed successfully in our laboratory with minor complications 

such as cigarette tar getting attached to the pump, which can be easily addressed by detaching and 

cleaning the tubes with paper towels. In a scenario where the buildup is impossible to be cleaned, 

the tubes and pump can be replaced.  

Additionally, the comorbidity study might induce very high endogenous levels of acrolein that 

could potentially not be entirely sequestered by the hydralazine dose proposed here. For that case, 
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the hydralazine dose could be safely increased, or a different acrolein scavenger, such as 

phenelzine could be tested. Even, if safe and possible, both hydralazine and phenelzine could be 

used for the sequestering of acrolein in this comorbidity condition. 

In a similar way, Part 2 and 3 intend to evaluate the effect of the exogenous input of acrolein 

through cigarette smoking. This will very likely increase acrolein concentrations causing very low 

pain thresholds, but this should not be a major complication given the large range of von Frey 

filaments. However, the input of endogenous and exogenous acrolein in the body, through TBI or 

chronic stress, and through cigarette smoke, respectively, might cause the levels of acrolein in the 

body to be too high for the hydralazine treatment to be effective. In this case, we could also use a 

higher dose that would still be safe for the rats or evaluate the use of phenelzine for acrolein 

scavenging. Phenelzine has previously been used in our laboratory, so the application of this 

treatment should not be a complication either. In case that none of these proved effective, or were 

just partially effective, we could also investigate the safe use of both for a complete mitigation of 

neuropathic pain and acrolein scavenging. 
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