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Neuropathic pain after spinal cord injury (SCI) presents a complex clinical challenge, affecting
millions with no satisfactory treatment options currently available. Much of the recent research
focuses on a wide variety of endogenous mechanisms that can contribute to pain, but have yet to
produce positive results in clinical studies. This dissertation focuses on the role of a highly reactive
and toxic aldehyde, acrolein, in initiating, instigating, and perpetuating neuropathic pain after
spinal cord injury. Acrolein is shown to mimic damage caused by an injury, in the absence of
mechanical trauma. Additionally, removing it using acrolein scavengers can mitigate neuropathic
pain-like behaviors. This dissertation also investigates the dynamic response of not only acrolein,
but also a cation channel that is associated with neuropathic pain, TRPA1, and a pro-inflammatory
chemokine, MCP-1, that may be involved in the transition from acute to chronic pain.
Endogenous mechanisms of neuropathic pain development may not be the only contributing
factors to the persistence of post-SCI neuropathic pain. Few studies have investigated the effects
of exogenous factors that can contribute to pain. One such factor, cigarette smoke, has been
featured in clinical reports of post-SCI neuropathic pain where increases in neuropathic pain were
observed during periods of smoking. Cigarette smoke happens to contain, among many toxic
chemicals, acrolein. Until this study, investigations linking cigarette smoke and the biochemical
mechanisms of post-SCI pain had yet to be procured. We hypothesized that respiratory exposure
to acrolein from cigarette smoke contributes to post-SCI hypersensitivity in a mechanistically
similar manner to acrolein-mediated pain development (acute) and persistence (chronic). This
study correlates acrolein inhalation with neuropathic pain behavior and deepened the
understanding of the underlying biochemical mechanisms behind acrolein-mediated pain. It also
demonstrates that exposure to cigarette smoke delays the exacerbation of neuropathic pain after
SCI. The ultimate goal of this research endeavor has been to provide evidence for the potential
development of more safe and effective treatments for post-SCI neuropathic pain.
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1. INTRODUCTION

Spinal cord injuries (SCIs) affect between 25 and 59 people per million in the United States each
year with injuries mostly affecting young adults (15-29 years) and the elderly (>65 years) [1],
[2]. These injuries are often caused by trauma from falls, sports, violence, or motor vehicle
accidents. Motor function loss or deficit, pressure ulcers, bowel and bladder dysfunction, urinary
tract infections, and obesity are common complications that spinal cord injury victims face. The
expenses that SCI victims accrue over the course of their lifetime can be upwards of $4 million
based on the age of injury and the severity of the paralysis (Table 1) [3]. All of these facts
contribute to the devastating power of this injury, which has a profound impact on the patient
quality of life and currently has limited therapeutic avenues.

Table 1: Financial Impact of SCI, reproduced from the National Spinal Cord Injury Statistical
Center [3]
Estimated Lifetime Costs by

Average Yearly Expenses
Severity of Injury

Age at Injury

Each
First Year

Subsequent

25 Years Old

50 Years Old

Year
High Tetraplegia
(C1-C4) AIS ABC
Low Tetraplegia (C5C8) AIS ABC
Paraplegia AIS ABC

$

1,044,197

$

181,328

$

4,633,137

$

2,546,294

$

754,524

$

111,237

$

3,385,259

$

2,082,237

$

508,904

$

67,415

$

2,265,584

$

1,486,835

$

340,787

$

41,393

$

1,547,858

$

1,092,521

Incomplete Motor
Functional at Any
Level AIS D

Beyond the loss of motor function, neuropathic pain is a detrimental sequelae that affects more
than 40% of people with spinal cord injuries [4]. Patients often describe neuropathic pain as
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excruciating, rendering common life activities such as physical therapy, returning to work, sleep,
and socializing with others virtually impossible [4], [5]. Despite years of clinical research, this
type of chronic pain remains refractory to treatment and, as a result, can persist for decades after
injury, often leading to depression and suicide [6], [7].

Current Treatments for post-SCI Neuropathic Pain
1.1.1 Anti-epileptics
Pregabalin and gabapentin are anti-epileptics that have been investigated for the treatment of
neuropathic pain after spinal cord injury. Gabapentin and pregabalin are thought to reduce pain
by targeting the α2δ-1 subunit of voltage gated calcium channels in DRGs [8], [9].
There are several published placebo-controlled clinical studies investigating the safety and
efficacy of pregabalin for use in neuropathic pain treatment SCI [10]–[12]. Generally, these
studies described decreases in self-reported perceived pain and sleep interference and increased
quality of life for pregabalin treatment compared to placebo treatment. However, Siddall and
colleagues reported that 26% of subjects recorded no change in pain and 17% of subjects
recorded worsened pain after pregabalin treatment [12]. Cardenas et al found that 21% of the
subjects treated with pregabalin saw no pain reduction or worsened pain [11]. Additionally, in
these studies subjects were not required to stop other pain treatments, other than gabapentin or
opioid treatments, to participate in the studies [11], [12]. This may have confounded the results
but inducing withdrawals from the gabapentin or opioid treatments or by combination treatment
effects from the non-steroid anti-inflammatory treatments.
Gabapentin has also been investigated in several preclinical and clinical trials. While gabapentin
has been shown to reduce certain types of pain (burning and unpleasantness), other types of pain
are not significantly affected by treatment [13]. Further, the pain of some patients increased with
gabapentin compared to the placebo treatment period [13].
Pregabalin and gabapentin have been known to cause dizziness and drowsiness. Additionally,
withdrawal side effects have been observed with both drugs [13], [14]. Considering the
epidemic of addiction related to opioid use, from both prescription and elicit use, drugs that
result in any sort of dependence should be examined with great scrutiny before being prescribed.
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1.1.2 Lithium
Lithium has been widely utilized in the treatment of bipolar disorder. It has recently been
investigated for treatment of neuropathic pain after spinal cord injury. This may be due to its
neuroprotective effects on microglia and macrophage activation [15]. The pain mitigating
effects of lithium may also be due to the activation of the opioid system [16]. In a preclinical
rodent model of neuropathic pain using a chronic constrictive injury (CCI), lithium was shown to
have a dose-dependent effect in reducing pain-like behaviors [16], [17]. In a double-blinded,
randomized, placebo controlled clinical trial involving 36 spinal cord injured subjects, lithium
was evaluated for neurological outcomes after injury. No significant motor function
classification benefits were observed, but decreases in pain were significant [18]. Common side
effects of lithium include polyuria, polydipsia, thyroid disorders, confusion, and decreased
memory [19]. It also has a limited therapeutic window that necessitates rigorous monitoring of
endocrine and renal function [20]. Given that spinal cord injuries have been known to induce
thyroid function abnormalities, lithium may be an unsuitable treatment for many SCI victims
[21].
1.1.3 Methylprednisolone
Methylprednisolone is a corticosteroid that has been used to treat asthma, rheumatic diseases,
chronic obstructive pulmonary disease (COPD), and many other diseases. This type of steroid is
one of the most potent anti-inflammatory aids, which may be the mechanism of action against
neuropathic pain [22]. The National Acute Spinal Cord Injury Study (NASCIS) performed three
trials investigating the delivery of methylprednisolone in acute spinal cord injury. In the first
iteration of the trial NASCIS I, 1000 mg daily doses were found to have no effect on motor or
sensory outcomes [23]. NASCIS II investigated a higher bolus dose of methylprednisolone (30
mg/kg) followed by a 24 hour infusion of the drug (4 mg/kg) [24]. This was compared against a
placebo control and an opiate receptor blocker, naloxone. With regard to sensory dysfunction,
significant recovery was observed in subjects with complete sensory loss, but not in subjects
with partial, or variable sensory loss upon methylprednisolone treatment [25]. One year after
injury, patients that were treated with methylprednisolone 8 hours after SCI had worse outcomes
compared to those treated with the placebo. The third trial, NASCIS III investigated an increase
in the infusion time of methylprednisolone from 24 hours to 48 hours with no obvious benefits to
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the increase in treatment [26]. These studies have undergone much scrutiny in the field with
regard to study statistical analysis, use of outcome measures that are not important to patients,
and data collection methods [27], [28]. In the years since these trials the limited benefits of
methylprednisolone have yet to be replicated.
1.1.4 Amitriptyline
Amitriptyline is a tricyclic antidepressant that acts as a serotonin and norepinephrine reuptake
inhibitor. It has also been investigated for the treatment of neuropathic pain after SCI. In an
animal model of neuropathic pain, it was found that mechanical paw withdrawal thresholds
recovered significantly upon amitriptyline treatment. However, results showed that gabapentin
performed better in the same experiment [29](Abdi). Clinical studies in SCI have also been
performed. In one blinded, controlled clinical trial, amitriptyline treatment resulted in larger
decreases of pain when compared to gabapentin or diphenhydramine (control) [30]. In another
double-blinded, placebo controlled study, there were no significant differences in a number of
pain assessments between the amitriptyline and the active placebo groups [31]. The conflicting
results of these studies may lie in the low number of completing participants in the first study
(N=22), while the second study had a larger sample size (N=44 treatment, N=40 active placebo).
Amitriptyline has also been known to cause increased spasticity and hyperreflexia, which was
observed in clinical applications of SCI treatment [31].
1.1.5 Electrical Stimulation
Electrical stimulation has gotten much attention in recent years for the treatment of many varying
neurological diseases and etiologies. It has also been investigated for use after SCI to treat
neuropathic pain. In one such study, low or high frequency (LF or HF) transcutaneous electrical
nerve stimulation (TENS) was delivered to at the injury level for 2 weeks [32]. A portion of the
subjects, 29% from HF stimulation and 38% from LF experienced favorable outcomes with
respect to pain levels. However, there were no overall significant benefits from either
stimulation mode [32]. Another trial investigated transcranial direct current stimulation (tDCS)
for the treatment of SCI pain [33]. With daily treatment, significant decreases in pain were
observed when tDCS was compared to a sham treatment. Pain levels returned to baseline levels
upon cessation of treatment [33]. However, one limitation of the study was that pain
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medications were not controlled during the investigations. Overall, electrical stimulation
treatment is cumbersome and has not been proven to be a sufficient treatment option for postSCI NP.
1.1.6 Conclusions
While some of the treatments outlined in this section have resulted in limited success in
alleviating pain in some SCI patients, the lack of a standard treatment strategy is still largely
evident in the clinical environment. This is in part due to the complexity of neuropathic pain
after SCI. The large body of research existing in this area has shed light on the many different
endogenous mechanisms contributing to this pain after SCI, resulting in many single mode
treatment strategies. However, there are very limited research endeavors that have investigated
external influences on neuropathic pain. This thesis proposal intends to investigate the role of
neurotoxin, acrolein, from both endogenous and exogenous sources to intensify neuropathic pain
after SCI and investigate its potential as a therapeutic target.

The role of acrolein in spinal cord injury
A neurotoxin, acrolein, implicated as a key contributor to many neurodegenerative diseases and
injuries such as multiple sclerosis, Parkinson’s disease, and traumatic brain injury, is suspected
to play a crucial role in the pathogenesis of neuropathic pain following spinal cord trauma [34]–
[37]. Further, since acrolein is present in cigarette smoke, smoking may increase neuropathic
pain symptoms in people who have had an SCI.

Table 2: Physical Properties of Acrolein
Physical State

Clear Liquid

Odor

Disagreeable, sweet burning

Boiling Point

52.5 °C

Melting Point

-88 °C

Vapor Pressure

Pa
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Figure 1: Chemical Structure of Acrolein
Origin of Acrolein
Acrolein, an α, β-unsaturated aldehyde that is highly reactive and unstable, is used in the
manufacturing of acrylic acid and DL-methionine, for water treatment, and as a tissue fixative.
Based on the physical properties delineated in Table 2 and the chemical structure depicted in
Error! Reference source not found., acrolein is highly volatile and, its reactive nature makes it d
ifficult to produce, control, and detect [38]. Notably, this toxic compound can be generated
endogenously, through oxidative processes, and exogenously, as an environmental pollutant,
indicating its potential role as a factor linking incidence of disease and environmental exposure.
1.3.1 Endogenous Sources
Endogenously, acrolein is produced via reactive oxygen species (ROS) by lipid peroxidation
(LPO). In non-pathological conditions, intrinsic ROS production is controlled by natural antioxidants including glutathione (GSH). However, if these anti-oxidants become depleted in the
event of heightened oxidative stress, LPO occurs and unsaturated aldehydes including acrolein
are formed [39]. Lacking intrinsic defense mechanisms, the body is vulnerable to the
accumulation of noxious compounds which begin to react with lipid in myelin and membranes,
proteins, and DNA. Oxidative stress and LPO have been implicated as the major causes of
damage in many diseases (cancer, arthritis, diabetes, Alzheimer’s disease, Parkinson’s disease
etc. [34], [35], [40]) and can be induced by inflammation or oxidative phosphorylation via
mitochondrial function, metabolism of arachidonic acid by lipoxygenases (LOX), and activity of
many enzymes [41]–[43]. Due to the fact that LPO can be initiated by both reactive oxygen
species (ROS) and acrolein, a vicious cycle is created [44]. A lack of anti-oxidants can trigger
LPO by ROS which forms acrolein, further propagating LPO and in turn generating more
acrolein, in a self-perpetuating cascade where acrolein is produced in an exponential fashion.
Additionally, the half-life of acrolein is orders of magnitude longer than that of ROS, allowing
for the potentiation of damage over an extended time course [45].
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Acrolein poses a threat to many biochemical species and processes. Lipids, DNA, and proteins
are all at risk of degradation by acrolein [46]. Lipids, which are present in large quantities in the
myelin of the CNS, are primarily degraded through LPO. Acrolein is also capable of attacking
the nucleophilic bases of DNA to produce exocyclic products. Further, it interacts with lysine,
histidine, and cysteine to form acrolein-protein adducts [47]. By attacking these biomolecules,
acrolein is capable of interfering with a wide array of biological processes, and when taken
together with the ability of acrolein to be generated exogenously, it is evident that
overproduction of acrolein poses a legitimate threat to human health.
1.3.2 Exogenous Sources
In addition to being intentionally manufactured for industrial purposes, acrolein is produced as a
byproduct in many other processes and, thus, is categorized as an environmental toxin. The
greatest amount of atmospheric acrolein is produced by the burning of organic compounds, such
as cooking oils, wood, and gas [38]. Acrolein is also produced in significant levels by
manufacturing facilities and in cigarette smoke [48]. Typically, the atmospheric concentrations
of acrolein are between 0.5 and 3 ppb, which is below 30 ppb, the acute exposure standard set by
the EPA [49]. However, cigarette smoke contains around 1-5 ppm of acrolein, far exceeding
guidelines for exposure in ambient air [50]–[52]. The chronic exposure of these levels after
years of smoking can result in a cumulative increase of endogenous acrolein concentrations
within the bodies of tobacco users that can induce acrolein-mediated damage to the CNS, even in
the absence of disease [48], [53]. In fact, studies have shown that urine levels of the acroleinglutathione metabolite, 3-hydroxymethacrylate (3-HPMA), are more than 3-fold higher in people
who smoke compared to non-smokers (2900 pmol/mg of creatinine in smokers, 683 pmol/mg of
creatinine in non-smokers, p=0.0002) [54].

Pathophysiology of Secondary Injury
Secondary injury after the primary physical trauma of SCI includes a cascade of biochemical
events which damage the CNS and cause permanent functional loss after injury [45]. In the hours
to weeks following spinal cord injury, acrolein concentrations are increased beyond resting
physiological levels [55], [56]. This can be attributed to membrane disruption caused by the
physical trauma of the injury [44]. As the neuronal membranes are perturbed, ion concentrations,
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which are vital appropriate cell function, are altered, triggering the activation of inflammation
pathways and the release of chemokines and cytokines by macrophages for subsequent leukocyte
recruitment [45]. Due to this process, ROS overproduction occurs rendering the intrinsic antioxidant system of the CNS ill equipped to eliminate excessive ROS, instigating LPO and
accumulation of toxic aldehydes, such as acrolein. Through this process, a vicious cycle of
acrolein production and oxidative stress is initiated, which is depicted in Figure 3. Mitochondrial
aldehyde dehydrogenase (ALDH2), which is an enzyme responsible for the oxidation of reactive
aldehydes including malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and acrolein, is
known to be inhibited by these very aldehydes and other byproducts of LPO [57], [58].

Figure 2: Retraction of myelin (red) from paranodal regions (arrows) and exposure of potassium
channels (green) after exposure to physiological relevant concentrations of acrolein [58].
Mitochondria, which are the sources of free electrons that produce ROS, are abundant in the
CNS, effectively increasing its vulnerability to oxidative stress following SCI. Mitochondrial
function has been shown to decline with both induced oxidative stress and increased acrolein
concentrations [59]. Additionally, the high lipid content of the CNS due to myelin further
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exacerbates LPO and acrolein production by providing a substrate for noxious LPO reactions in
excess.
The combination of myelin degradation and neuronal membrane disruption exposes potassium
channels in the juxtaparanodal region of the axon, demonstrated by Sun and colleagues with an
innovative use of tandem coherent anti-stokes Raman spectroscopy (CARS) and two photon
excitation fluorescence (TPEF) imaging as seen in Figure 2 [60]. After six hours of 200 µM
acrolein exposure, myelin sheath retracted from the paranodal region, with even more apparent
retraction following 12 hours of exposure. The exposure of potassium channels, shown in green,
may play a crucial role in the prevention of axonal conduction, a notion further supported by the
use of potassium channel blockers to restore action potentials. A particular study showed that
using one such potassium channel blocker, 4-AP, after exposure to acrolein caused an increase in
compound action potentials (CAPs), and then a subsequent decrease in CAPs when 4-AP was
not applied [61]. The dependence of CAP magnitude on the presence of potassium channel
blockers is indicative of the extensive myelin damage caused by acrolein.

Figure 3: Vicious cycle of ROS and acrolein formation during secondary injury. In this cycle,
the vitality of lipids, DNA, and protiens are all at risk. These biomolecules are the core of proper
cell function and are necessary to maintain utility.
Therefore, through oxidative stress, myelin degradation, and channel exposure, acrolein is
implicated in the cellular dysfunctions of neurons in the CNS after SCI, affecting both the
afferent and efferent neural pathways post-injury. Many studies have focused on sequestering
ROS during secondary injury to reduce damage, however this approach has exhibited minimal
success. Since the half-life of acrolein is many orders of magnitude longer than that of ROS,
acrolein is a more effective agent to scavenge in order to curtail damage [62]. Acrolein’s role in
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motor dysfunction has been well studied and reviewed, however this proposal will focus on the
role of acrolein in the development and persistence of neuropathic pain.
1.4.1 Mechanisms of Sensory Dysfunction
Neuronal dysfunction of sensory neurons following SCI can induce neuropathic pain in two
ways: hyperalgesia or allodynia. Hyperalgesia is the increased response to a painful stimulus.
Allodynia is a pain response to a normally non-painful stimulus. However, since it is difficult to
separate the two in practice, they are commonly grouped as one term: hyperalgesia. Acrolein
may be an instigator of hyperalgesia via the transient receptor potential ankyrin 1 (TRPA1).
TRPA1 is an ion channel that is excited by irritants and activates afferent nociceptors. Acrolein
has been shown to be a specific agonist of this channel [63], [64]. Specifically, electrophilic
compounds, such as acrolein, bind to the N-terminal (shown in Figure 4) of the channel via the
amino and sulfhydryl functional groups of lysine and cysteine, respectively [65]. Further, the
bonds between acrolein and cysteine are not permanent and, as such, acrolein can detach and
react with other biomolecules after activating the TRPA1 channel. In this way, acrolein provides
a deeper threat than other TRPA1 agonists.

Figure 4: Depiction of the structure of the channel with cysteine and lysine residues. Acrolein
binds to these residues to the gate channel. (Adapted from American Physiological Society [63]).
After spinal cord injury, an increase in the expression of TRPA1 mRNA has been detected
within the spinal dorsal horn and afferent neurons. Further, Due and colleagues quantified the
expression of TRPA1 in the dorsal root ganglia (DRG) and hind paw of rats subjected to SCI
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[66]. Their results indicate that TRPA1 is indeed elevated in a peripheral terminal, which could
be the contributor to neuropathic pain. Additionally, the DRG elicited hyperexcitability in
electrophysiology studies [67]. The monocyte chemoattractant protein 1 (MCP-1) is a
chemokine responsible for microglia and macrophages to an injured area. Acrolein has been
shown to stimulate the release of MCP-1 after SCI [48], [68], which can in turn sensitize TRPA1
[69]. Due to the ability of acrolein to directly bind to TRPA1 and release MCP-1 and the fact
that both are up-regulated after injury, it is reasonable to consider that acrolein could be a
therapeutic target for an analgesic for neuropathic pain post-SCI.

Cigarettes, Acrolein, and Pain
As noted previously, one environmental source of acrolein is cigarette smoke. Smoking
cigarettes is common in people with depression, a condition often associated with SCI survivors
due to the prospect of being confined and having a lack of independence [70]. As such, tobacco
use is a relatively common habit among those who have a suffered a spinal cord injury. These
observations highlight the need for a formal study to investigate the potential role of cigarette
smoking in increasing neuropathic pain following SCI.
The concentration of acrolein in cigarette smoke, around 60 µg per cigarette, is high enough to
induce inflammation in the lungs of smokers because this concentration is greater than 0.03 ppm,
the acute exposure guideline set forth by the Environmental Protection Agency [50]–[52]. As
discussed previously, the mechanisms of the initiation and persistence of neuropathic pain may
be linked to elevated levels of endogenous acrolein and heightened activity of inflammation
pathways. Studies have shown that respiratory exposure cigarette smoke causes oxidative stress
and can reduce endogenous antioxidant levels within the body by 45% [48], [71]–[73]. Further,
the concentration of 3-HPMA, a specific acrolein-glutathione metabolite, has been reported at
elevated levels in smokers as compared to non-smokers [54]. After abstaining from smoking for
one month, the 3-HPMA levels in the urine of the smokers declined for every subject in the study
by a minimum of 46%. Further, chronic pain has been reported to be more intense in smokers
than in non-smokers [70], [74], [75]. Therefore, it is plausible to consider the ability of cigarette
smoke to exacerbate neuropathic pain in SCI patients. After spinal cord injuries, the central
nervous system, at the site of injury, is susceptible to further damage by oxidative stress, LPO,
and acrolein. The continued exposure to acrolein by smoking cigarettes may further exacerbate
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the up-regulation of pain pathways in SCI victims via the through the release of MCP-1 and the
activation of TRPA1 channel.
Other possible mechanisms of the exacerbation of pain by cigarette smoke include the presence
of other aldehydes including acetaldehyde, formaldehyde, and crotonaldehyde, which can
activate TRPA1 channels. Acetaldehyde exists in the highest concentration of aldehydes in
cigarette smoke [52]. However, the effect of the saturated aldehyde at high concentrations (> 1
mM) on TRPA1 channels has been shown to be minimal compared to that of other unsaturated
aldehydes at lower concentrations (<50 µM) [76]. Formaldehyde has been shown to activate
TRPA1 in the DRG of mice [77] but its concentration in cigarette smoke is one-third of that of
the concentration of acrolein [52]. Crotonaldehyde has a very similar chemical structure to
acrolein. It is an α,β- unsaturated aldehyde that can also directly bind with TRPA1 [76] but
crotonaldehyde, like formaldehyde, is not present at the high concentrations at which acrolein is
found [52].

Summary
In summary, the ability of acrolein to exacerbate neuropathic pain after spinal cord injury has yet
to be investigated. A deeper understanding of the interplay between acrolein, TRPA1, MCP-1,
and ALDH2 is warranted and can lead to the development of combinational treatments, which
may be more successful at treating post-SCI neuropathic pain. This study will also examine a
socially relevant issue using an animal model of SCI with exposure to acrolein or cigarette
smoke. Additionally, it has the potential to confirm proposed biochemical mechanisms of
neuropathic pain persistence after SCI. In the last few decades, societal awareness of the
harmful effects of smoking cigarettes has increased substantially. However, the stress and
depression endured by people who have suffered from a spinal cord injury can cause them to
resort to cigarettes for relief, or make it difficult to quit smoking.

Additionally, the popularity

of electronic cigarettes has grown in the past several years due to its advertisement as a “safer”
alternative to smoking. However, the breakdown of glycerin in the flavoring components of
these e-cigarettes has been shown to produce high amounts of acrolein. In fact, some flavorings
produced upwards of 300 µg of acrolein per gram of e-liquid [78]. Taking into account the
amount of nicotine in this e-liquid, an e-smoker would be exposed to 25% more acrolein from
the e-liquid flavoring than from cigarettes if the same amount of nicotine was consumed [51],

13
[78], [79]. Smoking has been shown to increase the intensity of chronic pain; considering that
approximately 40% of SCI patients suffer from some level of neuropathy, the potential for
respiratory exposure of acrolein to increase neuropathic pain symptoms is quite high.
The objectives of this dissertation are 3-fold: 1) deepen the understanding of acrolein’s role in
neuropathic pain after SCI to develop safe and effective analgesic treatments, 2) demonstrate the
ability of exogenous acrolein to intensify pain after SCI via inhalation, 3) evaluate endogenous
biochemical changes associated with acrolein or cigarette exposure.
The knowledge gained by this study will influence the lives of people living in pain after a spinal
cord injury, including many smokers. The awareness of heightened pain sensitivity due to
smoking cigarettes for those with SCI may deter people from smoking. This study will bolster
evidence supporting clinicians’ advisement of smoking cessation by illustrating cigarette
smoke’s direct role in exacerbating neuropathic pain. The development of the filter has the
potential to ease acrolein-mediated neuropathic pain in SCI smokers, better enabling them to
enjoy a quality of life that they were accustomed to prior to injury, by not limiting their lifestyle
choices.
The applications of this study are not limited to patients suffering from SCI given that acrolein
has been implicated in many disease and trauma pathologies. The ability to remove acrolein
from cigarette smoke or other gaseous media could provide people with a way to avoid increased
acrolein exposure, potentially useful for patients suffering from other acrolein-mediated
pathologies and healthy patients as well. Our laboratory is currently investigating the role of
acrolein in multiple sclerosis, Parkinson’s disease, and mild traumatic brain injury. This study
can easily be extended to any of our animal models of those disease states in the future.
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2. ACROLEIN-MEDIATED NEUROPATHIC PAIN BEHAVIOR AFTER
SCI

Portions of this chapter have been published in the Journal of Neurochemistry and are used with
permission [80], [81].

Introduction
Spinal cord injury (SCI) neuropathic pain contributes to a severe reduction in the quality of life
for people living with SCI. Currently, there are limited treatment options, none of which provide
sustained and complete relief [18], [32], [82]. Pain in general is a notoriously complex symptom
to treat. For those with spinal cord injuries, satisfactory neuropathic pain treatment regiments are
difficult to determine. Clinical trials in this arena have been generally ineffective at producing
convincing data for the augmentation of neuropathic pain [11], [25]. Treatments that work for
some patients are completely ineffective for others. One major reason is the multitude of
contributing factors associated with the endogenous changes after a spinal cord injury.
Recently, there has been a surge in the understanding of the biochemical response within the
body, termed secondary injury, in the hours, weeks, and months after SCI [45], [55], [83]. These
discoveries have spurred the investigation into the effects of these biochemical changes on
neuropathic pain. Acrolein, a highly reactive α,β-unsaturated aldehyde, has been labeled as a
characteristic sign of post-SCI secondary injury [44], [46], [84], [85]. Acrolein is both a provoker
and consequence of lipid peroxidation, meaning it can perpetuate the cycle of oxidative stress after
an injury [59], [85]. It is known to induce damage to DNA, lipids, and proteins, posing a particular
threat to the lipid-rich myelin in the nervous system. Further, acrolein has been shown to be
elevated post-SCI and treatment with the acrolein scavenger, hydralazine, resulted in both better
motor and sensory function outcomes [66], [86]. The deepened knowledge of acrolein and its role
in post-SCI secondary injury has elucidated potential mechanisms for the development and
perseverance of neuropathic pain.
Acrolein is also an activator of the transient receptor potential ankyrin 1 (TRPA1) cation
channel [87]. This channel is located on nociceptor of c-fibers in both the central and peripheral
nervous systems. TRPA1 is a polymodal receptor that responds to chemical, thermal, and
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mechanical influences. A specific TRPA1 agonist is allyl isothiocyanate (AITC), the pungent
ingredient in horseradish [88]–[90]. Elevations in TRPA1 mRNA expression have been previously
associated with post-SCI tissue [66]. Additionally, TRPA1 upregulation has been linked to the
transition from acute to chronic pain [91], [92]. However, the extent of TRPA1 contribution in
post-SCI neuropathic pain is still unclear. It is possible that TRPA1 may not only be activated by
acrolein, but may also be upregulated by it. Acrolein may encourage the transition from acute to
chronic neuropathic pain by upregulating TRPA1. Additionally, the release of MCP-1, the
monocyte chemoattractant protein-1 (also known as CCL2) is known to sensitize TRPA1 and it
can be stimulated by acrolein [93]. This sensitization of TRPA1 may contribute to the overall
hypersensitivity in the post-injury spinal cord. The interaction between TRPA1 and acrolein, with
the support of the inflammatory response and the release of MCP-1, may contribute substantially
to neuropathic pain after spinal cord injuries. Acrolein scavenging may prove to be an effective
means of mitigating SCI-induced neuropathic pain by reducing the upregulation and activation of
TRPA1 and preventing the release of MCP-1.
While acrolein scavenging has proven to be an effective means of reducing some SCI-mediated
functional deficits, there may be additional ways to remove acrolein endogenously to lessen its
detrimental effects. For example, mitochondrial aldehyde dehydrogenase (ALDH2), the enzyme
known for its ability to metabolize acetaldehyde (an intermediate in the metabolism of ethanol), is
also responsible for breaking down reactive aldehydes, including acrolein.

As a naturally

occurring enzyme in the body, ALDH2 can oxidize toxic aldehydes [94]–[96]. Alda-1, an
ALDH2-specific activator, has been shown to double the clearance ability of ALDH2, offering
neuroprotection in animal models of Parkinson’s, Alzheimer’s, and cardiovascular diseases [97].
Additionally, Alda-1 reduced lung edema and monolayer permeability after acrolein exposure [95].
Alda-1, by enhancing the activity of ALDH2, may be able to harness the power of mechanisms
that already exist within the body to combat aldehyde-related toxicity in the post-SCI environment,
mitigating some functional deficits.
It is the goal of this study to contribute to the mechanistic understanding of post-SCI
neuropathic pain in order to spur the development of new treatments for those living with the injury.
It is possible that combinational treatments, timed to specifically address the dynamic responses
of toxic aldehyde production, inflammatory response, and ion channel upregulation in the postSCI neuropathic pain arena, may provide the best outcomes for SCI victims.
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Methods
2.2.1 Spinal Cord Injury Model [80]
All surgical procedures were carried out aseptically. An adequate level of anesthesia was induced
by a ketamine (80 mg/kg) and xylazine (10 mg/kg) mixture via intraperitoneal (IP) injection.
Complete anesthesia was considered when there was no withdrawal response to a foot pinch.
Contused SCI models were induced by using a New York University-style impactor with a 10-g
rod [98]. Briefly, a dorsal laminectomy was performed to expose the dorsal surface of T-10 level
of the spinal cord. After stabilizing the animal’s vertebrae, the impactor weight rod was centered
directly above the spinal cord T-10 level, then was dropped from a height of 25 mm on the intact
dura matter. A sham operation was carried out using only a laminectomy at the T-10 vertebrae
without a SCI. After surgery, animals recovered on a heating pad. Manual bladder expression
was performed two times daily until the return of reflexive control of bladder function was
observed. Saline (3 mL) was administrated through subcutaneous injections for 1-week post SCI
to prevent from dehydration [80].
2.2.2 Microinjection of Acrolein into Spinal Cord [80]
After adequate anesthesia, as described earlier, a laminectomy was performed at the T-10 level to
expose the intact spinal cord. Micropipettes were pulled and beveled for the insertion into the
spinal cord. A micro-pipette was loaded with saline for a control and acrolein in saline for an
experimental group. The solution was injected using a three-way valve coupled with a syringe
under negative pressure. For the injection, a PMI-100 pressure microinjector (Dagan Corp.,
Minneapolis, MN, USA) was utilized to inject 1.6 µL of saline into the left side of the spinal
cord as a control and the same volume of acrolein (40 nmol, 1.6 µL) was injected into the right
side (Fig. 1). Specifically, each solution was injected 0.6 mm lateral to the spinal cord mid-line
and 1.2 mm ventral to the spinal cord surface at the T-10 level. For post-surgical care, rats were
placed on a heating pad and anti-biotic ointment was applied to the incision site [80].
2.2.3 Peripheral acrolein injections [80]
A volume of 25 µL of acrolein (625 nmol) was injected into the plantar region of the right hind
foot in sham control and SCI groups. For the acrolein injection, a 30-gauge needle attached to a
Hamilton Syringe was used. A successful injection was considered if there was about a two
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millimeter in diameter bleb formation at the injection site. The needle was also left inserted for at
least 10 seconds after the injection to prevent from leakage of acrolein solution after removal of
the needle. Mechanical hypersensitivity tests began 1 h after acrolein injection [80].
2.2.4 Peripheral AITC Injections
Allyl isothiocyanate (AITC), a specific TRPA1 agonist, was injected into plantar region the left
hind foot in sham and SCI rats two-weeks post SCI. A 30-gauge needle was used to inject 50 µL
of a 10% (m/v) AITC solution. The needle was left inserted for at least 10 seconds after the
injections to prevent from leakage of AITC after removal of the needle. Mechanical
hypersensitivity tests began 1 hour after the AITC injection.
2.2.5 TRPA1 Antagonist Injections
AP-18, a specific TRPA1 antagonist, was injected intraperitoneally in some experiments
studying the effects of TRPA1 on post-SCI neuropathic pain behavior. A solution of 0.5 mg/mL
was prepared fresh in 10% DMSO on the day of the experiment. A dose of 200ug/kg was
delivered i.p. immediately prior to peripheral AITC or acrolein injections (when noted). A 10%
DMSO solution was delivered as a vehicle in the control groups.
2.2.6 Treatments
2.2.6.1 Hydralazine Treatment [80]
Hydralazine hydrochloride (Sigma, St. Louis, Mo, USA) was dissolved in phosphate buffered
saline then sterilized via a filter. A final dose of 5 mg/kg of hydralazine solution was
administrated through IP injection. To investigate hydralazine’s effect of suppressing acrolein,
hydralazine injections were administered twice: once within 3 min following SCI, and then again
24-h post-SCI. Hydralazine was administrated once daily for 2 weeks after SCI for experiments
involving behavioral assessments. Hydralazine treatment occurred once daily for 1 week after
SCI for experiments using RT-PCR for gene expression analysis [80].
2.2.6.2 Phenelzine Treatment [81]
Phenelzine sulfate salt (Sigma, St. Louis, MO, USA) was dissolved in phosphate buffered saline
and sterilized with a 0.45 um filter. Generally, dosages up to 60 mg/kg with IP administration are
safe for rodents, so 5, 15, and 60 mg/kg of phenelzine were chosen as dosages for this study
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based on a literature review of the drug’s effectiveness [99], [100]. To evaluate the effectiveness
of phenelzine at different SCI stages, phenelzine was administered immediately after injury for
14 days (acute), beginning on the 21st day after surgery for 14 days (delayed), and beginning 2
months after injury for 14 days (chronic). To investigate phenelzine’s effect of suppressing
acrolein in both tissue and urine [3-hydroxypropyl mercapturic acid (3-HPMA)], phenelzine
injections were administered twice: once within 3 min following SCI, and then again 24-h postSCI. The effect of phenelzine-mediated increase in spinal cord tissue preservation was evaluated
4 weeks post-SCI. Phenelzine was applied IP daily (15 mg/kg) starting immediately following
trauma for 2 weeks [81].
2.2.6.3 Alda-1 Treatment
Alda-1 (Apex Bio, Houston, TX, USA) was dissolved in dimethyl sulfoxide and was prepared
fresh daily and sterilized with a 0.45 um filter. Animals involved in the Alda-1 treatment group
received 4 doses of the treatment. A first dose of 15 mg/kg Alda-1 was delivered
intraperitoneally (i.p.) 15 minutes post-SCI. Two doses of 10 mg/kg were delivered 2 and 4
hours after the injury. Twenty-four hours post-SCI, a 15 mg/kg dose of Alda-1 was delivered
i.p., followed by a 10 mg/kg dose 6 hours later. At 48 hours post-injury, a final 15 mg/kg dose
was given approximately 1-2 hours before perfusion.
2.2.7 Mechanical Pain Testing [80]
Behavioral testing for mechanical allodynia was performed 1 day before SCI surgery to establish
base line withdrawal threshold for the animals. Mechanical allodynia was assessed by the hind
paw withdrawal threshold in response to a series of calibrated von Frey filaments (range: 0.4,
0.6, 1.0, 2.0, 4.0, 6.0, 8.0, and 15.0 grams, Stoelting, Wood Dale, IL, USA). Briefly, the animals
were placed on a metal mesh and covered by a transparent plastic box. They were left alone at
least 10 min for acclimation before testing. Testing was initiated with the filament that bending
force was 2.0 g. The filament was applied to the plantar surface of each paw perpendicularly
with a sufficient bending force for three to 5-s. Mechanical stimuli were applied at a frequency
of one per minute. The 50% withdrawal threshold was determined using the up-down method
[101]. During the paw injection of acrolein experiments, mechanical hypersensitivity behavior
was measured by the frequency of paw withdrawal to a fixed value of filament. For the data in
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Figure 14 and Figure 15, the withdrawal threshold was determined prior to determining the
withdrawal frequency. The filament closest to the 50% withdrawal threshold for each animal was
used for the frequency test. The filament was applied 10 times to the plantar paw before and 1 h
after acrolein injection at a frequency of one per minute [80].
2.2.8 Urine Collection [80]
To collect the urine of the animals, standard metabolic cages were used. Saline (0.3 mL) was
administrated through peritoneum to induce urination. During the urine collection time, regular
food and water were supplied. Water sources were carefully separated to prevent urine dilution
by water. Occasionally, manual bladder expression was performed to collect urine [80].
2.2.9 Urine Analysis of 3-HPMA [80]
3-HPMA was measured based on the previous study [102]. Briefly, ENV+ cartridges (Biotage,
Charlotte, NC, USA) were used to prepare solid phase extraction before LC/MS/MS analysis.
Each cartridge was conditioned with 1 mL of methanol, followed by 1 mL of water, and finally 1
mL of 0.1% formic acid in water. A volume of 500 µL of urine was spiked with 200 ng of
deuterated 3-HPMA (d3-3-HPMA) (Toronto Research Chemicals Inc., New York, Ontario) and
mixed with 500 µL of 50 mM ammonium formate and 10 µL of undiluted formic acid. Each
cartridge was washed twice with 1 mL of 0.1% formic acid, then followed by 1 mL of 10%
methanol/90% of 0.1% formic acid in water. The cartridges were dried with nitrogen gas for 30
min and eluted with 600 µL methanol plus 2% formic acid three times. The eluates were dried
with an evaporation centrifuge before being reconstituted in 100 µL of 0.1% formic acid before
LC/MS/MS analysis. An Agilent 1200 Rapid Resolution liquid chromatography (LC) system
coupled to an Agilent 6460 series QQQ mass spectrometer (MS) (Santa Clara, CA, USA) was
used to analyze 3-HPMA in each sample [86] [80].
2.2.10 Creatinine Assay [80]
Creatinine measurements were carried out using with a creatinine (urinary) assay kit (Cayman
Chemical Company, MI, USA). Briefly, creatinine standards, 129, and 24 9 diluted urine
samples were incubated with an alkaline picrate solution for approximately 20 min in 96 well
plates. For the initial reading, the absorbance at 490-500 nm was detected with standard
spectrophotometry. Next, 5 µL of an acid solution was added to each of the samples and the plate

20
was incubated on a shaker for 20 min. For the final measurement, the absorbance at 490–500 nm
was again recorded with a standard spectrophotometry and the difference between the initial and
final reading were used for quantitative analysis. The creatinine standard curve was prepared
according to the assay manual [80].
2.2.11 Tissue Collection [80]
The animals were properly anesthetized with a ketamine (80 mg/kg) and xylazine (10 mg/kg)
mixture through an IP injection. Then they were perfused with cold oxygenated Kreb’s solution
(124 mmol/L, NaCl, 2 mmol/L KCl, 1.24 mmol/L KH2PO4, 26 mmol/L, NaHCO3, and 10
mmol/L ascorbic acid, 1.3 mmol/L MgSO4, 1.2 mmol/L CaCl2, and 10 mmol/L glucose). The
whole vertebral column was rapidly removed then a dorsal laminectomy was carried out along
the vertebral column to remove the spinal cord. A 1 cm segment, including the injury site, was
cut from the spinal cord and used for immunoblotting and western blotting experiments. The
dorsal root ganglia from L4-L6 were extracted at this point as well.
The extraction of paw skin is similar to the procedures described in a previous study [103].
TRPA1 channels, which are expressed on keratinocytes, transmit pain sensations to the higher
order neurons [103]. In this study, we collected basal layer of the skin epithelium of the hind
limb paw (0.5 9 0.5 cm) including the von Frey filament application site [80].
2.2.12 RT-PCR [80]
The DRG cells (L1–L6), spinal dorsal horn, and paw skin of sham and SCI rats were
homogenized using Trizol reagent (Sigma- Aldrich). RNA isolation was followed by chloroform
extraction and isopropanol precipitation. RNA concentration was determined using NanoDrop
2000c (Thermo Scientific, Newark, DE USA). The extracted RNA was dissolved in 50 µL of
RNase-free distilled water and stored at -80°C deep freezer until in use. cDNA was synthesized
by the iScript™ cDNA Synthesis kit manual guide (170-8890; Bio-Rad). Primers were designed
for RT-PCR based on a previous study [66]. To recognize the TRPA1 channel, the primers 50TCCTATACTGGAAGCAGCGA-30, and 50-CTCCTGATTGCCATCGACT-30; 18S were used
as an internal control against 50-CGGCTACCACATCCAAGGAA-30 and 50GCTGGAATTACCGCGGCT-30. The accumulation of PCR products was measured by the
level of iQ-SYBR Green Supermix (170-8880; Bio-Rad) fluorescence following the
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manufacturer’s manual. The gene expression level was normalized by the level of 18S
expression. Relative quantification was calculated as X = 2-ΔΔCt, where ΔΔCt = ΔE-ΔCt and
ΔE = Ct exp-Ct18s, ΔCt = Ct control-Ct 18 s [104]. Data were then normalized to the average of
the control group [80].
2.2.13 Western Blotting
Spinal cord (SC), dorsal root ganglia (DRG), and paw skin (PS) tissue samples were sonicated 3
times for 10 seconds in 1X RIPA buffer (Sigma Aldrich, St. Louis, MO, USA) with 1% protease
inhibitor (Sigma Aldrich, St. Louis MO, USA). Samples were placed on ice after each
sonication to prevent protein degradation. A Bicinchonic Acid Assay (BCA) kit (Pierce,
Rockford, IL, USA) was used to determine the protein concentration of the samples. For this
assay, samples were diluted 1:5 in PBS and added to a 96-well plate with standards ranging from
0 to 2000 µg/mL of bovine serum albumin. The same volume (200 µL) of working reagent was
added to each well and allowed to incubate for 40 minutes. The plate was read with a
spectrophotometer (Molecular Devices (Sunnyvale, CA, USA) at 562 nm. The absorbance was
used to calculate the total protein concentration.
The total protein concentration was used to determine the volume needed to add an equal mass
(15ug for DRG and PS and 30 µg for SC) to each well of a 10% SDS-polyacrylamide gel.
Electrophoresis was performed in 1X Tris-glycine-SDS running buffer for 2 hours at 90V.
Transfer to a nitrocellulose membrane took place at 75V for 1 hour in 1X-Tris-glycine and
methanol transfer buffer. Membranes were blocked in 1X casein for 5 minutes after transfer. The
membranes were then allowed to incubate in the appropriate primary antibody solution overnight
(Anti-TRPA1: Novus biologics (NB100-98841, Littleton, CO, USA), Anti-MCP-1: Abcam
(ab25124, Cambridge, UK), Anti-Acrolein: Abcam (ab37110, Cambridge, UK), Anti-Actin:
Sigma Aldrich (A2066, Cambridge, UK). The following day, membranes were washed in casein
3 times and incubated in a biotinylated secondary antibody solution for 45 minutes. Membranes
were then washed 3 more times in casein before adding an amplification reagent (Vectastain
AMP, Vector Labs, Burlingame, CA, USA) for 10 minutes. Membranes were again washed 3
times and finally equilibrated n a 0.1 M tris buffer solution, pH 9.5. DuoLux (Vector Labs,
Burlingame, CA, USA) was distributed on the surface of each membrane and allowed to sit in
subdued light for 5 minutes. The membranes were then imaged in an Azure Biosystems gel
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imager with 5-minute exposure (8 minutes for MCP-1) and analyzed with AlphaView SA
multiplex band analysis using local background. The intensity of β-actin was used to normalize
the protein level of each protein of concern (Acrolein, TRPA1, MCP-1). Blots were further
normalized to the sham group.

Results
2.3.1 Elevation of acrolein post-injury
It has been shown that acrolein is involved in post-SCI cellular damage. In this study,
endogenous acrolein levels were quantified after spinal cord injury. The acrolein-glutathione
metabolite, 3-HPMA, can serve as a biomarker of acrolein accumulation in the body because it is
stable and is excreted in the urine. The amount of 3-HPMA was quantified in the urine of postSCI animals to determine systemic accumulation of acrolein. 3-HPMA levels were significantly
greater one day after SCI as compared to the sham group (Figure 5). The elevation of acrolein
was also observed on the local level. There was a significant increase in acrolein-lysine adducts
48 hours and 4 weeks post-SCI in the spinal cord (Figure 17 and Figure 6). Additionally, the
protein level of acrolein-lysine adducts in the paw skin were elevated 1-week post-SCI, but not 4
weeks.
2.3.2 Acrolein alone mimics sensory deficits of spinal cord injury
In ex vivo experiments, the delivery of acrolein alone, in the absence of mechanical injury, was
shown to mimic damage due to a contusion injury to the spinal cord [55]. Here, we again
investigate the effects of acrolein alone on the spinal cord. This time, however, the study was
performed in vivo, enabling the study of acrolein-mediated sensory deficits. Figure 7 depicts the
mechanical threshold of post-acrolein injection rats for two weeks after the injection. Beginning
three days after the injection, the mechanical threshold of the acrolein injection side was
significantly lower than the sham group. This trend continued through the 14-day study. The
mechanical threshold on the saline injection side did not differ significantly from the sham
group.
To further demonstrate the role of acrolein in post-SCI hypersensitivity, intraplantar injections of
acrolein were performed on the hind paws. Figure 8 shows that acrolein injection to the paw
resulted in a decrease in mechanical threshold for both the sham and SCI groups. However, the
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percentage of decrease was significantly greater in the SCI group than in the sham group (Figure
8b). In a similar experiment, peripheral injections of acrolein resulted in an increase in paw
withdrawal frequency for both sham and SCI groups, as compared to the saline injected side
(Figure 15a). Additionally, when the change in withdrawal frequency relative to the internal
control (saline intraplantar injection) was assessed for treatment effects, treatment with the
TRPA1 antagonist, AP-18 resulted in lower effects due to acrolein (Figure 15B).
2.3.3 Acrolein scavenging reduces sensory dysfunction post-SCI
It has previously been reported that hydralazine, an acrolein scavenger, could provide some
benefits to motor and sensory function recovery after spinal cord injury [105]. We now report
that an alternative to hydralazine, phenelzine, an FDA-approved antidepressant, is also effective
at improving post-SCI outcomes. Figure 9 and Figure 10 depict the mechanical threshold of
post-injury animals with and without phenelzine treatment. In Figure 9, phenelzine was
administered for the first 14 days after injury. The mechanical threshold of the untreated SCI
group was significantly lower than that of the phenelzine treated group. This difference was
maintained for at least two weeks after the administration of phenelzine was ceased. The
mechanical threshold of chronically treated post-SCI animals can be viewed in Figure 10. The
treatment with phenelzine from post-SCI day 67 to 81 resulted in elevated mechanical thresholds
in the treatment group beginning 5 days after the start of treatment. The elevation was sustained
for only one day after the treatment was ended.
2.3.4 TRPA1 elevated post-injury
TRPA1, a cation channel located on nociceptors that can be activated by acrolein, has been
shown to be involved in post-SCI mediated sensory dysfunction [66]. The present study again
reports that TRPA1 mRNA levels are elevated one week and two weeks after SCI (Figure 12 and
Figure 11, respectively). Additionally, Figure 11 and Figure 12 report that daily treatment with
the acrolein scavengers, hydralazine and phenelzine, resulted in the suppression of TRPA1
mRNA expression in the spinal dorsal horn, dorsal root ganglia, and paw skin. In particular, the
elevation of TRPA1 mRNA expression was extreme in the paw skin. The PCR product fold of
TRPA1 in the SCI group was around 40 times that of the sham group in both the hydralazine and
phenelzine experiments. However, Figure 13 depicts the protein levels of TRPA1 in the spinal
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cord, dorsal root ganglia, and paw skin one, two, and four weeks after injury. There was slight
elevation of TRPA1 protein levels in the paw skin at one and two weeks, but these differences
were not significantly higher than the sham group. There were no significant differences in
TRPA1 protein levels in the spinal cord or dorsal root ganglia.
2.3.5 TRPA1 mediated hypersensitivity
The involvement of TRPA1 in post-SCI hypersensitivity was investigated with the use of the
specific TRPA1 agonist, AITC, and its specific antagonist, AP-18. The delivery of AITC to the
hind paw of post-SCI and sham animals resulted in a significant decrease in the mechanical
withdrawal frequency two weeks after injury (Figure 14A). Reducing the activation of TRPA1
with its antagonist, AP-18, resulted in a lower relative change in frequency when compared to
the internal control (contralateral saline paw injection), however the differences were not
statistically significant (Figure 14B). Interestingly, the same effect was observed when acrolein
was substituted as the TRPA1 activator (Figure 15). Acrolein injection to the hind paw of rats
increased the withdrawal frequency of both sham and SCI rats (Figure 15A). The TRPA1
antagonist, AP-18, was able to reduce the relative change in frequency, adjusted for the saline
peripheral injection effect and normalized to the vehicle i.p. injection group for the SCI group
(Figure 15B)
2.3.6 Post-SCI Inflammation
MCP-1, a marker of inflammation that is released by acrolein, was quantified one, two, and four
weeks post-SCI in the spinal cord, dorsal root ganglia, and paw skin (Figure 16). There was a
significant increase in MCP-1 in the spinal cord two and four weeks after injury. There were no
significant changes in MCP-1 between the sham and spinal cord injured groups in the dorsal root
ganglia and paw skin.
2.3.7 ALDH2 (alda-1)
The ability of increased ALDH2 activity to reduce the harmful post-SCI effects of acrolein and
other aldehydes was investigated using the ALDH2-specific agonist, Alda-1. While there was a
significant increase in acrolein levels from the control group (no injury) to the injury group
(SCI), there was no significant difference in the acrolein-lysine adduct levels of the control and
Alda-1 treatment groups 48 hours after injury (Figure 17). Interestingly, ALDH2 protein levels
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were slightly, but not significantly, lower in the injury group than in the control group. There
was a slight increase in the Alda-1 treatment group compared to the injury group as well, but
again, this difference was not significant. A similar effect was observed with the TRPA1 protein
levels. There were no changes in MCP-1 levels between the three groups.
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Figure 5 Elevated level of 3-HPMA, an acrolein metabolite, in urine after SCI in rats (3.5 +/0.24 lg/mg), when compared with sham-injured group (1.9 +/- 0.21 lg/mg). Rat urine samples
were collected 1 day after SCI to determine 3-HPMA level. N = 4 ~ 6 in each group. *p < 0.05.
unpaired t-test. All values were expressed as mean +/- SEM. Figure published and used with
permission by Journal of Neurochemistry [80].
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Figure 6 Elevation of acrolein-lysine adducts one to four weeks after spinal cord injury in the
spinal cord (SC), dorsal root ganglia (DRG), and paw skin (PS). All blots were exposed for 5
minutes. Significant increases in acrolein-lysine adducts were observed 1 week post-SCI in
the paw skin and 4 weeks post-SCI in the spinal cord. Representative blot shows protein from
the spinal cord. Data are presented as mean +/- SEM. A one-way ANOVA with LSD post-hoc
was performed for statistical analysis (**p<0.01).
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Figure 7 Mechanical hypersensitivity after microinjection of acrolein directly into the
spinal cord (T10). Mechanical sensitivity changes associated with saline (left side) and
acrolein (right side) injections into thoracic spinal cord were assayed over time using
mechanical up to 14 days. Acrolein (40 nmol, 1.6 uL) was injected into the right side of
dorsal aspect of spinal cord at T10 level and an equal volume of saline was injected into the
left side of the cord. (*p < 0.05; **p < 0.01, when compared with control group, One-way
ANOVA and Tukey’s test, n = 4 in all groups). All data were expressed as mean +/- SEM.
Figure published and used with permission by Journal of Neurochemistry [80].
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Figure 8 Neuropathic pain-like behavior after peripheral acrolein injection and its potentiation
after spinal cord injury (SCI). Mechanical sensitivity was assessed using Von Frey filaments
before and after the injection of acrolein the intraplantar paw. (a) Bar graph shows that
mechanical threshold in both sham and SCI groups can be reduced significantly following
acrolein injection (*p < 0.05, **p < 0.01, when compared with pre-acrolein, One-way ANOVA
then Tukey test). (b) The percent of change of mechanical threshold in SCI following acrolein
injection was significantly greater compared that in sham group (♯p < 0.0001) N = 5–8 in all
groups. Unpaired t-test. The values were expressed as mean +/- SEM. Figure published and used
with permission by Journal of Neurochemistry [80].
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Figure 9 Post-spinal cord injury (SCI) mechanical hyperreflexia and its alleviation by
phenelzine applied immediately following trauma for 2 weeks. No difference in mechanical
hyperreflexia was found before SCI (at day 0) in sham injury, SCI only, and SCI treated with
phenelzine. On days 15–29, SCI only rats displayed a significantly increased level of
mechanical hyperreflexia (#p < 0.05 when compared to sham injury). This increased display
of presumptive pain behavior was significantly attenuated with the application of phenelzine
(*p < 0.05 when compared to SCI only). One-way ANOVA and Tukey’s test was used for
statistical analysis. N = 5 in each condition. All data were expressed in mean +/- SEM.
Figure published and used with permission by Journal of Neurochemistry [81].
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Figure 10 Chronic post-spinal cord injury (SCI) mechanical hyperreflexia and its alleviation
by phenelzine. At day 0, before spinal cord injury (SCI), and post-SCI days 60 and 66, there
was no difference in mechanical hyperreflexia in the SCI only and the SCI treated with
phenelzine groups. However, phenelzine significantly attenuated the mechanical hyperreflexia
in the SCI starting post-SCI day 72 until day 82 (*p < 0.05 when compared to SCI only group,
N = 5 for all groups, unpaired student t-test). Phenelzine was applied at a dosage of 15 mg/kg
starting at post-SCI day 67 for period of 2 weeks. All data were expressed as mean +/- SEM
Figure published and used with permission by Journal of Neurochemistry [81].
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Figure 11 Suppression of TRPA1 mRNA levels by hydralazine 2 weeks after injury.
Specifically, the TRPA1 mRNA levels were significantly increased 2 weeks post SCI in
dorsal horn, DRG, and paw skin following SCI (p < 0.05 in dorsal horn, DRG, and p < 0.005
in paw skin group when compared with sham). However, this elevated TRPA1 mRNA was
significantly attenuated in all three tissue types with the continuous daily IP injection of
hydralazine for 2 weeks post SCI. (*p < 0.05, One-way ANOVA and Tukey test). N = 4 ~ 8
in each group. All values were expressed as mean +/- SEM. Figure published and used with
permission by Journal of Neurochemistry [80].
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Figure 12 Elevation of TRPA1 mRNA level 1 week after spinal cord injury and its suppression
by phenelzine. Spinal dorsal horn (1 cm long including T10), dorsal root ganglia (DRG, L1–
L6), and paw skin were assessed 7 days after spinal cord injury (SCI). Specifically, the TRPA1
mRNA levels were significantly increased in dorsal horn, DRG, and paw skin following SCI (p
< 0.05 in dorsal horn and DRG, and p < 0.001 in paw skin group when compared to sham).
However, this elevated TRPA1 mRNA was significantly attenuated in all three tissue types with
the continuous daily IP injection of phenelzine (15 mg/kg) for a week commencing immediately
following trauma. (*p < 0.05, #p < 0.005 when compared to SCI only, One-way ANOVA and
Tukey’s test). N = 5~6 in each group. All values were expressed as mean +/- SEM. Figure
published and used with permission by Journal of Neurochemistry [81].
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Figure 13 Quantification of TRPA1 one to four weeks after spinal cord injury in the spinal cord
(SC), dorsal root ganglia (DRG), and paw skin (PS). All blots were exposed for 5 minutes.
Slight, yet not significant increases in TRPA1 protein levels were observed in the paw skin 1, 2,
and 4 weeks-post-SCI. Representative blot shows protein from the spinal cord. Data are
presented as mean +/- SEM. A one-way ANOVA with LSD post-hoc was performed for
statistical analysis (NS).
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Figure 14 Mechanical hypersensitivity after intraplantar injection of TRPA1 agonist (AITC)
or saline and i.p. injection of TRPA1 antagonist (AP-18) or vehicle two weeks post-SCI.
AITC was injected into the left paw and saline was injected into the right paw of each animal.
The injection of AITC resulted in increased paw withdrawal frequency compared to saline
injections (A, * p<0.05). Treatment with the TRPA1 agonist, AP-18, resulted in greater
change in paw withdrawal frequency, relative to the control, SCI + Vehicle (i.p.) + Saline
(intraplantar) (B). N=3-4 for all groups. All data were expressed in mean +/- SEM. A oneway ANOVA with LSD post-hoc was performed.
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Figure 15 Mechanical hypersensitivity after intraplantar injection of TRPA1 activator, acrolein
(ACR) or saline and i.p. injection of TRPA1 antagonist (AP-18) or vehicle two weeks post-SCI.
ACR was injected into the left paw and saline was injected into the right paw of each animal. The
injection of ACR resulted in increased paw withdrawal frequency compared to saline injections
(A, *p<0.05). Treatment with the TRPA1 agonist, AP-18, resulted in greater change in paw
withdrawal frequency, relative to the control, SCI + Vehicle (i.p.) + Saline (intraplantar) (B).
N=3-4 for all groups. All data are expressed in mean +/- SEM. A one-way ANOVA with LSD
post-hoc was performed.
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Figure 16 Quantification of MCP-1 one to four weeks after spinal cord injury in the spinal cord
(SC), dorsal root ganglia (DRG), and paw skin (PS). All blots were exposed for 8 minutes. MCP1 was elevated in the spinal cord 2 and 4 weeks post-SCI. These elevations were not observed in
the DRG or PS. Representative blot shows protein from the spinal cord. Data are presented as
mean +/- SEM. A one-way ANOVA with LSD post-hoc was performed for statistical analysis
(*p<0.05, **p<0.01).
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Figure 17: Western blot analysis of spinal cord tissue 48 hours after control (no injury), injury
(SCI), or Alda-1 (SCI + i.p. injection). An increase in acrolein-lysine adducts was observed after
injury, compared to control (*p<0.05). No increase in acrolein was observed after injury with
Alda-1 treatment. There were no significant changes in the injury or Alda-1 treatment group
compared to control for ALDH2, TRPA1, or MCP-1 48 hours after injury. However, there were
slight decreases in ALDH2 and TRPA1 in the injury group. N=4-8 for all groups. Statistical
analysis was performed with one-way ANOVAs and LSD post-hoc.
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Discussion
The ability of acrolein to induce post-SCI cellular damage has been previously established in ex
vivo studies. In this investigation, we link endogenous acrolein elevation to an in vivo model of
SCI. Acrolein elevations were demonstrated in two ways: local (Figure 6) and systemic
measurements (Figure 5).
The local measurements, performed via western blotting (Figure 6) indicated that acrolein-lysine
adducts were increased in the paw skin one week after injury and elevations within the spinal
cord were significant 4 weeks after injury. This data varies slightly from previous report of
acrolein elevations in the spinal cord one day and two weeks after injury [67]. The reason for this
may be that the results presented here used a Western Blotting method and the previously
reported results used a dot immunoblotting method. Dot blotting may be more suitable to
observe difference in bulk acrolein adduct levels. Western blotting enables the observer to view
differences in acrolein adducts of distinct sizes. This can give a better indication of changes in
acrolein adduct types before and after injury. Regardless of the differences in results, local
acrolein elevations found in the spinal cord and paw skin of SCI animals is indicative of
acrolein’s role in the overall biochemical changes that can occur after a spinal cord injury.
The systemic acrolein measurements in this study were accomplished using an established
method of 3-HPMA detection. The molecule, 3-HPMA is an acrolein-glutathione metabolite
that is stable and is excreted in the urine. Because of these features, 3-HPMA is an ideal
biomarker for endogenous acrolein quantification in a noninvasive manner. In previous studies,
3-HPMA has been used as an indication of systemic acrolein levels after SCI [86]. Here, we
report that systemic acrolein levels are elevated at least one day after SCI (Figure 5). Changes in
acrolein levels within the body indicate that acrolein may be a key culprit in post-SCI sensory
dysfunction.
While there is substantial evidence of acrolein-mediated sensory deficits after spinal cord injury,
this investigation provides data supporting the fact that acrolein alone, in the absence of injury
can induce sensory deficits similar to that produced by a spinal cord injury (Figure 7 and Figure
8). Acrolein injection directly to the spinal cord resulted in a drop in mechanical paw withdrawal
threshold similar to that observed after a spinal cord injury (Figure 7). A similar effect was also
observed when acrolein was applied peripherally after an injury. Acrolein was injected into the
plantar surface of the hind paw of injured or sham injured animals. Acrolein injection resulted in
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an increase in neuropathic pain behavior. However, the effect of acrolein on pain was greater in
the SCI group than in the sham group. Taken together, this data indicates that acrolein can
induce pain-like behavior without an injury and the application of acrolein after an injury is
capable of exacerbating neuropathic pain behavior.
A reduction in acrolein-mediated sensory deficits has been demonstrated in past studies via
acrolein scavenging, with the use of hydralazine, an FDA-approved anti-hypertension medication
[105]. Hydralazine is an effective acrolein scavenger, but it may not always be ideal for clinical
use after SCI, particularly in traumatic situations where loss of blood is a concern. In this study
we further establish acrolein scavenging in post-SCI sensory dysfunction mitigation by using
another known acrolein scavenger, phenelzine, an FDA-approved anti-depressant. Treatment
with phenelzine resulted in a decrease in neuropathic pain-like behavior after spinal cord injury
when treated both acutely and chronically. In the acute treatment (daily injections for the first 2
weeks post-SCI), the benefit of phenelzine treatment lasted at least 14 days after treatment was
stopped (Figure 9). Interestingly, when treatment with phenelzine was delayed until 67 days
after the injury, neuropathic pain-like behaviors did not decrease immediately on the first day of
treatment (Figure 10). Rather, it took 5 days for a significant rise in mechanical paw withdrawal
threshold to occur. Also, the increase in threshold was only sustained for one day after treatment
ceased. The differences in the efficacy of phenelzine treatment in the acute and chronic stage of
SCI is of interest to the SCI community. Some efforts have been made to investigate the
transition from acute to chronic pain [91], [92]. In fact, TRPA1, a cation channel located on
nociceptors of C-fibers in the peripheral and central nervous systems, has been associated with
this transition in pain states. Even more interesting is the fact that acrolein can directly bind to
and activate TRPA1, potentially contributing substantially to post-SCI neuropathic pain
behaviors.
In an effort to deepen the understanding of the relationship between acrolein and TRPA1 as they
affect post-SCI neuropathic pain, TRPA1 mRNA expression and protein levels were quantified
in the spinal cord, dorsal root ganglia, and paw skin of sham and SCI animals. Increases in
TRPA1 mRNA expression in the spinal dorsal horn were observed one and two weeks postinjury (Figure 12 and Figure 11, respectively). The increases in TRPA1 mRNA expression may
not have translated into the production of more TRPA1 protein at those times, as demonstrated
by Western Blotting (Figure 13). A large elevation in TRPA1 mRNA expression was observed
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in the paw skin of post-SCI animals (Figure 11 and Figure 12). Slight elevations in TRPA1
protein levels were also observed in the paw skin at the same post-injury time points (Figure 13).
This data indicates that TRPA1 may indeed play a significant part in acrolein-mediated post-SCI
neuropathic pain development and maintenance.
The relationship between acrolein and TRPA1 is corroborated by the ability of the acrolein
scavengers, hydralazine and phenelzine, to reduce the elevation of TRPA1 mRNA expression in
the spinal dorsal horn, dorsal root ganglia, and paw skin after SCI (Figure 11 and Figure 12).
Treatment with both hydralazine and phenelzine resulted in similar decreases of TRPA1 mRNA
expression compared to their untreated injured counterparts.
Further evidence of the extent of TRPA1-mediated hypersensitivity after SCI was exhibited by
the use of the specific TRPA1 agonist, AITC [88]–[90], and its specific TRPA1 antagonist, AP18 [89], [106], [107]. In this study, the peripheral injection of AITC into the plantar surface of
the hind paw resulted in increased neuropathic pain-like behavior for both Sham and SCI animals
treated with AP-18 or its vehicle control (Figure 14A). However, when controlling for the
effects of the saline paw injection and the vehicle i.p. injection, AITC had a slightly lower
relative effect on the SCI group when treated with AP-18 (Figure 14B). This data indicates that
blocking TRPA1 via AP-18 can reduce the effects of TRPA1 activation via AITC in SCI. This
reduction was not apparent in the sham group, demonstrating that TRPA1 may be responsible for
a substantial amount of SCI-resultant neuropathic pain.
Because acrolein is both elevated after SCI and an activator of TRPA1, it may be a key
contributor to post-SCI neuropathic pain via the activation of the TRPA1 channel. To study the
potential of this effect, an experiment similar to the AITC/AP-18 injection experiment was
performed. This time, however, acrolein was utilized to activate TRPA1 via peripheral paw
injections. In this case, the same results were observed. Acrolein paw injections resulted in
increased neuropathic pain behavior in both AP-18-treated and untreated sham and SCI animals
(Figure 15A). Acrolein, again similar to AITC, had a slightly lower effect on the AP-18 treated
SCI group than the sham or untreated groups (Figure 15B). This data not only corroborates the
ability of acrolein to activate TRPA1, but also the extent to which TRPA1 is involved in postSCI neuropathic pain potentiation.
TRPA1 has been shown in previous reports to be sensitized by the cytokine, MCP-1 (REF).
Sensitization of TRPA1 by MCP-1 is of particular interest because acrolein is known to stimulate

42
the release of the pro-inflammatory MCP-1 (REF). Here we show that MCP-1 levels are indeed
elevated two and four weeks post-SCI in the spinal cord (Figure 16). This data, taken together
with the questionable increase in TRPA1 and the well-established increase in neuropathic pain
behavior and acrolein, may demonstrate that MCP-1 plays a crucial role in TRPA1 mediated
neuropathic pain. Through sensitization, MCP-1 may provide the means for the elevated
neuropathic pain behavior observed throughout this study, with or without elevation of TRPA1
protein levels.
Treatment with alda-1, the ALDH2 activator, was intended to increase the activity of the enzyme
to harness the body’s own power to reduce the harmful effects of acrolein and other reactive
aldehydes after SCI. Indeed, acrolein-protein levels were significantly increased 48 hours post
injury without treatment and were not significantly increased with alda-1 treatment (Figure 17).
Also, it is interesting to note that ALDH2 levels were slightly decreased after SCI. This may
indicate that the destruction of mitochondria after the injury may lower the inherent amount of
ALDH2 available to metabolize reactive aldehydes including acrolein. In this case, enhancing
the activity of the already lacking enzyme could provide beneficial neuroprotection in the injured
area.

Conclusions
The data presented here provides substantial evidence to implicate acrolein as a contributor to
post-SCI neuropathic pain. Acrolein alone, apart from an injury, was shown to induce
neuropathic pain-like behaviors similar to that observed after SCI. Additionally, the acrolein
scavengers, hydralazine and phenelzine, were shown to reduce post-SCI sensory deficits.
Furthermore, TRPA1 was shown to be involved in the development of neuropathic pain, and
MCP-1 may be able to sensitize TRPA1 and affect the transition from acute to chronic pain.
Finally, as a potential avenue for a combinational treatment strategy, alda-1 was shown to
prevent an increase in acrolein-lysine adduct levels after SCI by enhancing the activation of
ALDH2. Overall, the information collected here expands the current understanding of how postSCI pain originates and is sustained. The insights provided by this study will hopefully motivate
the development of new therapies to reduce or prevent SCI-mediated neuropathic pain for those
who have to live with that pain daily.
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3. CORRELATION OF ACROLEIN INHALATION WITH PAIN
BEHAVIOR AFTER SCI

This chapter has been published in the Journal of Neurological Sciences and has been used with
permission [108].

Introduction
Chronic neuropathic pain (NP), which can persist for decades post-injury, drastically impairs the
quality of life for spinal cord injury (SCI) victims beyond paralysis, frequently resulting in
depression or even suicide [1]. NP is defined as pain initiated by a lesion or disease of the
nervous system, which activates peripheral or central mechanisms of pain [109]. In practice, NP
can be exhibited as hyperalgesia, an increased response to a noxious stimulus, or allodynia, a
painful response to a normally non-painful stimulus. NP can develop at any level (above-,
below- or at-level) relative to the SCI and can increase in intensity over time [110].
A myriad of biochemical changes, termed secondary injury, result in the complex cellular
alterations that are observed after SCI. Cellular membrane disruption and resulting ionic
concentration changes trigger the activation of inflammation pathways and the release of
chemokines and cytokines [55], [56], [60], [111]–[113]. The accumulation of reactive oxygen
species facilitates demyelination through lipid peroxidation, the byproducts of which further
perpetuate the toxic production of the overabundant ROS and reactive aldehydes [45], [114],
[115]. In turn, the regulation of many neurotransmitters, neurotrophic factors, ion channels, and
receptors is altered, resulting in both motor and sensory dysfunction [66], [80], [81], [116]–
[118]. The multifarious nature of this sequalae of SCI is the major reason that there has been
difficulty in developing treatment strategies for post-SCI NP.
Despite decades of effort, this devastating condition remains one of most challenging medical
problems with no satisfactory treatment available [2] Some targeting strategies include inhibiting
pain-transmitting neurons [115], [119], activating inhibiting interneurons [111], [120], or
reducing the toxic inflammatory environment of injury [81], [84], [105], [115], but few of these
types of studies show satisfactory results when translated from animal models into clinical trials.
Antiepileptics (pregabalin/gabapentin) have been widely used in preclinical and clinical studies
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to combat post-SCI NP [4], [10]–[13], [30], [121], [122]. These drugs have had moderate
success in reducing NP compared to a placebo [11], [30], but they also come with significant
adverse side effects [11], [110]. Another group of drugs, antidepressants (amitriptyline and
lithium) have also been utilized in reducing NP, but these come with significant adverse side
effects that have been well documented in the mental health treatment community [30], [31],
[123]. The administration of opioids has also been investigated for NP treatment, resulting in
limited success and the concern of drug dependency and the development of resistance to the
drugs [101], [124]. Transcutaneous electrical nerve stimulation (TENS) has been investigated to
activate inhibitory interneurons to diminish the transmission of pain signals, resulting in
conflicting outcomes [32], [125]. While these individual efforts have not resulted in a “one-size
fits all” treatment modality for those suffering from post-SCI NP, the results have indicated that
it is a complex arena for the identification safe and effective treatment development [117].
A fundamental goal of NP research in general is to identify molecular pathways that contribute
to sensitization or excitation of nociceptive neurons and ultimately elucidate the mechanisms of
neuropathic pain syndromes which can steer and spur effective analgesic therapies and
preventive measures. While the exact etiology of NP remains unknown and much of the
attention has been centered on endogenous causes, growing evidence indicates that
environmental components may also be important pain-triggering factors, offering novel
opportunities to elucidate the mechanisms of NP and devise possible measures to treat or even
prevent post-SCI pain [3].
Recent evidence has suggested the role of unsaturated aldehydes, especially acrolein, in sensory
dysfunction after SCI. Acrolein, an α, β-unsaturated aldehyde associated with oxidative stress,
has been identified as both a product and initiator of lipid peroxidation, and therefore a key
perpetuator of oxidative stress, a hallmark of post-SCI secondary injury [4-12]. Relevant to this
study, acrolein has been shown as a significant contributor of sensory hypersensitivity post-SCI
[12-15]. Acrolein is known to directly bind to and activate the transient receptor potential
ankyrin-1 (TRPA1) ion channel, eliciting calcitonin-gene related peptide (CGRP)-dependent
pathways leading to pain [16-18]. In addition, acrolein alone, in the absence of injury, has been
shown to be able to upregulate the expression of TRPA1, which has also been demonstrated
following SCI [12-14]. Furthermore, as a pro-inflammatory neurotoxin, acrolein may further
intensify pain by stimulating the production of pro-nociceptive cytokines [19-23]. Therefore,
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these synergistic effects may enable acrolein to act as an important algesic factor post-SCI. Such
supposition is further ascertained by the following experimental findings: acrolein is elevated
post-SCI, lowering acrolein leads to a reduced level of post-SCI pain, and the injection of
acrolein to rat spinal cord mimics elevated pain-like behavior seen post-SCI [12-15, 24, 25].
Tobacco cigarette smoke, an environmental pollutant with exposure occurring through primary
and secondary means, is suspected of triggering post-SCI NP as evidenced by a recent clinical
observation [26]. Yet the critical component linking these two events remains elusive.
Interestingly, acrolein has been identified as a major emission product of tobacco smoke which
can accumulate in smokers [27-29]. Recently, we have shown that acrolein concentrations are
elevated significantly in both spinal cord and in urine in a rodent model following two weeks of
inhalation of acrolein at a concentration similar to that in cigarette smoke [30]. Therefore, it is
possible that acrolein is a key culprit mediating smoke-triggered pain, a hypothesis we intended
to test in this study. Using a well-established rat contusion SCI model, coupled with an existing
acrolein and cigarette inhalation system, we have found that acrolein inhalation was indeed
capable of exacerbating post-SCI pain-like behavior accompanied by a corresponding increase of
acrolein in urine, which was mimicked by cigarette smoke. Furthermore, acrolein inhalationinduced sensory hypersensitivity can be partially mitigated by the systemic application of
phenelzine, an acrolein scavenger known to reduce acrolein levels in rats [12] . Our data
suggests that exogenous acrolein, when absorbed through nasal exposure such as in the event of
cigarette smoking, could play a crucial role in triggering or worsening neuropathic pain-like
behavior in rats with contusion SCI. This study contributes further to the growing body of work
regarding the complex mechanisms behind the development of neuropathic pain.

Methods
3.2.1 Animals
Male Sprague-Dawley rats, 200-250g (Harlan Labs, Indianapolis, IN, USA), were housed and
cared for in accordance with the Purdue University Animal Care and Use Committee Guidelines
(protocol: 1111000095). Animals were given one week for acclimation before any procedures
occurred.
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3.2.2 Spinal cord contusion injury
A moderate spinal cord contusion injury was performed aseptically and as previously described
[13, 15]. Briefly, after animals were anesthetized using a combination of ketamine (80 mg/kg)
and xylazine (10 mg/kg) via an intraperitoneal injection, a laminectomy was performed at the T10 level, exposing the spinal cord with the dura matter still intact. The contusion injury was
induced using a New York University (NYU)-style impactor, with a 10-g weight. Moderate
injuries were performed with a weight drop from 25 mm. Animals were allowed to recover on a
heating pad and were given subcutaneous injections of saline (3 mL) to prevent dehydration. No
analgesic treatment was administered in the acute phase of the injury. If a rat showed signs of
excessive pain, warranting the use of an analgesic, it was excluded from the study. Manual
bladder expression was performed twice daily until normal bladder function was regained by the
animal. All rats regained a bladder reflex by the 4th day after the injury.
3.2.3 Mechanical paw withdrawal threshold
Mechanical hyperalgesia was quantified using von Frey filaments with a 50% threshold
determined by the up-down method [31]. In short, animals were placed in a transparent box on
top of a metal mesh and were allowed 10 minutes to acclimate prior to testing. Von Frey
filaments of varying sizes (0.06-15.0 grams, Stoelting, Wood Dale, IL, USA) were applied with
sufficient bending force to the plantar surface of each hind paw for a period of 3-5 seconds.
Withdrawing, licking, or biting were considered positive responses for pain. The animals were
allowed at least 60 seconds between each stimulus and were not tested until 14 days after the
contusion SCI to allow for enough motor function recovery to identify paw withdrawals. Percent
changes in mechanical paw withdrawal levels for a specific day were calculated by taking the
difference in the score of that day from the average of 3 baseline (days 14-18, post-SCI) pain
scores and dividing it by that average baseline. Percent changes were calculated for each animal
and then the mean was taken.
3.2.4 Urine collection and analysis
Levels of the acrolein-glutathione metabolite, 3-hydroxypropyl mercapturic acid (3-HPMA),
were detected in the urine of animals exposed to acrolein or an air-only control before or after
SCI. The urine of animals was collected before inhalation and at one-week intervals during and
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after the inhalation period using standard metabolic cages. Food and water were supplied during
the collection period, but were carefully separated to prevent any dilution of the urine. The urine
was analyzed by previously described methods using liquid chromatography and tandem mass
spectrometry after solid-phase extraction [32]. The levels of 3-HPMA were normalized to
creatinine concentrations in each urine sample.
3.2.5 Inhalation models
The inhalation of acrolein was facilitated by the mixing of compressed air with compressed
acrolein in a ratio to form a final concentration of 1.5 ppm acrolein [33] . This mixture was fed
directly to a custom-built translucent 6”X12”X24” air-tight chamber, where the animals were
placed, as shown in Figure 18. A maximum of 8 rats were placed in the chamber at one time. A
charcoal filter was fitted to the outlet of the chamber and the chamber was housed in a fume
hood. Air-only inhalation was used as a control, utilizing only the compressed air at the same
total volumetric flow rate as the acrolein inhalation model.
Inhalation sessions occurred twice daily for 30 minutes over the course of 14 days. Inhalation
sessions began on the day of injury or 22 days after injury, allowing for a baseline mechanical
paw withdrawal threshold to be established beginning 14 days after injury.

Figure 18: Custom inhalation systems designed for acrolein, air, or cigarette smoke exposure for
rats. Animals were exposed twice daily for 30 minutes for 14 consecutive days. Figure published
and used with permission by Journal of Neurological Sciences [108].

3.2.6 Phenelzine treatment
Phenelzine sulfate (Sigma, St. Louis, MO, USA) was dissolved in phosphate buffer solution
before being sterilized and filtered. For animals in the phenelzine treatment group, dosages of 15
mg/kg were administered via an intraperitoneal injection once daily beginning 22 days after
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injury, on the first day of acrolein inhalation, and continued until the final day of inhalation. The
dose of 15 mg/kg was determined to be a safe yet effective dose to reduce neuropathic pain-like
behavior in previous work (REF). Injections occurred before the first session of inhalation.
3.2.7 Dorsal root ganglia and spinal cord isolation
After deep anesthesia, using a ketamine (80 mg/kg) and xylazine (10 mg/kg) mixture, animals
were perfused with oxygenated Kreb’s solution (124 mM NaCl, 2 mM KCl, 1.24 mM KH2PO4.
26 mM NaHCO3,10 mM ascorbic acid, 1.3 mM MgSO4, 1.2 mM CaCl2, and 10 mM glucose).
The vertebral column was removed and the spinal cord was carefully separated from the
vertebrae using a dorsal laminectomy. The dorsal root ganglia (DRG) from L1-L6 were
carefully removed and preserved for biochemical investigation.
3.2.8 RT-PCR for TRPA1 quantification
The previously collected DRG and spinal cord tissue was homogenized with Trizol (Sigma, St.
Louis, MO). Chloroform, isopropyl alcohol, and linear polyacrylamide were used to extract and
precipitate the RNA. Thirty microliters of RNAase free water was added to each sample and the
RNA concentration was quantified using a NanoDrop 2000c (Thermo Scientific, Waltham, MA).
A mass of 1.25 µg of RNA was used for cDNA synthesis using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). The TRPA1 primers were 5′-TCCTATACTGGAAGCAGCGA-3′,
and 5′-CTCCTGATTGCCATCGACT-3′. Primers for 18S were used as an internal control: 5′CGGCTACCACATCCAAGGAA-3′ and 5′-GCTGGAATTACCGCGGCT-3′. The magnitude
of fluorescence of iQ-SYBR Green Supermix (Bio-rad, Hercules, CA) was used to determine the
PCR products and was normalized by the fluorescence of 18S. The ΔΔCT method was used to
calculate the final relative gene expression of TRPA1 [34].
3.2.9 Statistics
Data is presented as the mean +/- the standard error of the mean. Student’s t-tests and one-way
ANOVA’s with post-hoc analysis were utilized to examine statistical significance of the data.
For all data, a p-value less than 0.05 was considered significant.
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Figure 19: Changes in mechanical paw withdrawal threshold upon exposure to acrolein or air
prior to SCI. Paw withdrawal thresholds did not significantly change from baseline levels
(pre-inhalation) on day 7 of the inhalation period before injury. There was also no difference
in the percent change of mechanical paw withdrawal thresholds two weeks post-SCI between
the air and acrolein inhalation groups. However, the percent decrease in paw withdrawal
threshold after SCI compared to baseline levels is significant for both acrolein and air
inhalation groups (*P < 0.005). All data are represented as mean +/- SEM> A multivariate
test was used for statistical analysis. N = 4 for all data. Figure published and used with
permission by Journal of Neurological Sciences [108].
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Figure 20: Mechanical hyperalgesia induced by contusion SCI. Post-injury paw withdrawal
thresholds were significantly lowered two weeks after a moderate contusion SCI (* P < 0.0001).
Data is represented as mean +/- SEM. Student’s T-test was used for statistical analysis. N=9 for
both groups. Figure published and used with permission by Journal of Neurological Sciences
[108].
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Figure 21 Mechanical hyperalgesia after acrolein exposure acutely after SCI. Upon inhalation
exposure to acrolein over the first 14 days following SCI, mechanical paw withdrawal
thresholds were significantly lower than that of those that were not exposed to acrolein when
examined at post-SCI days 14 (last day of inhalation), 16, and 18 (* P < 0.0001). All data are
represented as mean +/- SEM. A one-way ANOVA was used for statistical analysis. N = 5-9 for
the acrolein inhalation group and N = 10 for the no inhalation group. Figure published and used
with permission by Journal of Neurological Sciences [108].

52

Figure 22: Changes in paw withdrawal threshold over the course of a 14-day delayed inhalation
period and its attenuation with the administration of the acrolein scavenger, phenelzine.
Inhalation exposure to acrolein resulted in significant changes from baseline mechanical paw
withdrawal thresholds on days 7 and 13 of the inhalation period (* P < 0.05). Differences in the
percent change of paw withdrawal threshold between acrolein inhalation and air inhalation were
significant on Day 1, 7, and 13 of the inhalation period, and differences between the acrolein
inhalation and phenelzine treated groups were significant on day 13 of inhalation (#P < 0.05).
All data are represented as the mean +/- SEM> A one-way ANOVA was used for statistical
analysis using an LSD post hoc analysis. N = 4-10 for all groups. Figure published and used with
permission by Journal of Neurological Sciences [108].
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Figure 23: No difference in TRPA1 mRNA expression after 2 weeks of post-SCI delayed air or
acrolein inhalation and acrolein inhalation accompanied by phenelzine treatment. The PCR
Product fold of TRPA1 mRNA were normalized to the average of a pooled sample. There was
no difference among these three groups. All data are represented as the mean +/- SEM. A oneway ANOVA was used for statistical analysis. N=5 for all groups. Figure published and used
with permission by Journal of Neurological Sciences [108].
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Figure 24 Quantification of the acrolein-glutathione metabolite, 3-HPMA, in the urine of
animals during delayed post-SCI inhalation of air or acrolein, normalized to post- SCI (week 0,
pre-inhalation) baseline. Figure published and used with permission by Journal of Neurological
Sciences [108].
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Figure 25: Changes in paw withdrawal threshold over the course of a 14-day delayed inhalation
period with exposure to air, acrolein, or cigarette smoke. Inhalation exposure to acrolein resulted
in significant changes from baseline mechanical paw withdrawal thresholds on days 7 and 13 of
the inhalation period (* P < 0.05). In addition, exposure to cigarette smoke resulted in significant
changes in paw withdrawal thresholds on days 1, 7, and 13 of the inhalation period (* P < 0.05).
Changes in paw withdrawal levels remained significantly lower than baseline on day 19 (6 days
following the cessation of inhalation) for the cigarette smoke inhalation group. All data are
represented as the mean +/- SEM. A one-way ANOVA was used for statistical analysis using an
LSD post hoc analysis. Data for air or acrolein inhalation are the same as those used in Fig. 9,
which are shown here for comparison. N=5-10 for all groups. Figure published and used with
permission by Journal of Neurological Sciences [108].
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Results
3.3.1 Moderate contusion SCI results in neuropathic pain behavior
Previously, it has been shown that moderate contusion SCI induces neuropathic pain behavior
measured using von Frey filaments [13]. Here it is again confirmed, in Figure 20, that moderate
contusion injury, using an NYU-style impactor, results in a significant reduction in mechanical
paw withdrawal thresholds. Specifically, thresholds dropped from 12.65 ± 0.94 g to 2.57 ± 0.79
g two weeks after injury, indicating an augmented neuropathic pain behavior.
3.3.2 Short term inhalation of acrolein prior to injury has no effect on post-injury
mechanical pain thresholds
In order to examine if an acute pre-disposition of acrolein inhalation could affect neuropathic
pain after SCI, animals were exposed to acrolein or air for 14 days prior to the induction of the
SCI. The paw withdrawal threshold was assessed on day 7 of the inhalation period and no
significant changes were found compared to baseline or pre-inhalation (Figure 19). Also, there
was no significant difference in the change in paw withdrawal threshold stimulated by von Frey
filaments between the air inhalation and acrolein inhalation groups when examined 2 weeks
post-SCI.
3.3.3 Decrease in paw withdrawal thresholds after acute post-SCI acrolein inhalation
In this group of experiments, immediately after SCI, animals were subject to acrolein inhalation
for 14 days to investigate any effects of increased acrolein exposure in the acute stage of SCI.
Acrolein inhalation resulted in the significant decrease in paw withdrawal threshold 14 days after
the injury compared to a group which did not receive acrolein inhalation immediately after
injury, as seen in Figure 21. The post-injury day 14 paw withdrawal threshold for the acute
acrolein inhalation group was 0.29 ± 0.07 g while the injury only group had paw withdrawal
thresholds of 2.25 ± 1.00 g. Similar significant differences in paw withdrawal threshold were
seen between the two groups on post-injury days 16 and 18.
3.3.4 Decrease in paw withdrawal thresholds after delayed post-SCI acrolein inhalation
The exposure to acrolein through inhalation beginning three weeks after spinal cord injury also
resulted in observable decreases in paw withdrawal threshold. Figure 22 shows the percent
change in threshold compared to the post-injury baseline threshold. Significant decreases in
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threshold were seen on day 7 and 13 of inhalation (day 29 and day 35 post-SCI). Specifically,
the decrease in paw withdrawal threshold was -35.5% ± 13.3 on day 7 and -51.1% ± 7.1 on day
13. By day 19, 5 days after the end of the inhalation period, the difference was no longer
significant. Upon exposure to only air, there were no significant changes in paw withdrawal
thresholds over the course of the inhalation period.
3.3.5 Phenelzine treatment reduces the reduction of paw withdrawal threshold during
delayed post-SCI acrolein inhalation
In previous studies, it has been shown that acrolein scavengers are capable of attenuating
mechanical hypersensitivity after SCI [12-15]. To this end, a known effective acrolein
scavenger, phenelzine, was administered during the inhalation period to determine its effect on
hyperreflexia behaviors during acrolein inhalation after SCI [12]. Figure 22 shows the
significant difference in the change in paw withdrawal threshold from the baseline during the
inhalation period. Specifically, percent changes in threshold with phenelzine treatment during
acrolein inhalation were -19.1% ± 6.7 on day 1, -14.4% ± 9.9 on day 7, and -16.6 ± 11.5 on day
13. There was no difference between the acrolein inhalation and the acrolein inhalation plus
phenelzine group on days 1 and 7. However, the phenelzine-treated group significantly
attenuated the reduction of paw withdrawal threshold at day 13, indicating that phenelzine
treatment is capable of mitigating acrolein inhalation-induced exacerbation of post-SCI sensory
hypersensitivity.
3.3.6 Increase in 3-HPMA due to acrolein inhalation
The acrolein-glutathione metabolite, 3-HPMA, has been quantified in urine in recent studies to
estimate endogenous systemic acrolein levels [12, 14, 32]. It has been shown that endogenous
acrolein levels are increased in the days to weeks after contusion SCI [12, 14, 32]. We were
interested in whether acrolein inhalation would further elevate the post-SCI systemic acrolein
levels by monitoring urine 3-HPMA. Figure 24 depicts the 3-HPMA/creatinine levels,
normalized to 14-day post-SCI level (week 0, prior to inhalation). During week 1 of inhalation,
the level of 3-HPMA was significantly increased, with a normalized value of 1.7 ± 0.3. Figure
24 also shows that air inhalation after SCI resulted in no statistical change of the 3-HPMA levels
over the course of inhalation.
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3.3.7 TRPA1
The TRPA1 cation channel has been previously shown to be involved in the pathogenesis of
sensory hypersensitivity after SCI and has been shown to be upregulated and activated by
acrolein [67], [80], [81], [105]. In this study, the PCR product fold of post-SCI TRPA1 mRNA
expression for animals sacrificed on the last day of inhalation (day 14) was slightly higher,
though not significantly, in animals exposed to acrolein than in air. Specifically, Figure 23
shows a non-significant, 1.25-fold increase in TRPA1 mRNA expression for acrolein inhalation
over the air inhalation control. Interestingly, phenelzine treatment showed a trend of reducing
elevated mRNA due to acrolein, although the comparison was not significant.
3.3.8 Cigarette smoke inhalation exacerbates sensory hypersensitivity after SCI
The inhalation of actual tobacco cigarette smoke over the course of 14 days (delayed application)
resulted in significant decreases in paw withdrawal thresholds when compared to air inhalation
on day 1, 7, and 13 of the inhalation period, as shown in Figure 25. The magnitude of these
decreases was -58.2 ± 12.1%, -63.8 ± 4.8%, and -75.0 ± 2.4%, respectively which is comparable
to that caused by acrolein inhalation on days 7 and 13. Note that acrolein inhalation did not
cause significant paw withdraw threshold changes on day 1 of inhalation. Further, unlike
acrolein inhalation, the decrease in paw withdraw threshold resulting from cigarette smoke
inhalation did not recover by day 19, five days after the start of inhalation.

Discussion
In our previous reports, we have shown that acrolein, when generated endogenously, is critically
involved in the neurodegeneration and functional deficits after SCI [8, 9, 12-15]. Specifically,
we have shown that acrolein plays an important role in post-SCI sensory hypersensitivity [1214]. In this study, we demonstrate that when either acrolein alone or cigarette smoke, which is
known to contain acrolein, are inhaled post-SCI, rats displayed further exacerbation of
hypersensitivity. Such nasal intake of acrolein can further increase pain sensation beyond the
already elevated post-SCI pain-like behavior following both the acute and delayed exposure.
Therefore, acrolein is capable of being a significant contributor to post-SCI sensory
hypersensitivity through both endogenous and exogenous sources. To our knowledge, this is
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also the first report of influences of exogenous acrolein on post-SCI sensory hypersensitivity in
an animal model.
Previously, it was reported that people with SCI-induced chronic neuropathic pain have
experienced heightened pain sensitivity when smoking tobacco cigarettes, and less pain
following the termination of smoking [26, 35]. However, the molecular mechanisms of smokeinduced hypersensitivity are not yet clear. We show in the current study that the inhalation of
acrolein alone, apart from cigarette smoke, at a concentration similar to that emitted from
cigarettes, can produce significant increases in pain-like behaviors after SCI (Figure 21 and
Figure 22). Such acrolein-induced pain-exacerbating effects can be mimicked by the inhalation
of cigarette smoke, which is known to contain a significant amount of acrolein. In addition, the
exacerbation of pain-like behavior due to acrolein inhalation was accompanied by a further
elevation of urine 3-HPMA beyond the already increased level post-SCI. Furthermore,
hypersensitivity resulting from acrolein inhalation can be partially mitigated by phenelzine, an
effective acrolein scavenger known to be able to reduce acrolein through systemic application in
rats [12]. Taken together, these data suggest that exogenous acrolein is capable of further
intensifying post-SCI hypersensitivity in rat. Furthermore, acrolein is likely, at least in part,
responsible for heightening sensory hypersensitivity resulting from cigarette smoke inhaled in
rats post-SCI.
Despite the strong evidence that acrolein inhalation initiated post-SCI can further intensify painlike behavior, similar treatment prior to injury did not affect the post-SCI sensory
hypersensitivity (Figure 19). This was attempted to examine the possibility that an existing
smoker could have a more severe pain-like behavior after suffering an SCI. Given that no
difference in paw withdrawal threshold was observed between the acrolein and air inhalation
groups when examined two weeks after injury, we concluded that a short-term predisposition to
acrolein inhalation alone would not adversely affect the resulting neuropathic pain behaviors
after a SCI. One possible explanation for this phenomenon could be that it may require a longer
period of exposure to acrolein, either alone and through cigarette smoke, to exert an influence on
the post-SCI neuropathic pain.
The exposure to acrolein beginning immediately after injury was intended to assess the
susceptibility of the CNS in the acute stage of the injury (Figure 21). Given that the acute stage
of recovery for an SCI victim is often spent in the hospital where smoking cigarettes is not
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permitted, this model of inhalation may not be very clinically relevant. However, it does give an
opportunity to examine if further elevation of acrolein acutely would have a longer lasting
algesic effect compared to delayed acrolein inhalation, a hypothesis which remains to be tested.
In the case of the delayed post-SCI inhalation, a more clinical relevant scenario than acute postSCI inhalation, both acrolein and cigarette inhalation produced a significant increase of
mechanical hypersensitivity (Figure 22 and Figure 25). However, there are noticeable
differences among these two groups. For example, in the acrolein inhalation group, the
significant elevation of pain-like behavior was observed at 7 and 13 days of inhalation period,
but not 1 day after commencement. In addition, the mechanical hypersensitivity levels returned
to the pre-inhalation baseline when examined 6 days following the cessation of inhalation. In the
case of cigarette smoke inhalation, however, the pain-like behavior was elevated after just 1 day
of inhalation and remained elevated throughout the inhalation period (Figure 25). Furthermore,
the mechanical hypersensitivity levels remained heightened for at least 6 days following the
termination of inhalation. This indicates that short term nasal exposure of acrolein alone may not
have lasting algesic effects. This also seems to suggest a very likely phenomenon that, in
addition to acrolein, other factors within cigarette smoke may contribute synergistically to elicit
pain, leading to shorter latency, and longer lasting augmentation of pain-like behavior post SCI
in rats when comparing to exposure to acrolein alone. In fact, there are more than 4,700
toxicants from different chemical classes existing in cigarette smoke [36, 37]. It is therefore
likely that other pro-algesic factors exist within the cigarette smoke. Nevertheless, the fact that
acrolein is indeed sufficient to incite pain seems to suggest that acrolein is a possible major
contributing factor to hyperalgesia in cigarette smoke, but may not be solely responsible for the
increased pain associated with cigarette smoke.
It is interesting to note that the administration of the acrolein scavenger, phenelzine, an FDAapproved anti-depressant, provided attenuation of the exacerbated pain-like behavior elicited by
post-SCI acrolein inhalation (Figure 22). Phenelzine has been used in previous studies to combat
the damage caused by acrolein in the weeks following SCI [12]. Specifically, phenelzine
application could effectively lower acrolein levels both locally in the spinal cord, and
systemically in urine post-SCI [12]. Since phenelzine is not known for having a direct analgesic
effect, the most likely cause of phenelzine-mediated analgesic effect is through its ability to
scavenge acrolein. As such, these results further support the notion that acrolein is a key algesic
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factor in SCI. This also implies that the anti-acrolein property is likely the key factor for the
analgesic effect of phenelzine against exogenous acrolein-mediated pain.
However, since multiple cigarette smoke aldehyde constituents may contribute to hyperalgesia in
addition to acrolein, phenelzine may suppress cigarette smoking-related pain by scavenging these
other aldehydes as well. In support of this supposition, it is known that hydralazine, an aldehyde
scavenger that possesses a similar functional group to phenelzine, can scavenge other known
aldehydes, such as 2-hydro-4-nonenal (HNE), and malondialdehyde (MDA), in addition to
acrolein [38].

Similarly, this also suggests that other acrolein and aldehyde scavengers, such as

hydralazine, may provide similar analgesic effects in cigarette smoke-induced pain through
acrolein scavenging as demonstrated in previous studies [13-15]. Taken together, the
effectiveness of phenelzine in preventing exogenous acrolein-mediated hypersensitivity further
underscores the crucial role of acrolein in instigating and exacerbating post-SCI chronic
neuropathic pain. But perhaps equally important, these data also suggest anti-acrolein and
related aldehydes as novel strategic targets for pain treatment in post-SCI neuropathic pain. As
such, this study may galvanize the interests and effort to search other effective scavengers to
provide an analgesic with higher effectiveness and lower side effects.
In previous reports, it was found the TRPA1 mRNA expression was significantly increased for at
least two weeks after SCI [12-14]. In this investigation, there were no further significant
increases in TRPA1 mRNA expression during the inhalation period post-SCI (Figure 23).
However, nasal exposure of acrolein is capable of producing hypersensitivity after SCI. One
plausible explanation for this is that the resultant elevation of pain-like behavior following
acrolein exposure is mainly due to the direct binding and activation of TRPA1 by acrolein, which
is a known to directly activate the TRPA1 channel. It is unknown why the expression of TRPA1
was not further augmented upon acrolein inhalation. One possibility is that it is not a linear
relationship between acrolein levels and TRPA1 upregulation. Perhaps the level of TRPA1
expression is already saturated following SCI which prevented further significant augmentation
upon acrolein exposure. Another possibility is that there may be changes in the posttranslational mechanisms of TRPA1 that induce discrepancies between the mRNA and protein
levels [126]. Nevertheless, the evident elevation of TRPA1 expression post-SCI explains, at least
in part, why short term acrolein exposure could significantly exacerbate post-SCI pain-like
behavior, when exposure was made post-injury, but not pre-injury. It is interesting to note that
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TRPA1 channel upregulation has been linked to transition of acute to chronic pain stage [39].
Therefore, we suggest that short term cigarette smoke may likely cause only temporally
heightened pain-like behavior. This is consistent with prior clinical observations that short term
smoking-induced pain augmentation in SCI victims could subside when smoking is ceased [26].
However, it is likely, although remained to be verified, that longer cigarette smoking durations
could lengthen the time for the smoking-related pain to diminish following the cessation of
smoke.

Conclusions
The results of this work further solidify, beyond current understanding, the ability of acrolein to
cause post-SCI sensory hypersensitivity from both endogenous and exogenous sources. Further,
this investigation also demonstrated for the first time, that the inhalation of actual cigarette
smoke leads to intensified neuropathic pain behaviors in an animal investigation, a phenomenon
mirrored by clinical observations. Finally, this report has also demonstrated that phenelzine, an
acrolein scavenger, can attenuate the augmented pain behavior by acrolein-inhalation, suggesting
anti-acrolein and related aldehydes to be a novel strategy to combat post-SCI neuropathic pain, a
devastating condition with no satisfactory treatment. This study adds to the growing body of
work on the mechanisms of development of post-SCI NP, which could help spur novel treatment
modalities that utilize a multifaceted approach. Additionally, since acrolein-mediated
neuropathic pain could potentially play a role in many illnesses where acrolein and neuropathic
pain have been implicated, the knowledge generated from the current investigation may have
wide applications for many other pathologies conditions includes visceral pain [40], venous pain
[41], migraine [42], pain in multiple sclerosis [43-45], and pain in diabetes [46, 47]. Therefore,
this study may have a significant impact on the understanding of the mechanisms and
management of various pain-related conditions far beyond SCI.
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4. EXPOSURE TO CIGARETTE SMOKE DELAYS EXACERBATION OF
NEUROPATHIC PAIN BEHAVIOR FROM TOXIC ALDEHYDES

This chapter is being prepared for submission to the Journal of Neurochemistry.

Introduction
Consequences of spinal cord injury (SCI) are life changing for thousands of new people each
year. There are around 282,000 people in the US living with a spinal cord injury, approximately
15% of whom are servicemen or veterans [127]. SCI can result in motor, sensory, and autonomic
dysfunction. Complete or incomplete paralysis can occur below the site of injury and is
classified by the American Spinal Injury Association (ASIA). Changes or loss in bowel and
bladder control, sexual function, and fertility can also occur [128]. These symptoms can
contribute to further complications such as blood clots, pressure sores, urinary tract infections,
and depression [87]. Beyond all of these terrible consequences, neuropathic pain (NP) delivers a
near constant source of discomfort, producing a significantly lower quality of life for people
living after SCI.
NP presents itself in more than half of spinal cord-injured persons and can persist indefinitely
after injury [4], [129]. It is defined as pain resulting from direct injury to central or peripheral
neurons. Inflammatory pain, on the other hand, results from the damage to tissue in general
[130]. Both types of pain commonly occur after traumatic spinal cord injury. Clinical
pharmacological intervention varies widely for post-spinal cord injury, including anti-epileptics,
anti-depressants, opioids, physical therapy, non-steroid anti-inflammatories, and electrical
stimulation [18], [31], [32], [110], [121], [124]. However, clinical trials involving these
approaches have yielded mixed results at best. A satisfactory treatment for post-SCI NP remains
elusive.
In recent years, academic research has turned its focus toward alleviating NP in an effort to
improve the quality of life for the millions living in pain worldwide. This effort has deepened
the understanding of the biochemical inflammatory cascade that occurs during secondary injury
after the primary injury to the spinal cord [45]. Notably, acrolein, a highly reactive aldehyde, has
been shown to be increased after a spinal cord injury. Also, the delivery of acrolein to the spinal
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cord, in the absence of injury resulted in similar myelin retraction, motor dysfunction, and NPlike behaviors [55], [80]. Sequestering acrolein using scavengers, such as hydralazine and
phenelzine, has been shown to be successful in improving motor function outcomes and
lessening the extent of sensory dysfunction after SCI [81], [105]. This evidence indicates that
acrolein has a crucial role in post-SCI NP development and maintenance.
The monocyte chemoattractant protein-1 (MCP-1) and its receptor, C-C chemokine receptor type
2 (CCR2), may be involved in the development and persistence of post-SCI NP. MCP-1 is a
chemokine that functions to recruit monocytes to an injured area. In binding to CCR2, a Gprotein coupled receptor, the activation inflammatory signaling pathways occurs [131]. MCP-1
has been previously shown to exist in elevated concentrations after an injury [132]. This increase
in MCP-1 may be due to the ability of acrolein to stimulate its release [48], [68].
TRPA1 is another biomolecule of interest related to post-SCI neuropathic pain. TRPA1 is the
transient receptor protein ankyrin-1 cation channel, which is present on nociceptors of c-fibers in
both the central and peripheral nervous systems. Interestingly, acrolein is capable of binding to
and activating the TRPA1 channel by interacting with lysine residues on the N-terminus of the
channel [63]. Specifically regarding sensory deficits of spinal cord injury, increases in TRPA1
mRNA expression in spinal cord, dorsal root ganglia, and paw skin have been reported. These
increases occurred in a similar time-course to that of the onset of neuropathic pain after SCI,
indicating that TRPA1, possibly through acrolein-mediated activation, may be a major source of
pain transmission post-SCI. Since MCP-1 has been shown to sensitize TRPA1 channels in dorsal
root ganglia, MCP-1 may play an intermediary role in facilitating hypersensitivity after spinal
cord injury [93].
While research has contributed to knowledge of the underlying endogenous biochemical
mechanisms behind NP, little focus has been given external factors that may also lead to or
exacerbate NP. Cigarette smoke, for instance, contains thousands of toxic chemicals, including
acrolein and other reactive aldehydes, and is a widely-known danger to human health. In fact,
the concentration of acrolein in cigarette smoke has been reported to exceed the Environmental
Protection Agency (EPA) exposure limit by multiple orders of magnitude [49], [51].
Interestingly, there have been clinical reports of post-SCI patients experiencing heightened pain
sensitivity while smoking cigarettes [133]. Additionally, levels of 3-hydroxypropylmercapturic
acid (3-HPMA), a stable acrolein-glutathione metabolite, are known to be elevated in the urine of
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smokers [54]. These facts give rise to questions surrounding the effects of exogenous
contributors to neuropathic pain after SCI.
Post-SCI neuropathic is common and has been noted as an excruciating and persistent outcome
of the injury. People who experience chronic pain are almost twice as likely to smoke cigarettes
as those who do not experience chronic pain [75]. The number of cigarettes smoked per day has
been linked to the intensity of pain [134]–[138]. Additionally, a correlation between pain
intensity and level of nicotine dependence has also been reported [139]. The correlative
relationship between cigarette smoking prevalence and pain has incited research into the ability
of cigarette smoke, or components of it, to provide pain relief.
As a result of some of those research efforts, it has been found that nicotine may provide antinociceptive benefits, as demonstrated by some preclinical and clinical studies. Mechanical pain
inhibition was observed in rodents treated with nicotine subcutaneously [140]. A positive
nicotine dose-response and increased latency to respond to a mechanical stimulus was also found
in studies investigating pain responses after the delivery of nicotine [141]–[143]. Threshold and
pain tolerance were increased for male participants. Additionally, there are studies that have
investigated the ability of nicotine to alter pain tolerance or pain thresholds in human subjects.
One such study found that pain thresholds increased when subjects used a nicotine nasal spray,
as compared to a placebo nasal spray [144]. This increase was found in both smokers and nonsmokers. Another study used patches to administer nicotine or a placebo [143]. Here, both pain
threshold and tolerance were increased for male participants. These studies have shown that
nicotine may provide some perceived benefit for pain reduction.
However, in chronic smokers, the benefits of nicotine may lead to complications, which may
ultimately worsen chronic pain or steer a person toward other, more addictive methods of pain
reduction. Nicotine tolerance after chronic exposure leads to reduced pain inhibition [141],
[145]–[147], potentially due to alterations in the opioid system [148]. Smoking can cause the
release of beta-endorphins [149], which are opioid polypeptide compounds that act similarly to
opiates in their analgesic characteristics. When long-term cigarette smoking leads to nicotine
tolerance and reduced pain alleviation, people with chronic pain conditions, such as those who
suffer from spinal cord injuries may seek other methods for pain relief, including highly
addictive opioids.

66
Another negative aspect related to tobacco cigarette smoking for pain relief is that while nicotine
may provide a temporary form of pain relief, it is still unknown whether the desire for pain relief
draws people toward smoking cigarettes, or if the nicotine dependence and other components
within the cigarette smoke may cause or worsen pain conditions. Cigarette smoking in the short
term may be able to provide some relief for those who suffer from certain pain conditions, but it
also may provide the means for the source of the pain to worsen. In the case of spinal cord
injuries, reactive aldehydes, such as acrolein, can induce oxidative stress and exacerbate already
injured areas. These reactive aldehydes have detrimental effects in an area of the body already
susceptible to oxidative damage, such as the injured portion of the spinal cord. In this area,
disrupted cell membranes are no longer able to regulate the movement of biochemical species in
and out of the cell, allowing the formation of oxidative species and reactive aldehydes to
perpetuate, which results in inflammation and ultimately functional discord. Cigarette smoke,
which contains high concentrations of reactive aldehydes in addition to many other toxic
molecules, may contribute further to the accumulation of those reactive aldehydes and oxidative
species in the injured area. As previously discussed, acrolein in particular, has been shown to
activate and upregulate the TRPA1 cation channel on nociceptors. Additionally, it can release the
pro-inflammatory chemokine, MCP-1, possibly potentiating inflammation-induced oxidative
stress. Through these mechanisms, cigarette smoke may play a vital role in exacerbating
neuropathic pain after spinal cord injuries through acrolein-mediated activation of TRPA1.
The effects of cigarette smoke on post-SCI recovery are well documented [150]–[152], but little
work has been done to investigate the consequences of this addiction on neuropathic pain. This
work aims to explore the relationship between nasal exposure of cigarette smoke and post-SCI
neuropathic pain to provide relevant information to smokers who have suffered a spinal cord
injury. A rodent model of SCI was used in this study in conjunction with inhalation exposure to
investigate the hypothesis that smoking is capable of contributing to post-SCI neuropathic pain.
This study also aims to contribute to the body of knowledge around the link between acroleinmediated MCP-1 release and TRPA1 activation that may be a key contributor to post-SCI NP.
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Methods
4.2.1 Animals
All animals used in this study were housed and cared for in accordance with Purdue University
Animal Care and Use Committee Guidelines under protocol 1111000095. Male Sprague-Dawley
rats (Harlan Labs, Indianapolis, USA) between 200-250g were utilized for this study and were
allowed to acclimate for one week after arrival before the occurrence of any procedures. Rats
were dual-housed with a 12-hour light/dark cycle.
4.2.2 Chemicals and Supplies
3R4F cigarettes were acquired from the University of Kentucky Reference Cigarette Program.
Cigarettes were kept frozen until use and were allowed 30 minutes for conditioning at room
temperature prior to use. Von Frey Filaments were purchased from Bioseb (Pinellas Park, FL,
USA). Kreb’s solution (124 mmol/L NaCl, 2 mmol/L KCl, 1.24 mmol/L KH2PO4, 26 mmol/L
NaHCO3, 10 mmol/L ascorbic acid, 1.3 mmol/L MgSO4, 1.2 mmol/L glucose) was prepared
fresh for use. Phenelzine sulfate was acquired from Sigma Aldrich (St. Louis, MO, USA). The
following lists supplies for sample preparation, protein quantification, and western blotting and
their suppliers: 10X RIPA Buffer: Sigma Aldrich (R0278, St. Louis, MO, USA), Protease
inhibitor cocktail: Sigma Aldrich (P8340, St. Louis MO, USA), 10X Tris-glycine Buffer: BioRad (Hercules, CA, USA), Bicinochoninic Acid Protein Assay Kit: Pierce (Rockford, IL, USA),
BSA standards (Quick start bovine serum albumin standard), SPECTRAmax: Molecular Devices
(Sunnyvale, CA, USA), 10X Casein: Vector Labs (SP-5020, Burlingame, CA, USA), AntiTRPA1: Novus biologics (NB100-98841, Littleton, CO, USA), Anti-MCP-1: Abcam (ab25124,
Cambridge, UK), Anti-Acrolein: Abcam (ab37110, Cambridge, UK), Anti-Actin: Sigma Aldrich
(A2066, Cambridge, UK),

Anti-rabbit secondary antibody: Vector Labs (BA-1000,

Burlingame, CA, USA), 2X Laemmli Sample Buffer: Bio-Rad (1610737, Hercules, CA, USA),
2-mercaptoethanol: Bio-Rad (1610710, Hercules, CA, USA), Vectastain AMP: Vector Labs
(AK-6000, Burlingame, CA, USA), and Azure Biosystems Imaging System (C400, Dublin, CA,
USA).
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4.2.3 In Vivo SCI
A rat model of contusion injury to the spinal cord was performed as previously described [80],
[81], [108]. A mixture of 80 mg/kg ketamine and 10 mg/kg xylazine was used to anesthetize rats
via intraperitoneal (i.p.) injection before surgery. Aseptic technique was used to perform a
laminectomy to remove the spinous process and transverse process to expose the spinal cord at
T-10, keeping the dura matter intact. A New York University-style impactor was used to
produce the contusion injury. A 10-g weight was dropped from a height of 25 mm. Muscle and
epidermis layers were sutured closed. A volume of 3 mL saline was injected subcutaneously
(s.c.) to prevent dehydration. Animals were allowed to recover on a heated pad to prevent
hypothermia. In the event of bladder function loss, manual bladder expression was done two
times daily until function was regained. All rats regained function by the 4th day after surgery.

Figure 26: Experimental timeline. Spinal cord injuries (SCI) were induced on day 0. Paw
withdrawal frequency testing began 2 weeks later, when a pre-inhalation baseline was
established. The inhalation exposure to air, acrolein, or cigarette smoke began on Day 22 postinjury and lasted 14 days. Pain tests occurred on Days 1, 7, and 13 of the inhalation period.
Animals were sacrificed and tissue was collected on the final day of inhalation.
4.2.4 Inhalation Exposure
Exposure to acrolein, cigarette smoke, or air (control) occurred in a custom-built air-tight
chamber (approximately 6”X12”X24”). Animals were exposed to one of the three gaseous
mixtures for 30 minutes twice daily for 14 days, beginning 22 days after the initial SCI. The
experimental timeline is depicted in Figure 26. For acrolein inhalation, compressed acrolein was
diluted to 1.5 ppm with compressed air before being delivered to the chamber. In the cigarette
smoke exposure model, a pump was used to draw air through lit cigarettes and deliver cigarette
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smoke to the chamber at the same flow rate as acrolein exposure. As a control, only compressed
air was delivered to the chamber at the same flow rate as the acrolein inhalation model.
4.2.5 Phenelzine Treatment
Phenelzine sulfate (PZ) was prepared fresh and dissolved in phosphate buffer solution. A dose
of 15 mg/kg filtered PZ was delivered to rats in the phenelzine treatment groups (ACR+PZ and
CS+PZ). Injections (i.p.) occurred once daily prior to exposure to acrolein or cigarette smoke.
The dose used in this study was chosen because it has been shown in previous studies to be safe
and effective [81].
4.2.6 Pain Testing
Mechanical hyperalgesia was quantified using von Frey filaments with two methods: the updown 50% withdrawal threshold method and withdrawal frequency method. In both methods,
rats were individually placed on a wire mesh platform, inside of a transparent box. All animals
were allowed 10 minutes for acclimation before any testing began. At least 60 seconds was
allowed between tests on a single hind paw.
The up-down method is an established technique that utilizes von Frey filaments to determine the
force at which a withdrawal is produced [101]. Filaments of varying sizes (0.06 to 15.0 g) were
applied to the plantar surface of the hind paws of rats to produce a 90-degree bend in the filament
for 3-5 seconds. In the event of a positive response (withdrawal, licking, biting), the next
smallest filament was tested. The next largest filament was tested when there was no response to
the filament. A score was established using the formula described by Chaplan et al [101]. In this
case, an increase in withdrawal threshold correlated to a decrease in neuropathic pain behavior.
The withdrawal frequency method was used to determine neuropathic pain behavior immediately
after an inhalation session because the up-down method was too lengthy to perform. In this
method, a single von Frey filament (4.31 g) was applied to the plantar surface of each hind paw
to produce a 90-degree bend in the filament. This was repeated 5 times on each paw with the
same filament. The withdrawal frequency was determined to be the percentage of positive
responses (withdraw, biting, licking) compared to total tests. With this technique, an increase in
withdrawal frequency correlated to an increase in neuropathic pain behavior.
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4.2.7 Tissue Collection
Rats were sacrificed on the 14th day of inhalation. A mixture of ketamine (80 mg/kg) and
xylazine (10 mg/kg) was used to induce deep anesthesia. After ensuring that the animals were
completely anesthetized with a toe pinch, they were transcardially perfused with oxygenated
Kreb’s solution. A 2-cm section of spinal cord (SC), including the injured area, was separated
after removing the spinal column and carefully extracting the spinal cord from the column with a
dorsal laminectomy. Dorsal root ganglia (DRG) from L3-L6 were then carefully removed. An
approximately 25 mm2 section of paw skin from the plantar surface of each paw was also
collected. All tissue was immediately frozen and kept frozen until use.
4.2.8 Western Blotting
Frozen tissue samples were placed in 0.5 to 1 mL of 1X RIPA buffer and sonicated 3 times for
10 seconds each until tissue was completely broken down. Samples were kept on ice between
sonicating. Protein concentrations of each sample were determined using the bicinchonic acid
assay (BCA). Briefly, samples were diluted by 5X in PBS and added to a 96 well plate.
Standards, ranging from 0 to 2000 µg/mL of bovine serum albumin were also added to the plate.
A volume of 200 µL working reagent was added to each well and was allowed to react in
subdued light for 40 minutes. The plate was read with a spectrophotometer at 562 nm and total
protein concentration was determined.
Using the total protein concentration, 15 to 30 µg of protein was loaded individually into wells of
15% SDS-polyacrylamide gels. Gels were run in 1X-Tris-Glycine SDS running buffer for
approximately 2 hours at 90V. Protein was then transferred from the gel to a nitrocellulose
membrane in 1X Tris-glycine and methanol transfer buffer at 75 V for 60 minutes. Following
transfer, membranes were blocked in 1X casein for 5 minutes. Then, the membranes were
incubated in the appropriate concentration of primary antibody at 5C overnight with gentle
agitation. Membranes were then incubated in biotinylated secondary antibody solutions for 45
minutes and amplification reagent for 10 minutes, with 3 washes of casein for 4 minutes after
both steps. The membranes were then equilibrated in 0.1 M tris buffer, pH 9.5 for 5 minutes.
DuoLux substrate was then pipetted on the surface of the membrane and incubated in subdued
light for 5 minutes. The membrane was finally imaged in an Azure Biosystems gel imager with a
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5-minute exposure. Blot intensity was analyzed using AlphaView SA multiplex band analysis
with local background. Blots were normalized by β-actin and then normalized to the Air
inhalation group.
4.2.9 Statistical Analysis
Data were analyzed by two-way ANOVA with an LSD post-hoc analysis. An alpha value of less
than 0.05 was considered significant.

72

P a w W it h d r a w a l T h r e s h o ld

16

CS

15

T y p ic a l U n in ju r e d L e v e l

CS + PZ

14
4

*

*

3
2

*
1

3
1

7

1

B

a

s

e

li

n

e

0

D a y o f In h a la t io n

Figure 27: Mechanical paw withdrawal threshold upon exposure to cigarette smoke and
treatment with phenelzine. Baseline pain behavior levels were not different between the two
groups. After the first day of inhalation exposure to cigarette smoke, the cigarette smoke group
had significantly lower paw withdrawal thresholds than the phenelzine treatment group. This
trend continued through day 13 of inhalation. Phenelzine treatment prevented a significant
reduction in paw withdrawal threshold on days 1, 7, and 13 of cigarette smoke exposure.
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Figure 28: Mechanical paw withdrawal frequency occurring in the minutes to hours after
exposure to acrolein, air, or cigarette smoke on the first day of inhalation. Withdrawal frequency
was tested prior to (0 minutes after inhalation) and 10, 30, 60, and 180 minutes after the
inhalation period. Paw withdrawal frequencies did not change significantly from baseline (0
minutes after inhalation) in any of the tests after inhalation in the air exposure group. Withdrawal
frequency increased significantly compared to baseline 10 and 30 minutes after inhalation in the
acrolein inhalation groups (*p<0.05). In the cigarette smoke exposure group, a slight drop in
withdrawal frequency was observed 10 and 30 minutes after inhalation, though the difference
was not significant. Significant increases in withdrawal frequency were observed 60 and 180
minutes after the inhalation period as compared to 10 minutes post-inhalation (#p<0.05).
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Figure 29: Mechanical paw withdrawal
in the minutes to hours after
M in u te s a frequency
ft e r In h a laoccurring
t io n
th
exposure to acrolein, air, or cigarette smoke on the 13 day of inhalation. Withdrawal frequency
was tested prior to (0 minutes after inhalation) and 10, 30, 60, and 180 minutes after the
inhalation period. Paw withdrawal frequencies did not change significantly from baseline (0
minutes after inhalation) in any of the tests after inhalation in the air exposure group. Withdrawal
frequency increased significantly compared to baseline 30 minutes after inhalation in the acrolein
inhalation groups (*p<0.05). In the cigarette smoke exposure group, a slight drop in withdrawal
frequency was observed 10 and 30 minutes after inhalation, though the difference was not
significant. Significant increases in withdrawal frequency were observed 60 and 180 minutes
after the inhalation period as compared to 10 minutes post-inhalation (#p<0.05).
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Figure 30: Acrolein-lysine adducts in spinal cord (SC), dorsal root ganglia (DRG), and paw skin
(PS) after inhalation of air (control), acrolein (ACR), or cigarette smoke (CS) with or without the
treatment of phenelzine (PZ). All blots were exposed for the same duration for imaging.
Exposure to acrolein resulted in increased acrolein-lysine protein adduct levels in the spinal cord,
as compared to air exposure (**p<0.01). Treatment with PZ attenuated this increase significantly
(*p<0.05). In the dorsal root ganglia, a slight increase in acrolein protein levels was observed
after acrolein inhalation, though the increase was not statistically significant. Acrolein-lysine
protein adduct levels in the paw skin were significantly elevated after exposure to acrolein and
cigarette smoke, as compared to air inhalation. Phenelzine treatment with both acrolein or
cigarette smoke did not lead to increased levels of acrolein in the paw skin.
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Figure 31: Protein levels of TRPA1 in spinal cord (SC), dorsal root ganglia (DRG), and paw skin
(PS) after exposure to air (control), acrolein (ACR), or cigarette smoke (CS) with or without the
treatment of phenelzine (PZ). All blots were exposed for the same duration for imaging. In the
spinal cord and paw skin, significant increases in TRPA1 protein levels were observed after
cigarette smoke inhalation as compared to air inhalation (p<0.05). In the dorsal root ganglia,
phenelzine treatment significantly reduced the level of TRPA1 protein after acrolein inhalation
(p<0.05). A slight increase in TRPA1 protein levels in paw skin was observed with cigarette
smoke exposure, which was attenuated by phenelzine treatment. However, the difference was not
significant.
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Figure 32: Protein levels of MCP-1 in spinal cord (SC), dorsal root ganglia (DRG), and paw skin
(PS) after the inhalation of air (control), acrolein (ACR), or cigarette smoke (CS), with or
without the treatment of phenelzine (PZ). All blots were exposed for the same duration for
imaging. MCP-1 levels were significantly increased in the spinal cord after exposure to cigarette
smoke as compared to air (p<0.05). In the DRG, increased levels of MCP-1 were observed after
the inhalation of acrolein (p<0.05). This increase was significantly reduced with the application
of phenelzine (p<0.05). In paw skin, slight increases were observed after the inhalation of both
acrolein and cigarette smoke. These increases were not observed with the treatment of
phenelzine. However, these differences were not statistically significant.
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Results
4.3.1 CS Inhalation-Mediated Neuropathic Pain
Neuropathic pain behavior was quantified by establishing a paw withdrawal threshold at several
time points during the cigarette smoke exposure experiment: 2 weeks post-SCI, and days 1, 7,
and 13 of the inhalation period. The 2-week post-SCI paw withdrawal thresholds for the cigarette
smoke (CS) and phenelzine treated (CS+PZ) did not differ significantly between the two groups
(Figure 27). Beginning on the first day of inhalation, a significant drop in paw withdrawal
threshold was observed for the CS group. This continued through day 13 of the inhalation
period. For the CS+PZ treatment group, the paw withdrawal threshold did not significantly
decrease on any day during the inhalation period. The paw withdrawal threshold for those
animals increased significantly compared to the post-SCI baseline on days 7 and 13 of the
inhalation period.
4.3.2 Dynamic Response of Neuropathic Pain
To determine the dynamic effects of both acrolein alone and cigarette smoke on neuropathic pain
behavior after the inhalation period, mechanical paw withdrawal frequency was determined prior
to (0 minutes) and at several time points (10, 30, 60, and 180 minutes) after the exposure
sessions on the 1st and 13th day of inhalation (Figure 28 and Figure 29). On the first day of
exposure to air, no significant changes in withdrawal frequency were observed over the testing
period. Significant increases in withdrawal frequency were observed 10 and 30 minutes after the
inhalation session for the acrolein exposure group. This increase had tapered by 60 and 180
minutes after the exposure. In the cigarette smoke exposure group, a slight drop in withdrawal
frequency was observed 30 minutes after the end of the exposure session. Significant increases in
withdrawal frequency were not observed until 60 minutes post-cigarette smoke inhalation. This
increase continued for at least 180 minutes after the inhalation session ended.
Similar results were recorded on the 13th day of the exposure period. No significant changes
were observed in the air exposure group over the 180-minute testing interval. An increase in
withdrawal frequency was observed 30 minutes after the exposure session for the acrolein group,
which then trailed off by 60 and 180 minutes. The cigarette smoke exposure group did not show
signs of increased withdrawal frequency until 60 and 180 minutes post-inhalation session.

79
4.3.3 Acrolein Protein Levels
Acrolein-lysine adducts were quantified in the spinal cord, dorsal root ganglia (DRG) and paw
skin of rats that were sacrificed on the 14th day of inhalation exposure after spinal cord injury.
Compared to the air inhalation group, higher levels of acrolein were found in the spinal cord of
the acrolein inhalation group (Figure 30). When phenelzine treatment was combined with
acrolein exposure, there was a significant decrease in acrolein adducts in the spinal cord. No
differences in acrolein-lysine adducts were observed in the CS or CS+PZ groups. In the DRG, a
similar trend was observed. However, the differences were not significant. In the paw skin,
acrolein levels were significantly increased in both the acrolein and cigarette smoke exposure
groups, as compared to the air inhalation group. Treatment with phenelzine with both acrolein
and cigarette smoke resulted in attenuated levels of acrolein-lysine adducts in the paw skin.
4.3.4 TRPA1 Protein Levels
TRPA1 protein levels were quantified using Western Blot in the spinal cord, dorsal root ganglia,
and paw skin of rats that were sacrificed on the 14th day of the inhalation exposure period after
spinal cord injury. TRPA1 protein levels in the spinal cord were significantly higher in the CS
group, compared to the air inhalation group (Figure 31). Phenelzine treatment with CS
inhalation resulted in TRPA1 protein levels that were not significantly higher than that of the air
exposure group. TRPA1 levels were slightly elevated in the acrolein inhalation group, but the
difference was not significant. In the dorsal root ganglia, TRPA1 levels were significantly
higher in the acrolein exposure group compared to its phenelzine treatment counterpart. There
were no differences in TRPA1 levels in the DRG for either cigarette smoke exposure group. In
the paw skin, TRPA1 levels were significantly elevated in the acrolein exposure group, as
compared to the air inhalation group. An increase in TRPA1 levels in the paw skin for the
cigarette smoke group was also observed. This increase was attenuated in the phenelzine treated
group.
4.3.5 MCP-1 Protein Levels
MCP-1 protein levels were quantified via Western Blotting in the spinal cord, dorsal root
ganglia, and paw skin of rats that were sacrificed on the 14th day of inhalation after spinal cord
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injury. The data is depicted in Figure 32. In the spinal cord, elevated levels of MCP-1 were
observed for the cigarette smoke group, as compared to the air inhalation control group. No
significant difference in MCP-1 levels in the spinal cord was observed in the acrolein inhalation
group. MCP-1 levels in the DRG were significantly higher in the acrolein exposure group. With
the application of phenelzine during acrolein exposure, a significant drop in MCP-1 levels was
observed. In the paw skin, MCP-1 levels were slightly elevated in the acrolein and cigarette
smoke exposure groups, as compared to the air exposure group, but the differences were not
statistically significant.

Discussion
Cigarette smoke is capable of intensifying neuropathic pain-like behavior after spinal cord
injury, as seen in Figure 27. We have previously shown that exposure to acrolein or cigarette
smoke resulted in increased pain behavior in a similar experiment [108]. Here, we again show a
reduction in paw withdrawal threshold upon cigarette smoke exposure, beginning on the first day
of exposure. This decrease in paw withdrawal threshold occurs in addition to the drastic decrease
in withdrawal threshold after the initial spinal cord injury.
Changes in sensory function during cigarette smoke exposure were accompanied by the
observation that acrolein-lysine adduct protein levels were elevated in the paw skin, as compared
to air inhalation controls (Figure 30). While the accumulation of acrolein was not observed in the
spinal cord or dorsal root ganglia, elevated acrolein levels in the peripheral nervous system
concurrent with an intensification of neuropathic pain indicates that biochemical effects of the
spinal cord injury extend from the central nervous system to the peripheral; a concept that has
been proposed by other work [80], [81]. Large increases in TRPA1 mRNA expression were
observed in the post-SCI paw skin. Here, we found that exposure to cigarette smoke after spinal
cord injury resulted in an increase in TRPA1 protein levels in the paw skin, compared to postSCI air exposure (Figure 31).
The administration of the acrolein scavenger, phenelzine, an FDA-approved anti-depressant and
MAO-inhibitor, resulted in attenuation of neuropathic pain-like behavior attributed to cigarette
smoke. In previous reports, phenelzine has been shown to be capable of improving sensory
dysfunction after spinal cord injury [81]. In the case of acrolein nasal exposure, reduced pain
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behavior was observed upon phenelzine treatment. Here, we report that phenelzine treatment
reduced pain-like behaviors during cigarette smoke exposure (Figure 27). Phenelzine treatment
also resulted in a decrease of acrolein-lysine adducts in the paw skin after acrolein and cigarette
smoke exposure (Figure 30). Acrolein-lysine adduct levels were also lowered in the spinal cord
after phenelzine treatment with acrolein exposure, as compared to acrolein exposure without
phenelzine treatment. Given that phenelzine is a scavenger of acrolein, and similar pain
reduction was observed upon acrolein exposure, this indicates that acrolein may be critical
mechanism for cigarette smoke-mediated neuropathic pain.
It has been established that nicotine within cigarette smoke provides some analgesic effects for
smokers. A key question in this study was to determine the time course of changes in pain after
exposure to acrolein or nicotine-containing cigarette smoke. Figure 28 and Figure 29 show
changes in pain relative to the pre-exposure baseline pain level at 10-, 30-, 60-, and 180-minutes
after exposure to acrolein, air, or cigarette smoke on the first day (Figure 28) and 13th day
(Figure 29) of the inhalation period. The immediate increase in pain behavior, within 10 to 30
minutes of acrolein exposure, was observed after naïve exposure (first day, Figure 28) and
prolonged exposure (13th day, Figure 29). These pain-behavior increases had subsided by 60
minutes post-exposure. Alternatively, increases in neuropathic pain-like behavior upon cigarette
smoke inhalation were not observed until 60 minutes after the exposure session. This increase
was sustained 180 minutes after the exposure period. The difference between the pain behavior
after acrolein and cigarette smoke exposure may be attributed to the analgesic effects of nicotine.
Nicotine may delay the onset of increased neuropathic pain due to cigarette smoke.
Additionally, it can be noted that the changes in pain due to acrolein inhalation eventually
subsided, while the changes due to cigarette smoke increased over time. Cigarette smoke
contains thousands of toxic molecules, including acrolein and other reactive aldehydes. Nicotine
may mask the effects of these molecules until the nicotine is metabolized. The half-life of
nicotine is reported to be between 1 and 2 hours [153]. This is consistent with our findings that
pain behavior increases are observed beginning 1 hour after cigarette smoke exposure.
Another socially relevant aspect to this data is the recent popularity of electronic cigarettes (ecigs) and vaping. The flavoring components used in e-cigs can undergo thermal decomposition
and emit the same reactive aldehydes that occur in cigarette smoke, including acrolein. In certain
types of e-liquid (flavoring nicotine liquid used in e-cigarettes), more than 300 µg of acrolein
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were produces per gram of e-liquid [78]. This equates to around 25% more acrolein than the
amount in the average cigarette for the same amount of nicotine [51], [78], [79]. E-cigarettes are
generally regarded as a safe alternative to tobacco cigarettes. The intake of acrolein from ecigarettes may lead to the worsening of pain for people with spinal cord injury and, potentially,
other chronic pain conditions.
The TRPA1 cation channel has been associated with sensory dysfunction after spinal cord injury
and is known to be activated by acrolein. Acrolein has also been shown to upregulate the mRNA
of the channel, a trend that has also been observed after spinal cord injury [66], [80], [81]. Here,
we show that a similar effect can be observed after the inhalation of cigarette smoke after SCI.
TRPA1 protein levels were found to be increased in the spinal cord and paw skin after exposure
to cigarette smoke, as seen in Figure 31. This data indicates that acrolein, including acrolein
contained within cigarette smoke, may be responsible for increases in pain-like behavior (Figures
2-4) by activating TRPA1.
To further support the notion of acrolein involvement in post-SCI sensory dysfunction via
TRPA1, the administration of the acrolein scavenger, phenelzine, resulted in decreased levels of
TRPA1 protein in the DRG and paw skin after exposure to acrolein, as compared to the untreated
group (Figure 31). The same effect was observed in the paw skin of animals exposed to cigarette
smoke. The ability of phenelzine treatment to reduce the elevation of TRPA1 upon cigarette
smoke or acrolein exposure indicates that the process of TRPA1 upregulation may be mediated
by acrolein. This is also evidenced by the decrease in neuropathic pain behaviors during acrolein
or cigarette smoke inhalation with phenelzine treatment ([108], Figure 27).
MCP-1, a proinflammatory chemokine, has been shown to be increased after spinal cord injury
[132] and after cigarette smoking [48]. Additionally, acrolein is known to recruit MCP-1, which
can, in turn, sensitize TRPA1. Here, we show an increase in MCP-1 in the spinal cord after postSCI exposure to cigarette smoke, as compared to air exposure (Figure 32). Additionally, MCP-1
was increased in the dorsal root ganglia upon exposure to acrolein after SCI. This increase was
attenuated with the treatment of phenelzine. The surge in neuropathic pain behavior over the
course of acrolein [108] and cigarette smoke inhalation (Figure 27) that was observed to
accompany the increase in MCP-1, TRPA1, and acrolein is evidence that post-SCI neuropathic
pain may be mediated by acrolein-mediated release of MCP-1 and activation of TRPA1 by both
MCP-1 and acrolein.
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Conclusions
The data provided in this study is evidence that cigarette smoke delays the onset of exacerbated
neuropathic pain after spinal cord injury. The temporary pain relief of cigarette smoke ultimately
leads to the heightening of neuropathic pain behavior in a rodent model of spinal cord injury.
These findings are relevant not only to the spinal cord injury community, but they may also be
relevant for people suffering from other chronic pain conditions. The chronic pain community in
general is more prone to smoking cigarettes or finding other, more addictive and dangerous,
means of pain relief, including opioids. This study contributes to the body of work on pain and
cigarette smoke, but provides a new perspective from the scope of spinal cord injury.
This investigation also provides evidence, by means of protein quantification, of the ability of
acrolein to mediate post-SCI neuropathic pain through TRPA1 activation by stimulating the
release of MCP-1 and direct binding to TRPA1. This mechanism may lead to new avenues of
therapeutic intervention for post-SCI neuropathic pain, a condition which remains elusive to
current therapies.
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5. CONCLUSIONS

Summary
The data presented in this dissertation contributes considerably to the body of knowledge on
post-SCI neuropathic pain. Understanding the causal factors is essential to determining new
treatment regimens that will be effective for not some, but all those suffering from SCI-mediated
neuropathic pain. Further, this data provides useful information for people who may smoke
cigarettes or e-cigs after an injury. The discovery of pain intensification by acrolein inhalation
may deter some people from smoking. Additionally, it provides further evidence of the role of
acrolein in sustaining post-SCI neuropathic pain. The demonstration that cigarette smoke may
delay such exacerbation of pain might also provide a new avenue for temporary pain relief (i.e.
nicotinic activation). In all, this dissertation has provided the field of spinal cord injuries with
new considerations for the mechanisms of development and treatment of neuropathic pain.
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6. FUTURE DIRECTIONS

TRPA1-mediated hypersensitivity
The results shown in Figure 14 and Figure 15 indicate that it is likely that TRPA1 is a substantial
contributor to post-SCI hypersensitivity. These results were observed when only one systemic
injection of the TRPA1 antagonist was delivered. These results could be further validated by the
use of a second TRPA1 antagonist, HC-030031. Similar to AP-18, HC-030031 was developed as
a specific antagonist to TRPA1 [154], [155]. Additionally, local injection of the antagonist could
have improved effects on AITC- or acrolein-mediated pain behavior. Systemic injections were
initially chosen in order to limit the number of intraplantar injections performed on the animal, as
performed in other studies [106], [107]. However, the distribution of the antagonist may not
have been able to effectively reach the periphery before being metabolized. Local injection of
the antagonist could more effectively block TRPA1 activation. However, the direct interaction
between the antagonist and the agonist/antagonist would have to be more deeply considered and
studied before such an experiment could be performed and results interpreted.

Other Aldehydes
This dissertation has focused mostly on the role of acrolein in perpetuating post-SCI damage to
induce neuropathic pain. However, the process by which acrolein is produced can also produce
other toxic aldehydes. While acrolein is the most reactive of these aldehydes, these other
aldehydes may contribute substantially to secondary injury, or even the development of
neuropathic pain, after an SCI. Two of the most common and most well-studied aldehydes are 4hydroxynonenal (4-HNE) and malondialdehyde (MDA). 4-HNE has been linked to TRPA1mediated pain and both 4-HNE and MDA are known to be produced in inflamed environments
[156], [157]. Investigating ways to quantify the damage from each of these aldehydes after SCI
may shed light on more effective means of mitigating that damage. Efforts may include looking
into scavengers that have a high affinity for not only acrolein, but also 4-HNE and MDA.
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Alda-1 Treatment
Treatment with Alda-1 acutely after SCI resulted in acrolein levels that were not elevated 48
hours after injury. It would be interesting to investigate how boosting ALDH2 activity in the
first 2 weeks after injury might affect post-SCI neuropathic pain behaviors. Using the body’s
own internal acrolein scavenging system may be an effective means of reducing acroleinmediated damage, including NP. Additionally, there are conflicting reports of the ability of
Alda-1 to enhance the enzymatic effects of ALDH2 with respect to substrate size. It has been
reported that Alda-1 binds to part of the substrate entrance tunnel in a similar way to an ALDH2
inhibitor, daidzin [158]. However, the inhibitor is known to block access to the active sites of
the residue, Cys302 and Glu268 [159]. On the other hand, Alda-1 binding to the entrance tunnel
does not sterically hinder access to those residues [158]. In fact, its binding protects ALDH2
from inactivation by aldehydes, in addition to increasing dehydrogenase activity by enhancing
the rate of hydrolysis. With regard to substrate size, it has been shown that Alda-1 is effective at
improving enzymatic rates in smaller aldehydes, but has little to no kinetic benefits for aldehydes
with carbon chains longer than 4 carbons [158]. This indicates that Alda-1 may sterically hinder
the entrance of larger aldehydes, including 4-HNE, into the tunnel. However, there are reports of
decreased 4-HNE levels after inflammatory injury with Alda-1 treatment [157]. This intuitively
contradicts the finding that Alda-1 blocks the substrate entrance tunnel of ALDH2. However,
the ability of Alda-1 to protect ALDH2 from inhibition by aldehyde binding may still provide
enough of a benefit to enable ALDH2 to reduce overall 4-HNE concentrations. The differences
in alda-1 effects on acrolein, 4-HNE, and MDA in spinal cord injury still need to be studied.

Combinational Treatment for post-SCI neuropathic pain
Given that elevations of acrolein and MCP-1 were observed after SCI and that these elevations
corresponded to the timing of the onset of neuropathic pain behavior (2-4 weeks post-injury),
there may be an opportunity to investigate the efficacy of combinational treatments for post-SCI
neuropathic pain. Reducing the effects of acrolein with acrolein scavengers has been shown to
be moderately effective in the acute state of the injury. However, the benefits were not as great
in the chronic stage. Leveraging our new knowledge of increases in the pro-inflammatory MCP1 2 and 4 weeks after injury, an anti-inflammatory treatment or the sequestering of MCP-1 in the
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2 to 4-week timeframe may be more beneficial as the injury transitions into the chronic stage.
Additionally, TRPA1 antagonists may provide temporary relief for post-SCI neuropathic pain.

Acrolein Filter
The work in this dissertation has provided evidence for the ability of exogenous acrolein to
intensify pain after SCI. This research and the other well-known adverse health effects of
cigarettes may deter some people from smoking, but this feat may not be so easy for victims of a
spinal cord injury who are already smokers. People with SCI’s are more prone to depression and
a lack of independence due to their injury. Therefore, they may be unwilling or unable to make
such a drastic lifestyle change. This presents a need for the modification of cigarette filters to
remove acrolein to reduce the negative effects of cigarettes on neuropathic pain. This filter is not
intended to encourage smoking, but is intended to offer a means of relief for them. Also, as ecigarette smoking is becoming more popular, with increasing amounts of vaporized acrolein, an
acrolein-sequestering filter attachment could reduce respiratory exposure to acrolein.
Developing such a technology would have additional applications in residential and commercial
air filtration systems. Acrolein is produced by the breakdown of hydrocarbons. As such, industrial
processes, overheated cooking oils, and car exhaust regularly contribute to ambient acrolein levels.
In more industrial areas, acrolein concentrations may reach levels that can cause increases in
endogenous acrolein, which can ultimately instigate neuropathic pain or other adverse effects in
susceptible people, such as those with an SCI. Residential and commercial air filtration systems
that remove acrolein and potentially other reactive aldehydes may provide relief for those people.
Removal of aerosolized acrolein from cigarette smoke can be accomplished through the chemical
modification of existing cigarette filters or through the addition of a filter cartridge attachment.
Chemical modification would be advantageous if the modification process could easily be applied
in manufacturing. An attachable filter cartridge would be easier to market to the specific subgroups
that are most affected by increased endogenous acrolein, like those who have suffered an SCI.

88

REFERENCES

[1]

M. E. L. van den Berg, J. M. Castellote, I. Mahillo-Fernandez, and J. de Pedro-Cuesta,
“Incidence of spinal cord injury worldwide: a systematic review.,” Neuroepidemiology,
vol. 34, no. 3, p. 184–92; discussion 192, Jan. 2010.

[2]

M. J. Devivo, “Epidemiology of traumatic spinal cord injury: trends and future
implications.,” Spinal Cord, vol. 50, no. 5, pp. 365–72, May 2012.

[3]

National Spinal Cord Injury Statistical Center, “Facts and Figures at a Glance,” J. Spinal
Cord Med., vol. 36, no. 5, pp. 568–9, Sep. 2013.

[4]

M. P. Jensen, a J. Hoffman, and D. D. Cardenas, “Chronic pain in individuals with spinal
cord injury: a survey and longitudinal study.,” Spinal Cord, vol. 43, no. 12, pp. 704–12,
Dec. 2005.

[5]

P. J. Siddall, “Management of neuropathic pain following spinal cord injury: now and in
the future.,” Spinal Cord, vol. 47, no. 5, pp. 352–9, May 2009.

[6]

M. P. Jensen, C. M. Kuehn, D. Amtmann, and D. D. Cardenas, “Symptom burden in
persons with spinal cord injury.,” Arch. Phys. Med. Rehabil., vol. 88, no. 5, pp. 638–45,
May 2007.

[7]

R. J. Hurlbert, “Methylprednisolone for acute spinal cord injury: an inappropriate standard
of care.,” J. Neurosurg., vol. 93, no. 1 Suppl, pp. 1–7, Jul. 2000.

[8]

Z. Li, C. P. Taylor, M. Weber, J. Piechan, F. Prior, F. Bian, M. Cui, D. Hoffman, and S.
Donevan, “Pregabalin is a potent and selective ligand for α2δ-1 and α2δ-2 calcium
channel subunits,” Eur. J. Pharmacol., vol. 667, no. 1, pp. 80–90, 2011.

[9]

A. S. Jaggi and N. Singh, “Role of different brain areas in peripheral nerve injury-induced
neuropathic pain,” Brain Res., vol. 1381, pp. 187–201, 2011.

[10] J. H. Vranken, M. G. W. Dijkgraaf, M. R. Kruis, M. H. van der Vegt, M. W. Hollmann,
and M. Heesen, “Pregabalin in patients with central neuropathic pain: A randomized,
double-blind, placebo-controlled trial of a flexible-dose regimen,” Pain, vol. 136, no. 1–2,
pp. 150–157, 2008.

89
[11] D. . Cardenas, E. C. Nieshoff, K. Suda, S.-I. Goto, L. Sanin, T. Kaneko, J. Sporn, B.
Parsons, M. Soulsby, R. Yang, E. Whalen, J. M. Scavone, M. M. Suzuki, and L. E. Knapp,
“A randomized trial of pregabalin in patients with neuropathic pain due to spinal cord
injury,” Neurology, vol. 80, no. 6, pp. 533–539, 2013.
[12] P. Siddall, M. Cousins, and A. Otte, “Pregabalin in central neuropathic pain associated
with spinal cord injury A placebo-controlled trial,” Neurology, 2006.
[13] Q. Tai, S. Kirshblum, B. Chen, S. Millis, M. Johnston, and J. A. DeLisa, “Gabapentin in
the treatment of neuropathic pain after spinal cord injury: A prospective, randomized,
double-blind, crossover trial,” J. Spinal Cord Med., vol. 25, no. 2, pp. 100–105, 2002.
[14] R. Id, “Reference ID: 3836666,” no. 10.
[15] D. S. Lw Yick, Kf So, Hk Yip, “Chondroitinase ABC promotes axonal regeneration of
Clarke’s neurons after spinal cord injury,” Neuroreport, vol. 11, no. 5, pp. 1063–1067,
2000.
[16] H. R. Banafshe, A. Mesdaghinia, M. N. Arani, M. H. Ramezani, A. Heydari, and G. A.
Hamidi, “Lithium attenuates pain-related behavior in a rat model of neuropathic pain:
Possible involvement of opioid system,” Pharmacol. Biochem. Behav., vol. 100, no. 3, pp.
425–430, 2012.
[17] T. Shimizu, M. Shibata, S. Wakisaka, T. Inoue, T. Mashimo, and I. Yoshiya, “Intrathecal
lithium reduces neuropathic pain responses in a rat model of peripheral neuropathy,” Pain,
vol. 85, no. 1–2, pp. 59–64, 2000.
[18] M. L. Yang, J. J. Li, K. F. So, J. Y. H. Chen, W. S. Cheng, J. Wu, Z. M. Wang, F. Gao,
and W. Young, “Efficacy and safety of lithium carbonate treatment of chronic spinal cord
injuries: a double-blind, randomized, placebo-controlled clinical trial.,” Spinal Cord, vol.
50, no. 2, pp. 141–6, 2012.
[19] C. Henry, “Lithium side-effects and predictors of hypothyroidism in patients with bipolar
disorder: Sex differences,” J. Psychiatry Neurosci., vol. 27, no. 2, pp. 104–107, 2002.
[20] R. F. McKnight, M. Adida, K. Budge, S. Stockton, G. M. Goodwin, and J. R. Geddes,
“Lithium toxicity profile: A systematic review and meta-analysis,” Lancet, vol. 379, no.
9817, pp. 721–728, 2012.
[21] W. A. Bauman and A. M. Spungen, “Metabolic changes in persons after spinal cord
injury,” Phys. Med. Rehabil. Clin. N. Am., vol. 11, no. 1, pp. 109–140, 2000.

90
[22] C. Y. Hsu and M. R. Dimitrijevic, “Methylprednisolone in spinal cord injury: the possible
mechanism of action.,” J. Neurotrauma, vol. 7, no. 3, pp. 115–119, 1990.
[23] M. B. Bracken, M. J. Shepard, K. G. Hellenbrand, W. F. Collins, L. S. Leo, D. F.
Freeman, F. C. Wagner, E. S. Flamm, H. M. Eisenberg, and J. H. Goodman,
“Methylprednisolone and neurological function 1 year after spinal cord injury. Results of
the National Acute Spinal Cord Injury Study,” J. Neurosurg., vol. 63, no. 5, pp. 704–713,
1985.
[24] M. B. Bracken, M. J. Shepard, T. R. Holford, L. Leo-Summers, E. F. Aldrich, M. Fazl, M.
G. Fehlings, D. L. Herr, P. W. Hitchon, L. F. Marshall, R. P. Nockels, V. Pascale, P. L.
Perot Jr., J. Piepmeier, V. K. Sonntag, F. Wagner, J. E. Wilberger, H. R. Winn, and W.
Young, “Methylprednisolone or tirilazad mesylate administration after acute spinal cord
injury: 1-year follow up. Results of the third National Acute Spinal Cord Injury
randomized controlled trial,” J Neurosurg, vol. 89, no. 5, pp. 699–706, 1998.
[25] M. B. Bracken and T. R. Holford, “Effects of timing of methylprednisolone or naloxone
administration on recovery of segmental and long-tract neurological function in NASCIS
2.,” J. Neurosurg., vol. 79, no. 4, pp. 500–507, 1993.
[26] M. B. Bracken and T. R. Holford, “Neurological and functional status one year after acute
spinal cord injury: Estimates of functional recovery in NASCIS 2 from results modeled in
NASCIS 3,” J. Neurosurg. (Spine 3), vol. 96, no. 96, pp. 259–266, 2002.
[27] T. Ducker and S. Zeidman, “Spinal cord injury. Role of steroid therapy,” Spine (Phila. Pa.
1976)., vol. 19, no. 20, pp. 2281–2287, 1994.
[28] S. Nesathurai, “Sterpoids and spinal cord injury: revisiting the NSCIS 2 and NASCIS 3
trials,” J. Trauma, vol. 45, no. 6, pp. 1088–1093, 1998.
[29] S. Abdi, D. H. Lee, and J. M. Chung, “The anti-allodynic effects of amitriptyline,
gabapentin, and lidocaine in a rat model of neuropathic pain.,” Anesth. Analg., vol. 87, no.
6, pp. 1360–1366, 1998.
[30] D. H. Rintala, S. A. Holmes, D. Courtade, R. N. Fiess, L. V. Tastard, and P. G. Loubser,
“Comparison of the Effectiveness of Amitriptyline and Gabapentin on Chronic
Neuropathic Pain in Persons With Spinal Cord Injury,” Arch. Phys. Med. Rehabil., vol.
88, no. 12, pp. 1547–1560, 2007.

91
[31] J. D. Cardenas, Diana D ; Warms, Catherine A ; Turner, Judith A ; Marshall, Helen ;
Brooke, Marvin M ; Loeser, “Efficacy of amitriptyline for relief of pain in spinal cord
injury: results of a randomized controlled trialNo Title,” Pain, vol. 96, no. 3, pp. 365–373,
2002.
[32] C. Norrbrink, “Transcutaneous electrical nerve stimulation for treatment of spinal cord
injury neuropathic pain,” J. Rehabil. Res. Dev., vol. 46, no. 1, p. 85, 2009.
[33] F. Fregni, P. S. Boggio, M. C. Lima, M. J. L. Ferreira, T. Wagner, S. P. Rigonatti, A. W.
Castro, D. R. Souza, M. Riberto, S. D. Freedman, M. A. Nitsche, and A. Pascual-Leone,
“A sham-controlled, phase II trial of transcranial direct current stimulation for the
treatment of central pain in traumatic spinal cord injury,” Pain, vol. 122, no. 1–2, pp. 197–
209, 2006.
[34] T. Farooqui and A. a Farooqui, “Lipid-mediated oxidative stress and inflammation in the
pathogenesis of Parkinson’s disease.,” Parkinsons. Dis., vol. 2011, no. Figure 1, p.
247467, Jan. 2011.
[35] N. Working, G. Haruhiko, S. Barger, S. Barnum, B. Bradt, J. Bauer, G. M. Cole, N. R.
Cooper, P. Eikelenboom, M. Emmerling, B. L. Fiebich, C. E. Finch, S. Frautschy, W. S.
T. Griffin, H. Hampel, M. Hull, G. Landreth, L. F. Lue, R. Mrak, I. R. Mackenzie, P. L.
Mcgeer, M. K. O. Banion, J. Pachter, G. Pasinetti, C. P. Salaman, J. Rogers, R. Rydel, Y.
Shen, W. Streit, R. Strohmeyer, I. Tooyoma, F. L. Van Muiswinkel, R. Veerhuis, D.
Walker, S. Webster, B. Wegrzyniak, G. Wenk, and T. W. Coray, Inflammation and
Alzheimer ’ s disease, vol. 21. 2000.
[36] M. Tully and R. Shi, “New insights in the pathogenesis of multiple sclerosis--role of
acrolein in neuronal and myelin damage.,” Int. J. Mol. Sci., vol. 14, no. 10, pp. 20037–47,
Jan. 2013.
[37] E. D. Hall, R. a Vaishnav, and A. G. Mustafa, “Antioxidant therapies for traumatic brain
injury.,” Neurotherapeutics, vol. 7, no. 1, pp. 51–61, 2010.
[38] D. P. Ghilarducci and R. S. Tjeerdema, “Fate and effects of acrolein,” Rev. Environ.
Contam. Toxicol., vol. 144, pp. 95–146, 1995.
[39] H. Fukui and C. T. Moraes, “The mitochondrial impairment, oxidative stress and
neurodegeneration connection: reality or just an attractive hypothesis?,” Trends Neurosci.,
vol. 31, no. 5, pp. 251–6, May 2008.

92
[40] D. M. Bautista, M. Pellegrino, and M. Tsunozaki, “TRPA1: A gatekeeper for
inflammation.,” Annu. Rev. Physiol., vol. 75, pp. 181–200, Jan. 2013.
[41] R. M. Adibhatla and J. F. Hatcher, “Lipid oxidation and peroxidation in CNS health and
disease: from molecular mechanisms to therapeutic opportunities.,” Antioxid. Redox
Signal., vol. 12, no. 1, pp. 125–69, Jan. 2010.
[42] R. Muralikrishna Adibhatla and J. F. Hatcher, “Role of Lipids in Brian Injury and
Diseases,” Futur. Lipidol, vol. 2, no. 4, pp. 403–422, 2007.
[43] R. Muralikrishna Adibhatla and J. F. Hatcher, “Phospholipase A2, reactive oxygen
species, and lipid peroxidation in cerebral ischemia.,” Free Radic. Biol. Med., vol. 40, no.
3, pp. 376–87, Feb. 2006.
[44] P. Liu-snyder, H. Mcnally, R. Shi, and R. Ben Borgens, “Acrolein-Mediated Mechanisms
of Neuronal Death,” vol. 218, no. April, pp. 209–218, 2006.
[45] R. Ben Borgens and P. Liu-snyder, “Understanding Secondary Injury,” Quartely Rev.
Biol., vol. 87, no. 2, pp. 89–127, 2012.
[46] J. P. Kehrer and S. S. Biswal, “The molecular effects of acrolein.,” Toxicol. Sci., vol. 57,
no. 1, pp. 6–15, Sep. 2000.
[47] L. M. Kaminskas, S. M. Pyke, and P. C. Burcham, “Strong Protein Adduct Trapping
Accompanies Abolition of Acrolein-Mediated Hepatotoxicity by Hydralazine in Mice,”
vol. 310, no. 3, pp. 1003–1010, 2004.
[48] P. a Kirkham, G. Spooner, C. Ffoulkes-Jones, and R. Calvez, “Cigarette smoke triggers
macrophage adhesion and activation: role of lipid peroxidation products and scavenger
receptor,” Free Radic. Biol. Med., vol. 35, no. 7, pp. 697–710, Oct. 2003.
[49] EPA, Acute Exposure Guideline Levels for Selected Airborne Chemicals, vol. 8. 2010.
[50] J.-Z. Dong and S. C. Moldoveanu, “Gas chromatography–mass spectrometry of carbonyl
compounds in cigarette mainstream smoke after derivatization with 2,4dinitrophenylhydrazine,” J. Chromatogr. A, vol. 1027, no. 1–2, pp. 25–35, Feb. 2004.
[51] E. Roemer, H. Schramke, H. Weiler, A. Buettner, S. Kausche, S. Weber, A. Berges, M.
Stueber, M. Muench, E. Trelles-sticken, J. Pype, K. Kohlgrueber, H. Voelkel, S. Wittke,
P. Morris, I. Operations, P. M. P. S. A, and H. Gmbh, “Mainstream Smoke Chemistry and
In Vitro and In Vivo Toxicity of the Reference Cigarettes 3R4F and 2R4F *,” vol. 25, no.
1, 2012.

93
[52] P. X. Chen and S. C. Moldoveanu, “Mainstream Smoke Chemical Analyses for 2R4F
Kentucky Reference Cigarette,” Contrib. to Tob. Res., vol. 20, no. 7, 2003.
[53] M. Tully, L. Zheng, G. Acosta, R. Tian, and R. Shi, “Acute systemic accumulation of
acrolein through inhalation at a concentration relevant to cigarette smoke in mice,”
Neurosci. Bull., vol. In Press, 2014.
[54] S. G. Carmella, M. Chen, Y. Zhang, S. Zhang, D. K. Hatsukami, and S. S. Hecht,
“Quantification of Acrolein- Derived (3-Hydroxypropyl)mercapturic Acid in Human
Urine by Liquid Chromatograhy- Atmospheric Pressure Chemical Ionization Tandem Mas
Spectrometry: Effects of Cigarette Smoking,” Chem. Res. Toxicol., vol. 20, no. 7, pp.
986–990, 2007.
[55] K. Hamann, A. Durkes, H. Ouyang, K. Uchida, A. Pond, and R. Shi, “Critical role of
acrolein in secondary injury following ex vivo spinal cord trauma.,” J. Neurochem., vol.
107, no. 3, pp. 712–21, Nov. 2008.
[56] R. Shi, T. Rickett, and W. Sun, “Acrolein-mediated injury in nervous system trauma and
diseases.,” Mol. Nutr. Food Res., vol. 55, no. 9, pp. 1320–1331, Sep. 2011.
[57] B. Yoval-Sanchez and J. S. Rodriguez-Zavala, “Differences in Susceptibility to
Inactivation of Human Aldehyde Dehydrogenases by Lipid Peroxidation Byproducts,”
Chem. Res. Toxicol., vol. 25, pp. 722–729, 2012.
[58] J. A. Doorn, T. D. Hurley, and D. R. Petersen, “Inhibition of Human Mitochondrial
Aldehyde Dehydrogenase by,” vol. 2, pp. 102–110, 2006.
[59] J. Luo and R. Shi, “Acrolein induces axolemmal disruption, oxidative stress, and
mitochondrial impairment in spinal cord tissue,” Neurochem. Int., vol. 44, no. 7, pp. 475–
486, Jun. 2004.
[60] Y. Shi, W. Sun, J. J. McBride, J.-X. Cheng, and R. Shi, “Acrolein induces myelin damage
in mammalian spinal cord.,” J. Neurochem., vol. 117, no. 3, pp. 554–64, May 2011.
[61] J.-X. Cheng, Y. Shi, P. Cao, R. Shi, W. Sun, and Y. Fu, “Paranodal Myelin Damage after
Acute Stretch in Guinea Pig Spinal Cord,” J. Neurotrauma, vol. 29, no. 3, pp. 611–619,
Feb. 2012.
[62] M. Yoshida, H. Tomitori, Y. Machi, M. Hagihara, K. Higashi, H. Goda, T. Ohya, M.
Niitsu, K. Kashiwagi, and K. Igarashi, “Acrolein toxicity: Comparison with reactive
oxygen species.,” Biochem. Biophys. Res. Commun., vol. 378, no. 2, pp. 313–8, Jan. 2009.

94
[63] D. M. Bautista, S. E. Jordt, T. Nikai, P. R. Tsuruda, A. J. Read, J. Poblete, E. N. Yamoah,
A. I. Basbaum, and D. Julius, “TRPA1 Mediates the Inflammatory Actions of
Environmental Irritants and Proalgesic Agents,” Cell, vol. 124, no. 6, pp. 1269–1282,
Mar. 2006.
[64] W. Sun, D. Smith, Y. Fu, J.-X. Cheng, S. Bryn, R. Borgens, and R. Shi, “Novel potassium
channel blocker, 4-AP-3-MeOH, inhibits fast potassium channels and restores axonal
conduction in injured guinea pig spinal cord white matter.,” J. Neurophysiol., vol. 103, no.
1, pp. 469–478, Jan. 2010.
[65] E. L. Andrade, F. C. Meotti, and J. B. Calixto, “TRPA1 antagonists as potential analgesic
drugs.,” Pharmacol. Ther., vol. 133, no. 2, pp. 189–204, Feb. 2012.
[66] M. R. Due, J. Park, L. Zheng, M. Walls, Y. M. Allette, F. a White, and R. Shi, “Acrolein
involvement in sensory and behavioral hypersensitivity following spinal cord injury in the
rat.,” J. Neurochem., Oct. 2013.
[67] M. R. Due, J. Park, L. Zheng, M. Walls, Y. M. Allette, F. a White, and R. Shi, “Acrolein
involvement in sensory and behavioral hypersensitivity following spinal cord injury in the
rat.,” J. Neurochem., pp. 1–11, Oct. 2013.
[68] F. Knerlich-Lukoschus, B. von der Ropp-Brenner, R. Lucius, H. M. Mehdorn, and J.
Held-Feindt, “Chemokine expression in the white matter spinal cord precursor niche after
force-defined spinal cord contusion injuries in adult rats.,” Glia, vol. 58, no. 8, pp. 916–
31, Jun. 2010.
[69] H. Jung, S. Bhangoo, G. Banisadr, C. Freitag, D. Ren, F. a White, and R. J. Miller,
“Visualization of chemokine receptor activation in transgenic mice reveals peripheral
activation of CCR2 receptors in states of neuropathic pain.,” J. Neurosci., vol. 29, no. 25,
pp. 8051–62, Jun. 2009.
[70] J. Goesling, C. M. Brummett, and A. L. Hassett, “Cigarette smoking and pain: depressive
symptoms mediate smoking-related pain symptoms.,” Pain, vol. 153, no. 8, pp. 1749–54,
Aug. 2012.
[71] M. S. Werley, K. M. Lee, and R. Lemus, “Evaluation of a novel inhalation exposure
system to determine acute respiratory responses to tobacco and polymer pyrolysate
mixtures in Swiss-Webster mice.,” Inhal. Toxicol., vol. 21, no. 8, pp. 719–29, Jul. 2009.

95
[72] G. John, K. Kohse, J. Orasche, A. Reda, J. Schnelle-Kreis, R. Zimmermann, O. Schmid,
O. Eickelberg, and A. Ö. Yildirim, “The composition of cigarette smoke determines
inflammatory cell recruitment to the lung in COPD mouse models.,” Clin. Sci. (Lond).,
vol. 126, no. 3, pp. 207–21, Feb. 2014.
[73] E.-M. Park, Y.-M. Park, and Y.-S. Gwak, “OXIDATIVE DAMAGE IN TISSUES OF
RATS EXPOSED TO CIGARETTE SMOKE,” Free Radic. Biol. Med., vol. 25, no. 1, pp.
79–86, 1998.
[74] J. W. Ditre, T. H. Brandon, E. L. Zale, and M. M. Meagher, “Pain, nicotine, and smoking:
research findings and mechanistic considerations.,” Psychol. Bull., vol. 137, no. 6, pp.
1065–93, Nov. 2011.
[75] M. J. Zvolensky, K. McMillan, A. Gonzalez, and G. J. G. Asmundson, “Chronic pain and
cigarette smoking and nicotine dependence among a representative sample of adults.,”
Nicotine Tob. Res., vol. 11, no. 12, pp. 1407–14, Dec. 2009.
[76] E. Andrè, B. Campi, S. Materazzi, M. Trevisani, S. Amadesi, D. Massi, C. Creminon, N.
Vaksman, R. Nassini, M. Civelli, P. G. Baraldi, D. P. Poole, N. W. Bunnett, P. Geppetti,
and R. Patacchini, “Cigarette smoke-induced neurogenic inflammation is mediated by
alpha,beta-unsaturated aldehydes and the TRPA1 receptor in rodents.,” J. Clin. Invest.,
vol. 118, no. 7, pp. 2574–82, Jul. 2008.
[77] L. J. Macpherson, B. Xiao, K. Y. Kwan, M. J. Petrus, A. E. Dubin, S. Hwang, B. Cravatt,
D. P. Corey, and A. Patapoutian, “An ion channel essential for sensing chemical
damage.,” J. Neurosci., vol. 27, no. 42, pp. 11412–5, Oct. 2007.
[78] A. Khlystov and V. Samburova, “Flavoring Compounds Dominate Toxic Aldehyde
Production during E-Cigarette Vaping,” Environ. Sci. Technol., p. acs.est.6b05145, 2016.
[79] S. Uchiyama, Y. Inaba, and N. Kunugita, “Determination of acrolein and other carbonyls
in cigarette smoke using coupled silica cartridges impregnated with hydroquinone and 2,4dinitrophenylhydrazine,” J. Chromatogr. A, vol. 1217, no. 26, pp. 4383–4388, 2010.
[80] J. Park, L. Zheng, G. Acosta, S. Vega-Alvarez, Z. Chen, B. Muratori, P. Cao, and R. Shi,
“Acrolein contributes to TRPA1 up-regulation in peripheral and central sensory
hypersensitivity following spinal cord injury,” J. Neurochem., vol. 135, no. 5, pp. 987–
997, 2015.

96
[81] Z. Chen, J. Park, B. Butler, G. Acosta, S. Vega-Alvarez, L. Zheng, J. Tang, R. McCain,
W. Zhang, Z. Ouyang, P. Cao, and R. Shi, “Mitigation of sensory and motor deficits by
acrolein scavenger phenelzine in a rat model of spinal cord contusive injury,” J.
Neurochem., pp. 328–338, 2016.
[82] T. Matsumoto, T. Tamaki, M. Kawakami, M. Yoshida, M. Ando, and H. Yamada, “Early
complications of high-dose methylprednisolone sodium succinate treatment in the followup of acute cervical spinal cord injury.,” Spine (Phila. Pa. 1976)., vol. 26, no. 4, pp. 426–
430, 2001.
[83] E. Park, A. A. Velumian, and M. G. Fehlings, “The Role of Excitotoxicity in Secondary
Mechanisms of Spinal Cord Injury : A Review with an Emphasis on the Implications for
White Matter Degeneration INTRODUCTION,” vol. 21, no. 6, pp. 754–774, 2004.
[84] K. Hamann, G. Nehrt, H. Ouyang, B. Duerstock, and R. Shi, “Hydralazine inhibits
compression and acrolein-mediated injuries in ex vivo spinal cord.,” J. Neurochem., vol.
104, no. 3, pp. 708–18, Feb. 2008.
[85] J. Luo, K. Uchida, and R. Shi, “Accumulation of Acrolein–Protein Adducts after
Traumatic Spinal Cord Injury,” Neurochem. Res., vol. 30, no. 3, pp. 291–295, Mar. 2005.
[86] L. Zheng, J. Park, M. Walls, M. Tully, A. Jannasch, B. Cooper, and R. Shi,
“Determination of urine 3-HPMA, a stable acrolein metabolite in a rat model of spinal
cord injury.,” J. Neurotrauma, vol. 30, no. 15, pp. 1334–41, Aug. 2013.
[87] S. Mehta, A. Mcintyre, S. Janzen, E. Loh, R. Teasell, and C. Injury, “Systematic Review
of Pharmacologic Treatments of Pain After Spinal Cord Injury : An Update,” 2016.
[88] I. Mukhopadhyay, P. Gomes, S. Aranake, M. Shetty, P. Karnik, M. Damle, S. Kuruganti,
S. Thorat, and N. Khairatkar-Joshi, “Expression of functional TRPA1 receptor on human
lung fibroblast and epithelial cells.,” J. Recept. Signal Transduct. Res., vol. 31, no. 5, pp.
350–8, 2011.
[89] M. Brozmanova, L. Mazurova, F. Ru, M. Tatar, and M. Kollarik, “Comparison of
TRPA1-versus TRPV1-mediated cough in guinea pigs,” Eur. J. Pharmacol., vol. 689, no.
1–3, pp. 211–218, 2012.
[90] Y. Zhou, Y. Suzuki, K. Uchida, and M. Tominaga, “Identification of a splice variant of
mouse TRPA1 that regulates TRPA1 activity.,” Nat. Commun., vol. 4, p. 2399, 2013.

97
[91] S. R. Garrison and C. L. Stucky, “Contribution of Transient Receptor Potential Ankyrin 1
to Chronic Pain in Aged Mice With Complete Freund ’ s Adjuvant – Induced Arthritis,”
vol. 66, no. 9, pp. 2380–2390, 2014.
[92] E. S. Schwartz, J. La, N. N. Scheff, B. M. Davis, K. M. Albers, and G. F. Gebhart,
“TRPV1 and TRPA1 Antagonists Prevent the Transition of Acute to Chronic
Inflammation and Pain in Chronic Pancreatitis,” vol. 33, no. 13, pp. 5603–5611, 2013.
[93] H. Jung, P. T. Toth, F. a White, and R. J. Miller, “Monocyte chemoattractant protein-1
functions as a neuromodulator in dorsal root ganglia neurons.,” J. Neurochem., vol. 104,
no. 1, pp. 254–63, Jan. 2008.
[94] D. R. Petersen and J. A. Doorn, “Reactions of 4-Hydroxynonenal With Proteins and
Cellular Targets,” Free Radic. Biol. Med., vol. 37, no. 7, pp. 937–945, 2004.
[95] Q. Lu, M. Mundy, E. Chambers, T. Lange, J. Newton, D. Borgas, H. Yao, R. Basak, M.
Oldham, and S. Rounds, “Alda-1 Protects Against Acrolein-Induced Acute Lung Injury
And Endothelial Barrier Dysfunction,” Am. J. Respir. Cell Mol. Biol., vol. 57, no. 6, 2017.
[96] C. Chen, A. U. Joshi, and D. Mochly-rosen, “The Role of Mitochondrial Aldehyde
Dehydrogenase 2 ( ALDH2 ) in Neuropathology and Neurodegeneration,” vol. 25, no. 4,
pp. 111–123, 2016.
[97] C. Chiu, T. Yeh, S. Lai, Y. Wu-chou, C. Chen, H. Wang, and C. Lu, “Neuroprotective
effects of aldehyde dehydrogenase 2 activation in rotenone-induced cellular and animal
models of parkinsonism,” Exp. Neurol., vol. 263, pp. 244–253, 2015.
[98] J. A. Gruner, “A Monitored Contusion Model of Injury in the Rat,” vol. 9, no. 2, pp. 123–
128, 1992.
[99] T. Paslawski, D. Treit, G. B. Baker, M. George, and R. T. Coutts, “The antidepressant
drug phenelzine produces antianxiety effects in the plus-maze and increases in rat brain,”
Psychopharmacology (Berl)., vol. 127, no. 1–2, pp. 19–24, 1996.
[100] T. Musgrave, C. Benson, G. Wong, I. Brown, G. Tenorio, G. Rauw, and G. Baker, “The
MAO inhibitor phenelzine improves functional outcomes in mice with experimental
autoimmune encephalomyelitis (EAE),” Brain. Behav. Immun., vol. 25, no. 8, pp. 1677–
1688, 2011.

98
[101] S. R. Chaplan, F. W. Bach, J. W. Pogrel, J. M. Chung, and T. L. Yaksh, “Quantitative
assessment of tactile allodynia in the rat paw.,” J. Neurosci. Methods, vol. 53, no. 1, pp.
55–63, Jul. 1994.
[102] E. Eckert, H. Drexler, and T. Göen, “Determination of six hydroxyalkyl mercapturic acids
in human urine using hydrophilic interaction liquid chromatography with tandem mass
spectrometry (HILIC-ESI-MS/MS).,” J. Chromatogr. B. Analyt. Technol. Biomed. Life
Sci., vol. 878, no. 27, pp. 2506–14, Oct. 2010.
[103] M. M. Moran, M. A. Mcalexander, and T. Bíró, “Transient receptor potential channels as
therapeutic targets,” Nat. Publ. Gr., vol. 10, no. 8, pp. 601–620, 2011.
[104] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene expression data using realtime quantitative PCR and the 2(-Delta Delta C(T)) Method.,” Methods, vol. 25, no. 4, pp.
402–8, Dec. 2001.
[105] J. Park, L. Zheng, A. Marquis, M. Walls, B. Duerstock, A. Pond, S. Vega-Alvarez, H.
Wang, Z. Ouyang, and R. Shi, “Neuroprotective role of hydralazine in rat spinal cord
injury-attenuation of acrolein-mediated damage.,” J. Neurochem., vol. 129, no. 2, pp.
339–49, Apr. 2014.
[106] S. Maione, B. Costa, F. Piscitelli, E. Morera, M. De Chiaro, F. Comelli, S. Boccella, F.
Guida, R. Verde, G. Ortar, and V. Di Marzo, “Piperazinyl carbamate fatty acid amide
hydrolase inhibitors and transient receptor potential channel modulators as ‘dual-target’
analgesics,” Pharmacol. Res., vol. 76, pp. 98–105, 2013.
[107] P. E. Kunkler, L. Zhang, J. J. Pellman, G. S. Oxford, and J. H. Hurley, “Sensitization of
the Trigeminovascular System following Environmental Irritant Exposure,” Cephalalgia,
vol. 35, no. 13, p. 1192, 2015.
[108] B. Butler, G. Acosta, and R. Shi, “Exogenous Acrolein intensifies sensory hypersensitivity
after spinal cord injury in rat,” J. Neurol. Sci., vol. 379, pp. 29–35, 2017.
[109] M. D. Christensen and C. E. Hulsebosch, “Chronic Central Pain after Spinal Cord Injury,”
J. Neurotrauma, vol. 14, no. 8, 1997.
[110] E. M. Hagen and T. Rekand, “Management of Neuropathic Pain Associated with Spinal
Cord Injury,” Pain Ther., vol. 4, no. 1, pp. 51–65, 2015.

99
[111] J. A. Coull, D. Boudreau, K. Bachand, S. A. Prescott, F. Nault, A. Sik, P. De Koninck,
and Y. De Koninck, “Trans-synaptic shift in anion gradient in spinal lamina I neurons as a
mechanism of neuropathic pain,” Nature, vol. 424, no. 6951, pp. 938–942, 2003.
[112] H. Ouyang, W. Sun, Y. Fu, J.-X. Cheng, E. Nauman, and R. Shi, “Compression Induces
Acute Demyelination and Potassium Channel Exposure in Spinal Cord,” J. Neurotrauma,
vol. 27, pp. 1109–1120, 2010.
[113] R. Shi and W. Sun, “Potassium channel blockers as an effective treatment to restore
impulse conduction in injured axons.,” Neurosci. Bull., vol. 27, no. 1, pp. 36–44, Feb.
2011.
[114] Y. Shi, S. Kim, T. B. Huff, R. B. Borgens, K. Park, R. Shi, and J.-X. Cheng, “Effective
repair of traumatically injured spinal cord by nanoscale block copolymer micelles.,” Nat.
Nanotechnol., vol. 5, no. 1, pp. 80–7, Jan. 2010.
[115] J. Scholz and C. J. Woolf, “The neuropathic pain triad: neurons, immune cells and glia.,”
Nat. Neurosci., vol. 10, no. 11, pp. 1361–8, Nov. 2007.
[116] Y. S. Gwak and C. E. Hulsebosch, “Neuronal hyperexcitability: a substrate for central
neuropathic pain after spinal cord injury.,” Curr. Pain Headache Rep., vol. 15, no. 3, pp.
215–22, Jun. 2011.
[117] D. Yu, D. K. Thakor, I. Han, A. E. Ropper, H. Haragopal, R. L. Sidman, R. Zafonte, S. C.
Schachter, and Y. D. Teng, “Alleviation of chronic pain following rat spinal cord
compression injury with multimodal actions of huperzine A.,” Proc. Natl. Acad. Sci. U. S.
A., vol. 110, no. 8, pp. E746-55, 2013.
[118] B. C. Hains, J. P. Klein, C. Y. Saab, M. J. Craner, J. a Black, and S. G. Waxman,
“Upregulation of sodium channel Nav1.3 and functional involvement in neuronal
hyperexcitability associated with central neuropathic pain after spinal cord injury.,” J.
Neurosci., vol. 23, no. 26, pp. 8881–92, Oct. 2003.
[119] Y. H. Kim and E. Al, “TRPV1 in GABAergic interneurons mediates neuropathic
mechanical allodynia and disinhibition of the nociceptive circuitry in the spinal cord,”
Neuron, vol. 74, no. 4, pp. 640–647, 2012.
[120] A. Hama and J. Sagen, “Antinociceptive effects of the marine snail peptides conantokin-G
and conotoxin MVIIA alone and in combination in rat models of pain.,”
Neuropharmacology, vol. 56, no. 2, pp. 556–563, 2009.

100
[121] T. G. Tzellos, G. Papazisis, E. Amaniti, and D. Kouvelas, “Efficacy of pregabalin and
gabapentin for neuropathic pain in spinal-cord injury: An evidence-based evaluation of the
literature,” Eur. J. Clin. Pharmacol., vol. 64, no. 9, pp. 851–858, 2008.
[122] F. Levendoglu, C. O. Ogün, O. Ozerbil, T. C. Ogün, and H. Ugurlu, “Gabapentin is a first
line drug for the treatment of neuropathic pain in spinal cord injury.,” Spine (Phila. Pa.
1976)., vol. 29, no. 7, pp. 743–751, 2004.
[123] G. Chouinard, “A double-blind controlled clinical trial of fluoxetine and amitriptyline in
the treatment of outpatients with major depressive disorder,” J. Clin. Psychiatry, vol. 46,
no. 3.2, pp. 32–37, 1985.
[124] P. J. Siddall, a R. Molloy, S. Walker, L. E. Mather, S. B. Rutkowski, and M. J. Cousins,
“The efficacy of intrathecal morphine and clonidine in the treatment of pain after spinal
cord injury.,” Anesth Analg, vol. 91, no. 7, pp. 1493–8, 2000.
[125] E. C. Celik, B. Erhan, B. Gunduz, and E. Lakse, “The effect of low-frequency TENS in
the treatment of neuropathic pain in patients with spinal cord injury.,” Spinal Cord, vol.
51, no. 4, pp. 334–7, 2013.
[126] L. Merrill, B. M. Girard, V. May, and M. A. Vizzard, “Transcriptional and translational
plasticity in rodent urinary bladder TRP channels with urinary bladder inflammation,
bladder dysfunction, or postnatal maturation,” J. Mol. Neurosci., vol. 48, no. 3, pp. 744–
756, 2012.
[127] P. M. Ullrich, M. P. Jensen, J. D. Loeser, D. D. Cardenas, and F. M. Weaver, “Pain among
veterans with spinal cord injury,” J Rehabil Res Dev., vol. 45, no. 6, pp. 793–800, 2008.
[128] L. Ottomanelli, J. L. Sippel, D. J. Cipher, L. L. Goetz, N. Texas, and H. Care, “Factors
associated with employment among veterans with spinal cord injury,” vol. 34, pp. 141–
150, 2011.
[129] P. J. Siddall, J. M. Mcclelland, S. B. Rutkowski, and M. J. Cousins, “A longitudinal study
of the prevalence and characteristics of pain in the first 5 years following spinal cord
injury,” vol. 103, pp. 249–257, 2003.
[130] C. Abbadie, “Chemokines, chemokine receptors and pain.,” Trends Immunol., vol. 26, no.
10, pp. 529–34, Oct. 2005.

101
[131] C. Abbadie, J. a Lindia, A. M. Cumiskey, L. B. Peterson, J. S. Mudgett, E. K. Bayne, J. a
DeMartino, D. E. MacIntyre, and M. J. Forrest, “Impaired neuropathic pain responses in
mice lacking the chemokine receptor CCR2.,” Proc. Natl. Acad. Sci. U. S. A., vol. 100, no.
13, pp. 7947–52, Jun. 2003.
[132] D. M. Mctigue, M. Tani, K. Krivacic, A. Chernosky, G. S. Kelner, D. Maciejewski, R.
Maki, R. M. Ransohoff, and B. T. Stokes, “Selective Chemokine mRNA Accumulation in
the Rat Spinal Cord After Contusion Injury,” vol. 376, no. April, pp. 368–376, 1998.
[133] J. S. Richards, S. C. K. Jr, T. J. Ness, and C. V Oleson, “Effects of Smoking on
Neuropathic Pain in Two People With Spinal Cord Injury,” vol. 28, no. 4, pp. 330–332,
2005.
[134] E. J. Hahn, M. K. Rayens, K. L. Kirsh, and S. D. Passik, “Brief Report: Pain and readiness
to quit smoking cigarettes,” Nicotine Tob. Res., vol. 8, no. 3, pp. 473–480, 2006.
[135] D. M. Oleske, J. Neelakantan, G. B. Andersson, B. G. Hinrichs, S. A. Lavendar, M. J.
Morrissey, P. Zold-Kilbourn, and E. Taylor, “Factors affecting recovery from workrelated, low back disorders in autoworkers,” Arch. Phys. Med. Rehabil., vol. 85, no. 8, pp.
1362–1364, 2004.
[136] R. A. Deyo and E. Bass, “Lifestyle and low-back pain, The influence of smoking and
obesity,” Spine (Phila. Pa. 1976)., vol. 14, no. 5, pp. 501–506, 1989.
[137] L. Kaila-Kangas, P. Leino-Arjas, H. Riihimaki, R. Luukkonen, and J. Kirjonen, “Smoking
and overweight as predictors of hospitalization for back disorders,” Spine1, vol. 28, no.
16, pp. 1860–1868, 2003.
[138] S. C. Scott, M. S. Goldberg, N. E. Mayo, S. R. Stock, and B. Poitras, “The association
between cigarette smoking and back pain in adults,” Spine (Phila. Pa. 1976)., vol. 24, no.
11, pp. 1090–1098, 1999.
[139] T. N. Weingarten, S. M. Moeschler, A. E. Ptaszynski, W. M. Hooten, T. J. Beebe, and D.
O. Warner, “An assessment of the association between smoking status, pain intensity, and
functional interference in patients with chronic pain,” Pain Physician, vol. 11, no. 5, pp.
643–653, 2008.
[140] T. J. Rowley and P. Flood, “Isoflurane prevents nicotine-evoked norepinephrine release
from the mouse spinal cord at low clinical concentrations.,” Anesth. Analg., vol. 107, no.
3, pp. 885–889, 8AD.

102
[141] K. L. Anderson, K. E. Pinkerton, D. Uyeminami, C. T. Simons, M. I. Carstens, and E.
Carstens, “Antinociception induced by chronic exposure of rats to cigarette smoke,”
Neurosci. Lett., vol. 366, no. 1, pp. 86–91, 2004.
[142] C. T. Simons, J. M. Cuellar, J. A. Moore, K. E. Pinkerton, D. Uyeminami, M. I. Carstens,
and E. Carstens, “Nicotinic receptor involvement in antinociception induced by exposure
to cigarette smoke,” Neurosci. Lett., vol. 389, no. 2, pp. 71–76, 2005.
[143] L. D. Jamner, S. S. Girdler, D. Shapiro, and M. E. Jarvik, “Pain inhibition, nicotine, and
gender,” Exp Clin Psychopharmacol, vol. 6, no. 1, pp. 96–106, 1998.
[144] K. A. Perkins, J. E. Grobe, R. L. Stiller, A. Scierka, J. Goettler, W. Reynolds, and J. R.
Jennings, “Effects of nicotine on thermal pain detection in humans,” Exp. Clin.
Psychopharmacol., vol. 2, no. 1, p. 95, 1994.
[145] C. T. Simons, J. M. Cuellar, J. A. Moore, K. E. Pinkerton, D. Uyeminami, M. I. Carstens,
and E. Carstens, “Nicotinic receptor involvement in antinociception induced by exposure
to cigarette smoke,” Neurosci. Lett., vol. 389, no. 2, pp. 71–76, 2005.
[146] E. Carstens, K. A. Anderson, C. T. Simons, M. Carstens, and S. L. Jinks, “Analgesia
induced by chronic nicotine infusion in rats,” Psychopharmacology (Berl)., vol. 157, no.
1, pp. 40–45, 2001.
[147] L. Galeote, B. L. Kieffer, R. Maldonado, and F. Berrendero, “Mu‐opioid receptors are
involved in the tolerance to nicotine antinociception,” J. Neurochem., vol. 97, no. 2, pp.
416–423, 2006.
[148] Y. Shi, T. N. Weingarten, C. B. Mantilla, W. M. Hooten, and D. O. Warner, “Smoking
and Pain: Pathophysiology and Clinical Implications,” Anesthesiol. J. Am. Soc.
Anesthesiol., vol. 113, no. 4, pp. 977–992, 2010.
[149] O. F. Pomerleau, J. B. Fertig, L. E. Seyler, and J. Jaffe, “Neuroendocrine reactivity to
nicotine in smokers,” Psychopharmacology (Berl)., vol. 81, no. 1, pp. 61–67, 1983.
[150] J. S. Krause and L. Broderick, “Patterns of recurrent pressure ulcers after spinal cord
injury: identification of risk and protective factors 5 or more years after onset,” Arch.
Phys. Med. Rehabil., vol. 85, no. 8, pp. 1257–1264, 2004.
[151] P. Silverstein, “Smoking and wound healing,” Am. J. Med., vol. 93, no. 1, pp. S22–S24,
1992.

103
[152] E. Garshick, A. Kelley, S. A. Cohen, A. Garrison, C. G. Tun, D. Gagnon, and R. Brown,
“A prospective assessment of mortality in chronic spinal cord injury,” Spinal Cord, vol.
43, no. 7, p. 408, 2005.
[153] C. Feyerabend, R. M. Ings, and M. A. Russel, “Nicotine pharmacokinetics and its
application to intake from smoking,” Br. J. Clin. Pharmacol., vol. 19, no. 2, pp. 239–247,
1985.
[154] S. R. Eid, E. D. Crown, E. L. Moore, H. a Liang, K.-C. Choong, S. Dima, D. a Henze, S. a
Kane, and M. O. Urban, “HC-030031, a TRPA1 selective antagonist, attenuates
inflammatory- and neuropathy-induced mechanical hypersensitivity.,” Mol. Pain, vol. 4,
p. 48, 2008.
[155] E. Andrè, R. Gatti, M. Trevisani, D. Preti, P. G. Baraldi, R. Patacchini, and P. Geppetti,
“Transient receptor potential ankyrin receptor 1 is a novel target for pro-tussive agents.,”
Br. J. Pharmacol., vol. 158, no. 6, pp. 1621–8, Nov. 2009.
[156] M. Trevisani, J. Siemens, S. Materazzi, D. M. Bautista, R. Nassini, B. Campi, R.
Patacchini, G. S. Cottrell, R. Gatti, A. I. Basbaum, N. Imamachi, E. Andre, N. W.
Bunnett, D. Julius, and P. Geppetti, “4-Hydroxynonenal, an endogenous aldehyde, causes
pain and neurogenic inflammation through activation of the irritant receptor TRPA1,”
PNAS, vol. 104, no. 33, pp. 13519–13524, 2007.
[157] V. O. Zambelli, E. R. Gross, C.-H. Chen, V. P. Guiterrez, Y. Cury, and D. Mochly-Rosen,
“Aldehyde dehydrogenase-2 regulates nociception in rodent models of acute inflammatory
pain,” Sci Transl Med., vol. 6, no. 251, 2014.
[158] S. Perez-miller, H. Younus, R. Vanam, C. Chen, D. Mochly-, and T. D. Hurley, “Alda-1 is
an agonist and chemical Chaperone for the common human aldehyde dehydrogenase 2
variant,” Nat Struct Mol Biol., vol. 17, no. 2, pp. 159–164, 2010.
[159] E. Lowe, G. Gao, L. Johnson, and W. Keung, “Structure of Daidzin, a Naturally
Occurring Anti- Alcohol-Addiction Agent, in Complex with Human Mitochondrial
Aldehyde Dehydrogenase,” J Med Chem, vol. 51, pp. 4482–4487, 2008.

104

PUBLICATIONS

1. J. Park, B. Muratori, and R. Shi, “Acrolein as a novel therapeutic target for motor and
sensory deficits in spinal cord injury,” vol. 9, no. 7, pp. 677–683, 2014.
2. J. Park, L. Zheng, G. Acosta, S. Vega-Alvarez, Z. Chen, B. Muratori, P. Cao, and R.
Shi, “Acrolein contributes to TRPA1 up-regulation in peripheral and central sensory
hypersensitivity following spinal cord injury,” J. Neurochem., vol. 135, no. 5, pp. 987–
997, 2015.
3. Z. Chen, J. Park, B. Butler, G. Acosta, S. Vega-Alvarez, L. Zheng, J. Tang, R. McCain,
W. Zhang, Z. Ouyang, P. Cao, and R. Shi, “Mitigation of sensory and motor deficits by
acrolein scavenger phenelzine in a rat model of spinal cord contusive injury,” J.
Neurochem., pp. 328–338, 2016.
4. B. Butler, G. Acosta, and R. Shi, “Exogenous Acrolein intensifies sensory
hypersensitivity after spinal cord injury in rat,” J. Neurol. Sci., vol. 379, pp. 29–35, 2017.

Reproduced with permission of copyright owner. Further reproduction prohibited without permission.

