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ABSTRACT

Neurotraumas a general term describing injury to tbentral nervous systenCS);
which comprisesf the brain and spinal cordhe damageesultingfrom neurotrauma includes
primary injury,which occurs from different sources such as compresshittaig the braibTBI)
or an objedbonecontusing the spinal cordesulting in a spinal cord injury (SCljhese various
means of primary brain andispl cord injury are further complicated llge many possible
combinations okeverity leves and frequenes However, pimary injuiies are regardeit many
casesasunavoidablevith the immediate nerve damalgeinglargely irreversibleDespiteall this,
primary injuries of the CNS are related by common biochemical pathways in secondary injury.
Secondary injury is the cause of declining outcomes after neurotrauma and poor recovery.
Secondary injury begins immediately after primary injand can continué trigger death of
neurons for yeardater. Given this contribution to poor recovesnd its slow progression,
secondary injuryprovides an excellenvindow of opportunity for therapeutic interventioA
major factorand key linkin secondary injuryand its perpetuatiois reactive aldehyde formatipn
such as acroleirfrom lipid peroxidation.The common formation of acrolein in neurotrauima
attributed to the unique structure of the CM&h neurons containing high lipid content from
myelin andheavy metabolic activitythey arevulnerable taacrolein formationThus, @roleinin
secondary injurys apoint of pathogenic convergence betwéanvariouformsof neurotrauma
and may play a role as well ithe development oheurotraumdinked disorers and related
neurodegeneratiomhe overall goal of this thesis is to therefodevelop better strategies for
acrolein removalWe explorenereendogenous clearance strategiestangeted druglelivery in
SCl, investigate detailedellular structue changes in bTBI, and acrolein formatiand removal
i n P ar HiseassThasedfindings of pathology, and effectivenesseafor existing acrolein

removalstrategieswill allow us tobetter employtreatments in future studies
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CHAPTER 1. INTRODUCTION

1.1Prevalence and impact of spinal cord injury

Spinal cord injury (SCI) is a debilitating condition with a large socioeconomic impact. The
National Spinal Cord Injury Statistical Center claims there are approximately 12,500 new cases of
SCI eactyear in North America costing $2.35 million per pati€t The primary causes of SCI
(over 90%) result from traffic accidents, violence, sports or {a)isThe most common groups
who receive a SCI include young males and the elderly, and thetorfelmale ratio for SCI is
2:1 for adults(2). The stages of life in which men or women receive SCI are similar, with men
affected during their ely and late adulthood (3rd and 8th decades of life), and women during their
adolescence (189 years) and late adulthood (7th decade of (2¢) Adolescents and young
adults have much better chances, and speeds, of successful recovery than adults over 60. This
could be due to many factors, including the increased mobility of youthhaisdbetter rehab
abilities, or the difference in ways the SCI occurs; where people over 60, for instance, injuries
result from different factors such as osteoporosis or {&)ls

1.2Clinical outcomes of spinal cord injury

Symptomdrom primary injury to the spinal cord are dependent on location of the injury. Injury
to the thoracic area and below causes paraplegia while injury at higher regions (closer to the neck)
including the cervical level result in quadriplegia (also knowretagglegia)3). The instance of
primary injury to these cord regions differs. The C5 region is the most commonly affected (50%),
followed by the thoracic level (35%) and lumbar region (1{2p)Symptoms resulting from these
injuries include an abundance of complications in addition to paralysis. Obesity is a major issue,
primarily attributed to thealck of movemen{4). This lack of movement and disconnected
signaling from the CNS also results in muscle degeneration, causing eaditar issues and
hypotension(5). Muscle deterioration can also cause difficulty breathing and increased risk for
pneumonia, bowel and bladder dysfunction, and loss of sensation @6paieuropathic paiins
a common complication of SCI and can be lifel¢ng These complications all contribute to lower
survival rates, with the survival rate of individuals with tetraplegia and paraplegia froni 1955

2006 was 47 and 62%, respectiv@®). Other studies also show a strong relation between injury
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location/severity and survivability, with those who require a wheelchair (high severity) have an
estimated 75% of a normal life expectancy, while other can have a life expectancy up to 90% of a
healtty individuals(9).

1.3 Etiology of spinal cord primary injury

Impacts to the spine that fracture or severely dislocate vertebrae and damage tiksusoisl
known as primary injury. Most injuries do not cut the spinal cord, but cause contusion or
compression(10). Hyperextension injuries mostly frorwhiplash are common, as well as
distraction injuries which occur when vertebrae are pulled apart, stretching the spindligord
Finally, although not as common, laceration and transection injuries are possible. Relevantly, and
a newer phenomenon with the development oflenn warfare, compressed air from explosives
result in blast waves causing blast injury: the most common cause of SCI (h2yalast SCI
also results in higher severity scores and is associated with longer hospital stays compared with
SCI in the civilian populatiofl3). I t 6s c¢ ur wenach bf yhe spinat ihjueyasrduehtao
the blast wave, or from other events after the blast (whiplash, being thrown from a vehicle, etc.).
Recently, to study this further, researchers have begun developing controlled models of rodent
blast injury, with resits indicating the wave alone can damage cord ti€stie Regardless, these
primary SCI injuries cause acute damage to neuronal axons, break blood vessels, and kill cord
tissue cells. While this acute damage is regarded as unavoidable, secondary injuries provide a long
timeframe for intervention to \eer clinical severity levels and improve the quality of life after
SCI.

1.4 Etiology of secondary injury

Central Nervous System (CNS) trauma is characterized by an immediate, primary (physical)
injury and delayed, secondary (chemical) injury. Primary injury leads to acute clinical signs of
neurotrauma such as loss of motor control, loss of consciousnesseamatynconfusion, and
irritability, depending on the location and severity of trauma in the CNS. On a cellular level,
primary injury results in complex combinations of mechanical and shear stress to the cellular
structure, and can directly destroy cellsdsyshing, cutting, or stretching. In the white matter
many neurons that are impacted by a primary injury may be left with cell bodies intact, but have

12



damage to axons. These and other damaged but surviving cells will likely die over time. However,
while cell death immediately following physical insults is largely inevitable (due to the lack of
time for applying treatment), the cellular damage occurring during the delayed secondary injury
period is potentially preventable, given its long therapeutic winidowntervention(15). Many
established mechanisms for secondary injuries exist. For instance, secondary injuries to white
matter results in neurons with diffuse axonal injuries having jpisduaxonal transport and axonal
swelling, eventually leading to Wallerian degenerafithy 17) Impacts to the blood brain barrier
(BBB) is also an important ethanism in secondary injury. Damage to blood vessels and
microvasculature can cause ischemia and starve neurons of nutrients. Neurons starved of blood
release excess amounts of glutamate, and recipient neurons often die from this exposure in
glutamate extotoxicity (18). Although much more debatethflammation plays a role in
secondary injury and neuronal cell death. Immune cells undergo chemotaxis and division,
responding to the cell death, BBB disruption, and excitotoxic signals from neurons. While immune
cells such as microglia and macrophagewigle many benefits after neurotrauma such as axonal
ensheathing and removal of debris, many act aggressively as in response to an {ifcion
Even though they provide benefits, their abundance and unwanted behaviors leads to issues such
as excess levels of neurotoxic chemicals, including acrolein. Acrolein (detailed in the next segment)
is a known neurotoxin that is a lrggluct of myeloperoxidase in activated microglia/macrophages
(21). While acrolein also has other generative sources, its production by immune cells is an
example of how abundant immune cells can lead to further secondary injury.

Relevantly, these mechanisms of secondary injury in neurotrauma are heglitated in
l ong term neurodegenerative disorders such as
(TBlI'), even if 1tds an isolated |ife event, s
(22). Brain tissue from PD patients is hallmarked by slow neuronal and axonal degeneration,
chronic inflammation and BBB permeability, and reactive aldehyde production such as acrolein
(23-25). In fact, evidence from our lab suggests acrolein plays a role in the aggregation of hallmark
PD protein alphaynuclein(26, 27)

Primary injury not only can physically damage the CNS tissue and cause instantaneous cell
death, it also triggers a cascade of seconuguiry resulting in additional and amplified neuronal
degeneration and tissue damage. Secondary injury is therefore an important target for therapeutics

and a major factor in sustained death of neurons.
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1.5Acrolein is a critical component of secondary injiry

As mentioned above, secondary injury is an important target in neurotrauma and neurotrauma
related neurodegenerative disorders such as PD. If a key mechanistic instigator of secondary injury
is found its correction could not only benefit various ferofi neurotrauma, but also such linked
disorders. Already, oxidative stress has received much attention for its role in perpetuating
secondary injury and capability of instigating and sustaining-lasting cellular damagé8).
Specifically, a key elesnt of neuronal oxidative stress is lipid peroxidation (LPO) and the
generation of radical aldehydes such as acr¢&n Acrolein is a proven neurotoxin the CNS,
capable of reacting with proteins, lipids, and DNA, causing significant cellular damage and death
(29). Acr ol e-unsatuiated allehyd®thshighly reactive. It has been used commercially
for making acrylic acid and Dinethionine, for water treatment, and as a tissue fixative. Given its
chemical structure, acrolein is highly volatile and unstable, and its reactivity makes it challenging
to detect in an experimental or-ivo environmen{30). Interestingly, acrolein has a variety of

common sources, both endogenous and exogenous.

1.6 Exogenous sources of acrolein

Exogenously, acrolein exposure occurs primarily as a form of pollution, and is categorized as
an environmental toxin. Apart from its intentional industrial manufacturing, acrolein is generated
when lipid rich organic compoundsach high temperatures, such as burning of cooking oils, wood,
and certain ga80). Cigarette smoke generates a concerning amount of acrolegpiable levels
of acrolein exposure are below 30 ppb as established by the EPA. However, cigarette smoke far
exceeds this standard, producing roughly dpm of acroleir{31-33). While exogenasi sources
are not the primary generative sources in neurotrauma, theytmsless pose a concerning risk
for human health when considering, for example, neurotrauma patients may be smokers. In fact,
urine levels of the acroleiglutathione metabolite-BIPMA, are more than-8ld higher in people
who smoke(34). Furthermore, studies show that acrolein is capable of diffusing through tissues.

Therefore, these exogenous acrolein exposures could further impact CNS health.
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1.7 Endogenous sources of acrolein

Endogenously, acrolein is produced from reactive oxygeniepend resulting attacks on
lipids, causing LPO. Oxidative stress and LPO are well established as playing a role in the
pathol ogy of many major diseases (cancer, car
and Par ki ns o(@9 #padfros eROsaed RO$, acrolein production can also result
from mechanisms involving inflammation or oxidative phosphorylation during mitochondrial
function,metabolism of arachidonic acid by lipoxygenases, and other enzymes &35y86)

Inflammation is abundant in neurotrauma. An initial influx of neutrophils peaRsdhys post
SCI, which is followed by a peak in macrophagehoglia cells around 1 week post S@F).

This surge of inflammation can take months, or years in some instances, before returning to
baseline valueg37). While inflammation has many beneficial aspects, such as removal of debris
and dead cells, the surge of inflammatiorsi@l will also contribute to the surge of acrolein and
ROS. Immune cells possess high levels of myeloperoxidase (MPO), an enzyme that contributes to
their bactericidal abilitie38). MPO generates hypochlorous acid, also found in bleach and
chlorine products, as well as other damaging-atrobial products including acrole{21, 38)
However, given the development of antibiotics and stesitwironment of hospitals, this
bactericidal ability is unnecessary in SCI. Yet, after SCI immune cells expressing acrolein

generating MPO are significantly elevated and thus a cause of concern.

1.8How acrolein formation impacts health

Acrolein remains sigficantly elevated for up to two weeks in rats given severe spinal cord
injuries, despite its reactivity (50). This persistent elevatiay be due to the fact that LPO can
be initiated by both ROS and acrolein, creating a vicious cycle epsgietuatio and positive
feedback(39). Additionally, the haHlife of acrolein is considerably longer than that of other
reactive aldehydes or ROS, which further explains the ability of acrolein to maintain such high
levels over extended periods of time in tiss(##). The threat of acrolein perpetuation extends
beyond lipids, to degradation of proteins and even DNA when at high enough concenfaiions
Acrolein is also capable of attacking the nucleophilic bases of DNA to produce exocyclic products
and can modify histongd42). When adducting to proteins, acrolein can inhibit their function thus
promoting their degradatiof31, 43) Further, acrolein interaction with nucleophilic amino acids
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such as Igine, histidine, and cysteine to form acrolpmotein adducts. The most stable of which

is acroleinbound lysine, or FDP lysine, that is used in the generation of antibodies for indirectly
measuring acrolein levels in tissue biochemigti). Given the reactivity, multiple generative
sources, and effects on a range of biological processes, acrolein poses a major concern for human
health.

1.9 Strategies for conbating acrolein

Acrolein is both a product and initiator of LPO, a detrimental process of lipid (fatty acid)
degradation when attacked by free radicals, thereby perpetuating oxidative stress and continued
damage to neuronal tissue for extended periodsef As such, LPO and acrolein are of particular
concern to the CNS, with neurons containing many lipid rich mitochondria and myelin sheaths.
Additionally, acrolein can further deplete the endogenous antioxidant system which is already
overwhelmed in neutcauma. Endogenous systems remove acrolein either through binding to
glutathione to form 3HPMA or to Keapl in the Nrf2 regulation systéAb, 46) However, the
production of endogenous glutathione is limited and is not readily bioavailable when administered
orally. On the other hand, while drugs improving the Keap1/Nr&2esy show some promising
results, they remain in the early stages of development and additional research is required to
effectively boost this slowo-respond pathwaf47). To this end, aldehyde scavengers have been
employed to target acrolein with much success. In SCI acrolein peaks after injury in 48 hours and
remains significantly elevated for at least 2 weeks post @8y Removing acrolein in SCI
resultsin significant benefits to motor function and neuropathic pain, as well as cell survivability
and injured tissue structui@9, 50) Acrolein scavengers such as hydralazine are also FDA
approved and therefore safe for use. However, these FDA approved medications have side effects,
making their use in neurotrauma patients challenging, despite the benefits of acrolein removal.
Therefore, a search for alternatives is necessary.

Reducing amlein as an effective and feasible neuroprotective strategy in neurotrauma also
provides the opportunity to benefit other disorders hallmarked by oxidative stress. While the
benefits of acrolein removal are largely known, many limitations exist with tmenticlearance
strategies, or remain unexplored. To this end, we investigate novel means for the removal of
acrolein in SCI (see chapters 3 and 5) and set the groundwork for investigating acrolein mediated

BBB damage in bTBI (chapter 3). Provided the rsirdink of neurotrauma and long term
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degenerative disorders such as PD, we investigate the role of acrolein in PD (chapter 2). By
identifying acrolein as a common link to secondary injury, and employing effective acrolein
removal tools, we can benefit mafiyyms of neurotrauma such as bTBI and SCI, as well as

neurotrauma linked neurodegenerative diseases such as PD.
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CHAPTER 2. NEUROPROTECTION OF ACROLEIN SCAVENGERS
HYDRALAZI NE AND DI MERCAPROL I N A MODEL
DISEASE.

2.1 Introduction

Parkinson's disease (PB)a common neurodegenerative disesssociated with a severe
movement disordgl). PD results from dopamin®A) deficiency due to degeneration of nigral
DA neurons. Although thexact cause is unknown, oxidative stress has been implicated as one of
the most important contributors to nigral cell death in ®2f). However, despite decades of
efforts, treatments that target free radicals have been largely ineffective in redopaginergic
cell death and delaying or alleviating motor defigit®D (2). Therefore, further understanding of
the mechanisms of oxidative stressl identification of a novel and more effective target is highly
warrantedand desirableWe have demonstredl that acrolein, an aldehyde produced by lipid
peroxidation, is capable of directly damaging nerve cells and genefa@egadicaly5, 6). In
addition, acrolein has a much longer Hd# than better knowmeactive oxygen species such as
t he super oxi dbydraxyl radical (%OBIR7). Burthermate, evidence from our lab
and others hasdicated that acrolein plays a significant role in secondary oxidstiigss related
to spinal cord trauméB, 9)and multiple sclerosi€lO, 11) These findings have led us to postulate
that acrolein plays a particularijamaging role through the perpetuation of oxidative stress,
enhancingcellular degearation and functional loss. Oxidative stress is a -esthblished
pathology in PD, and therefore we hypothesize that acrplays a vital role in facilitating DA
neuronal cell death. Furthermoegrolein may present a novel and effective target Emagpeutic
interventionsaimed at suppressing oxidative stress, reducing DAlealh, and alleviating motor

deficits.

2.2 Materials and Methods
2.2.1 Animals and Injury model

Animals that underwent surgery were anaesthetized with a combination of ketamine (100
mg/kg) and xylazine (10 mg/kg) and placed in a Kopf stereotaxic frame. With the head held firmly

in place by the frame, a 2 cm nsdgittal skin incision was made on g@lp to expose the skull.
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A dermal drill was used to drill a hole in the skull to expose the dura mater. For animals treated
with 6-OHDA (Sigma, Cas.N0.2809%-7) , a sol ution of the toxin
via a unilateral injection to thefteside of the brain into the region of substantia nigra at coordinates
AP:-54 ML:-3 lateraland8 . 2 DV from bregma wusing a 10¢lL
leL/ min for a 4oparated animals redeived the vehi®le @aline) and veed u

as injured controls. Following the infusion e3HDA, or vehicle, the infusion needle was allowed

to sit in place for 5 min and then slowly withdrawn, and the skin incision closed with stainless

steel wound clips.

2.2.2 Treatments

Dimercaprol (Alfa aesanyas dissolved in saline and administered to the lesioned animals
through a daily 5mg/kg of IP injections for 5 weeks, starting immediately (within 5 min) after 6
OHDA injection The same dose of saline was administered daily in the same way to the sham
group and B0HDA group for 5 weeks.

Depending on the group, acrolein scavengers hydralazine or dimercaprol were used.
Hydralazine (Sigma) at 5mg/kg in saline was injected to the lesioned animal through
intraperitoneal (IP) injections every day for 15 daysl every other day for the rest of the

experiment, up to 30 days. An equivaldote of saline was administered daily in the same way.

2.2.3 Immunohistochemistry

Animals were deeply anaesthetized with a ketamine/ and xylazine cocktail and perfused
transcardidy with Krebs solutionBrains fixed in 4% paraformaldehyde were cryoprotected with
1530% sucrose, frozen with optimal cutting ten
sections on a cryostat and stored in PBS contain®i® Sodium azide in 4°C tihuse. Serial
coronal sections were made from the rostmataudal direction. Sections for the striatomSN
were processed for anfiH immunohistochemistry staining. These sections were washed in 0.01M
PBSthen placed in 3% H202/water to quench endogs peroxidase activity. After washing
three times in PBS, sections were incubated in 5% normal goat serum for 30 min at room
temperature, and then sections were reacted with primary antibodies (TH: RRID: AB 2564816,

1:1000, Biolegend) over night at 4°8fter several washing steps, the sections were incubated
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with the second antibody (antiouse antiserum IgG) for 2 h at room temperature, then processed
by the ABC method (1:100, Vector, Cat.No42R00) with one drop of solution A and one drop

of solutionB in 5 mL of PBS for 30 min. After three washing steps, sections were incubated in
peroxidase substrate solutibaforemountng on slides. The TH-staining density was analyzed

by Image Mensitometric analysis, and expressed as a percentagecohthal.

Standard immunofluorescence for acrolein was carried out as previously refgyted

2.2.4 Open field test

For dimercaprol rats,very week (day 7, 14, 21, 27, 35, in the morning) after injury,
animals were placed in a Plexiglas activity box (100 cm x 100 cm x 20 cngarkened room.

A red light and a camera were placed on top of the box to record the activity of the animal. Each
rat was placed in the box and activity was recorded for 15 minutes. The box was thoroughly
cleaned with 70% ethanol and water between eachaamindiscourage the rat from engaging in
thigmotaxic behavior. The area covered and distance traveled per animal were quantified using an
automated video tracking system (AMiYaze) to obtain motor behavior.

For hydralazine rats, twelve hours after injorysham surgery, animals were placed in a
Plexiglas activity box (100 cmx100 cmx20 cm) in a darkened room. Food was placed over the
center of the box, and the box was thoroughly cleaned with water between experiments to
discourage the rat from engaginglmgmotaxic behavior. Eight infrared beams were arranged in
an XY matrix, 20 cm apart and 4.5 cm off the ground, and beam interruptions (breakages)
resulting from movements of the rat in the matrix were counted using a WiRedeEeries 7999
Mite Totalizer (ID# 79998B110, Gurnee, IL). The lag time between counts was 14 ms. At 30 min,
the total number of beam breaks was tabulated. Cudésigned irhouse software recorded the
state of the infrared beams at 200 ms intervals (Koob et al., 2006). Witlathjshe experimenter
could determine the rat's position in space and time over the course of the experiment and detect

the animal's movement in real time.

2.2.5 Rotarod test

For dimercaprol rats, thetarod test was performed on day 7, 14, 21, 27, anth3hg

afternoon) after the surgery. Performance was measured by the duration that an animal stays on
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the rod as a function of drum speed. Animals were allowed first to remain stationary for 10s. The
drum begins turning at the lowest speed and takes fivetes to steadily reach the highest speed.

The ability of the rat to remain on the rotating rod was recorded. The trial was ended if the rat
completely falls off the rungs, or grips the device and spins around twice without actually walking
on the rungsEach animal received 4 to 7 training sessions before surgery to ensure that it did not
fall off and remained for 30 seconds after drum reaches the highest speed. Animals were subjected
to rotarod test weekly after injury.

For hydralazine rats, animals weakowed first to remain stationary for 10s. The speed
was then gradually increased by 3 rpm per 10s until a rotational speed of 30 rpm (at which naive,
uninjured rat will not fall off during 2 min test interval) was reached. The animal must remain on
theapparatus for the remainder of the 2 min test interval at this 30 rpm speed. The trial ends if the
rat completely falls off the rungs, or grips the device and spins around twice without actually

walking on the rungs.

2.2.6 Cell culture

The SKN-SH dopaminergi cell line (purchased from ATCC, USA) was used in this study.
The cells were routinely cultured in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin, and maintained at 37°C in a humidified atmosphere of 5% CO2. Fauaniypurs
after platingor when the cell density was 66%0%, the cells were treated with different
concentrations (O, 10, 25, 50, 100, 200, 500,
treated with additional di ffer entimecapnotaftent r at i
15 min of acrolein exposure. After various treatments, cell viability was measured4tyy 3
Dimethylthiazot2-yl]-2,5-diphenyl tetrazolium bromide (MTT). Briefly, MTT (Sigma,
Cas.No0.5736®7-9) solution reconstituted in DMEM (0.5mg/mL,A@ L of medi um i n e
was added in each well, and the plates were then incubated at 37°C for 1 h. After removing the
medium, an equal volume of Dimethyl sulfoxide was added to each well to dissolve the remaining
formazan crystals. The absorbanceadtewell was measured spectrophotometrically (molecular
device, Spectra) at 570 nm, and the background absorbance at 660 nm was subtracted from these
values. Each experiment was repeated four times.

For hydralazine experiments, a similar dopaminergidiogliwas used: MES23.5 cell line.

The cells were routinely propagated in Sato's N1 medium (87.5% (v/v) DMEM, glutamine (4 mM),
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newborn calf serum (2%, v/v), fetal bovine serum (5%, v/v), penicillin/streptomycin (1%, v/v),

15mM HEPES (pH 7.4), and 1x SAT60x SATO: insulin, 0.25 mg/mL; human transferrin, 0.25

mg / mL ; pyruvic acid, 2.43 mg/ mL; putrescine,
progesterone, 0.315 e€g/ mL) . MES23.5 cell s wer
OHDA-mediated cytotoxiti y . One group of cel | ssOHDAfore2hi ncuba
(6c-OHDA group) . I n the other group, cel-smm were
delay following 60OHDA exposure (8OHDA/HZA). Cell viability was determined using the MTT

test al expressed as percent of control.

2.2.7 Statistics

Statistical analysis of multiple comparison was carried out by oneway ANOVA followed
by either Tukey or (where specified) the Newnrkauls post hoc test (Prism 6, GraphPad, La
Jolla, CA, or IBMSPSS, SPSS Inan IBM company, Chicago, IL, USA). In analyzing percentage
primary cell viability data by ANOVA, square root transformations were carried out to conform
to ANOVA assumptions. The Student®st was used when comparing only two groups. p < 0.05

was conglered statistically significant, and the results were expressed as the mean £ SEM.

2.3 Results

2.3.1 Increased levels of Acrolein in the brains of @OHDA-injected rats and subsequent
reduction via dimercaprol

We found that the injection ofF®HDA into the substara nigra (SN) also significantly
increased the level of protebound acrolein in both the SN and striatum. Specifically,- anti
acrolein immunofluorescence staining revealed significantly increased levels of acrolein in both
the SN and striatum of®HDA injected rats compared with sham rats when examined at 5 weeks
post injection (P<0.01). In addition, the increased levels of acroleirORBA rats could be

significantly alleviated by a daily injection dfimercaprol DP) (P<0.05) (Figur.1A,B,C).

26



Sham 6-OHDA 6-OHDA+DP

.© ©
T - BN T e D
B (| S a2 e c
22 QAR M - z
S| e D TTNRNT | e &
) ; g
0.0- 2
Sham 6-OHDA 6-OHDA+DP (5
o
=
© e
= =
L ek N ERR O\ ©
""""" 1)
Sham  6-OHDA 6-OHDA+DP

Figure2.1. Acrolein andalphasyn expression tested by Immunofluorescencats resulting from
6-OHDA lesion and the treatment of DFRA: Note the significant increase of acrolein
immunoreactivity in both substantia nigra and striatum of @D A-injected group compared
to the sham group when examined 5 weeks post injection. However,-@tDA-mediated
increase in acrolein immunoreaaty was alleviated with a daily IP injection of DP. Quantitative
analysis reveals a significant increase of acrolein staining followl@BBA injection (compared
to sham rats), as well as decreases of optic density (OD) values of acrolein stainen&MNpt
(B) and striatum (C) when®HDA animals were treated with 5 mg/kg DP (compared@HDA
rats), N = 5 in each group.

2.3.2 Dimercaprol and hydralazine alleviate the loss of striatal dopaminergic nerve
terminals in 6-OHDA -lesioned rats

We found that 8OHDA injections resulted in a 58.3% reduction of TH+ cells in the SN
(Fig. 22A,B) and a 82.8% reduction of TH immunoreactivity in the striatum compared to sham
injury group when examined at 5 week post injection (FIGAZ). Daily IP treatment of
dimeraprol OP) at 5mg/kg limited the loss of TH+ cells to 39.4 % in the SN, and the reduction
of TH immunoreactivity to 58.5 % in the striatum (F2RA,B,C).

In hydralazine rat groups, we found thaD6IDA injection resulted in a 93.75% reduction
of TH immunoreactivity in the striatum in a brain coronal section (Fig. 2.3B,D) compared to
control rats (Fig. 2.3A, D). However, systemic treatment with 5 mg/kg hydralazine increased TH

immunoreactivity by 4old in 66OHDA-treated rats (Fig. 2.3C, D).
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Figure 2.2. Histological analysis of the changes of tyrosine hydroxylase (TH) staining in rats in
response to -©HDA lesion and the treatment of DP. Note the marked reduction of TH
immunoreactivity in both substaa nigra and striatum in the ®HDA-injected group compared

to the sham group when examined 5 weeks post injection. However,-@tD8-mediated
reduction in TH immunoreactivity was significantly alleviated with a daily IP injection of DP (A).
Quantitatve analysis shows a significant decreases of TH+ cellSORBA rats when compared

to that in sham, as well as an increase of TH+ cells f@H®A animals treated with 5mg/kg DP

in the SNpc (B) and TH density in the striatum (C). (*P<0.05, *P<0.01, XN Data were
expressed as mean £ SD. N = 5 in each group. Scale bar = 1 mm-@ar; AaAd-Af).
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Figure2.3. Histological analysis of tyrosine hydroxylase (TH) staining in the rat strieilowing
injecionof GBOHDA i n the MFB. Phot omicrograph of 25
immunolabeling in the striatum of control (A}@HDA-lesioned (B), and 6 OHDAesioned and
hydralazine treated groups (C). Note the marked reduction ofififhunoreactivity in the 6
OHDA-injected group compared to the sham group. However, {BiBIBA-mediated reduction

in TH immunoreactivity was significantly alleviated with IP injection of hydralazine. In
guantitative analysis of TH staining intensity (BYOHDA injection caused a>90% reduction

inTH immunolabeling (p < 0.001, ANOVA). However, systemic injection of hydralazine (HZA)
resulted in a significant increase in TH immunolabeling compared te@té®A group (p < 0.01,
ANOVA). All data are expresseas the mean = SEM, N=4. Scale bar: 2mm fo€CA

2.3.3 Motor deficits of 6-OHDA -lesioned animals examined using an activity box were
alleviated bydimercaprol and hydralazine

For DP rat groups,ot measure the general locomotor activity of the rats and their
willingness to explore, open field test was carried out before and after surgeries (weekly). 6
OHDA-lesioned rats showed a significant reduction in activity beginning in the 3rd week, when
the total distance traveled was 51 + 13.3 m, when compared withahmegbup(p < 0.01§88 +
2.2 m). However, systemic treatment with DP significantly increased motor activity at tfge 4th
< 0.05)and 5th weeKp < 0.01) when the total distances traveled were 72 +11.1 m and 53 £ 5.3

m, while the total distance traveled -OHDA-lesioned rats were 44 + 13.5 m and 33 + 6.5 m,
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for the same time points (Fig.4A). In Fig. 2.4B, the BOHDA-lesioned rats were much less active
after injections, and explored less area, staying mostly in one corner of the box and showing little
interest in exploring when compared with sham at 5 weeks post injection. However, rats that
received both ©OHDA and DP showedraincrease in both distance traveled and area explored
when compared to-®HDA-lesioned rats (Figur2.4B).

For hydralazine gngps, 60HDA-lesioned rats showed a typical reduction of activity
assessed by activity box method. There was a reduction of >50% in the distance traveled by 6
OHDA-treated rats compared to uninjured control (no surgery) or-sipamated animals during
1 h d recording (Fig. 2.5A). Specifically, uninjured control rats traveled an average of 223 + 67m
within an hour. Rats in the sham group (surgery but-@®A) traveled a similar distance, 246
+ 71m (p > 0.05 when compared to control). {®BDA-injected ras, the traveling distance was
reduced to 97 £ 32 m, a significant decrease compared to the control or sham group (p < 0.01).
However, the 8OHDA-induced reduction in the distance traveled was significantly alleviated by
a daily injection of hydralazine. Ehydralazine application partially restored the distance traveled
to 193.2 £ 19.5, a significant increase compared to {81BA group (p < 0.01) (Fig. 2.5A).
When assessed by the area the rat covered within one hour, similar results as those assessed by
distance traveled were obtained (Fig. 2.5B). SpecificallyHDA produced a significant decrease
in the area covered compared to the control or sham group (43.3 + 18.5vs. 94.0 £ 10.1 or 97.8 £
2.1, p < 0.01). However, the@®HDA-mediated reduction ithe area covered was significantly
reversed when hydralazine was applied daily for two weeks (p < 0.01 comparison between 6
OHDA and 60HDA plus hydralazine, 43.3 + 18.5 vs 80.0 £ 5.6).
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Figure2.4. Quanttative motor behavioral analysis based on the open field test. As shown the rats
in sham group were significantly more active, walked a greater distance, compared {o the 6
OHDA-injected animals (A,B). However, compared t®BDA rats, a significant impvement

in motor function was observed whet©D&DA-injured rats were treated with 5 mg/kg DP, which

was observed in quantitate analysis of total distance (A) and can be visualized in track plot (B), at
4 to 5 weeks after injury. DP was applied throughydil injection at a dosage of 5mg/kg for 5
weeks after injury. (*P<0.05, **P<0.01, compared t@BDA group. ##P<0.01, compared sham
group. ANOVA). Data were expressed as mean + SD. N =5 in each group.
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Figure 2.5. Quantitative behavioral analysis based on the openfield test. The data for the mean
distance traveled (A) and the mean area covered (B) in the exploratioffieldelnox were
quantified for control, sham,-6HDA-injected, and @OHDA-injected/hydréazinetreated. As
shown, control animals were significantly more active, traversed a greater distance, and covered
more area compared to th€ddDA animals. The sham animals did not differ from the uninjured
control rats with respect to mean distancedlad or mean area covered, whereas tQH®A-

injured groups showed a clear reduction in both parameters (p < 0.01). This reduction was partially
restored by hydralazine treatment (p < 0.01). ANOVA was used in all statistical comparisons. All
data are ex@ssed as the mean + SEM, N&4
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2.3.4 6-OHDA-induced motor deficits and their alleviation by dimercaprol and
hydralazine based on rotarod activity

For DP groups, the rotarod tests were carried out before and after surgery each week. We
found that BOHDA injections reduced the maximal time that a rat could walk on a moving rotarod.
Specifically, the maximal time for the rats (sham injury grou@HDA, 66OHDA+DP) before
the surgery was 330 s:=®@HDA injection gradually reduced the maximal time on the rotarod, with
a significant reduction (compared to sham injury) starting at week 3 (p < 0.05), when the maximal
time was 198 + 67.7 s, which was signifitdg lower than 327 £ 5.8 s in the sham injury group for
the same time point. However, systemic treatment of DP gradually mitigated such reduction of the
maximal timeandsignificantly at weeks 4 and 5 (p < 0.01), when the maximal times were 318 +
23.5 sand 300 * 40.1 s, respectively. Such values are significantly higher than that-@ 246
group for the same time points (p < 0.01), which were 174 £ 65.0 s and 167 + 24.3 s, respectively
(Figure 2.6A).

Similar results were also obtained when motolitgbivas measured using the maximal
speed that a rat could sustain on the rotarod. The maximal speed for rats of all the groups before
surgery was 35 rpm.-@HDA injections resulted in a steady reduction of the maximal speed on
the rotarod (examined weelhA significant reduction was measured at the 4th and 5th week post
injection, when the maximal speeds were 22 + 6.8 s and 21 = 2.6 rpm, which were significantly
lower than in the sham injury group (p < 0.01)(35 rpm). Similarly, IP injections of DP allmats
to remain at significantly increased speeds at weeks 4 and 5 post injury, when compared with 6
OHDA injection only group (p < 0.01) (Figure 2.6B).

For hydralazine groups, we found thaD&DA produced a reduction in the maximal speed
that a rat cow sustain on the rotarod (Fig. 2.7). Specifically, the maximal speed for control and
shamtreated animals was 29.7 and 28.9 rpm respective@HBA significantly reduced this
valueto 13.6 £ 3.0 (p < 0.001). Hydralazine injection-DIBDA-treated rats slted in a maximal
speed of 20.1 + 2.1, which is significantly higher than the effect@H®A alone (13.6 + 3.0, p
<0.01) (Fig. 2.7A). When the maximal time that a rat could hang on to a moving rotarod at a speed
of 30 rpm was used as the indicatomitar results were obtained. Specifically, the maximal time
for control and sham treated animals was 174.9 + 8.3 and 165 + 13.4 s respectiMdpA6
administration reduced this value to 70.9 = 10.7 s (p < 0.001). Hydralazine injectidbHDA
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treated ats resulted in a maximal time of 93.1 £ 17.9 s, which is significantly higher than the effect
of 6:OHDA alone (p < 0.05) (Fig. 2.7B).
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Figure2.6. Mitigation of 6OHDA-induced motor deficits by DAfhe maximum time (A) and top
speed (B) on the rotarod were examined every week for all groups. As sh@iDA-injured

rats displayed a clear reduction of both measures when comwaledham rats. However,
compared to ©OHDA rats, a significant improweent in motor function was observed HO&DA
animals treated with DP, which was observed in both time (A) and RPM (B) on rotarod at 4 to 5
weeks after injury. DP was applied through daily IP injection at the dosage of 5 mg/kg for 5 weeks
after injury. (*P<0.05, **P<0.01, compared te@HDA group. #P<0.05, ##P<0.01, compared to
sham group. ANOVA). Data were expressed as mean + SD. N =5 in all groups.
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Figure 2.7. Quantitative behavioral analysis based loa totarod test. The top speed (A) and
maximum time (B) on the rotarod were examined for control, sha@tIBA-injected, and 6
OHDA-injected/hydralazingreated (HZA) groups. The sham animals did not differ from the
uninjured control rats with respect wptspeed and maximum time DA injection caused a
significant decrease in performance on the rotarod test, both in terms of top speed (A, p < 0.001)
and maximum time (B, p < 0.001). However, this impairment was partially restored by hydralazine
treatmem (p < 0.01 and p < 0.05 in A and B, respectively). ANOVA was used in all statistical
comparisons. All data are expressed as the mean + SENIGN=4
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2.3.5 In-Vitro validation of increased cell survival after acrolein exposure when ctreated
with dimercaprol or hydralazine

We examined the potential neuroprotective effects of DP on aciokedtated cell death

at a concentration of 100 ¢ M. The administra
exposur e, at concentrati on &e cellfviabiity to 554#055%1 0 0,
(P>0.05), 76 + 2.8% (P<0.01), 94 £+ 17.6% (P<0.05), 90 £ 17.7% (P<@l¥%) compared to
acrolein only. But | i kel y durereased thé delevialli tot o x i ¢

57 £ 4.2% (P>0.05), which is not sifjoant compared to acrolein on(¥ig. 2.8A)

Alternatively, using hydralazine and the MES23.5 dopaminergic cell line, we have found
that 6OHDA reduced cell survival (48 + 6%) which was significant compared to control (100%,
p < 0.001) (Fig. 2.9A). Thaddition of hydralazine (applied 15 min after the incubation-of 6
OHDA) can enhance cell viability to 71 £ 1% (p < 0.01, n=9 in all conditions).
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Figure 2.8. Alleviation of acroleininduced SKN-SH cell death by DP. S#N-SH cells were

exposed to different concentrations of acrolein for 4hrs which induced a dose dependent cell
viability death, based on MTT test(AWhen acr ol ein was used at a cc
addition of DP at variousorcentrations could result in significant reduction of acrolein mediated

cell death. *p<0.05, **p<0.0Imean = SEM. n = 4 each group.
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Figure2.9. Mitigation of 6OHDA-mediated MES23.5 dopaminergic cell debyhhydralazine.
Cell s were i nc uOHDA DR hh@OHDA grdup)Dancsdine @ells were treated
with 500 &M hy dmnnadélay 6OHDA/HZA). Call viabibty waddetermined by
absorbance of the MTT reduction product at 550 nm a&pcessed as percent of control (4.<
0.01and p < 0.001, ANOVA). All data are expressed as the mean + SEM]14N=9

2.4 Discussion

Parkinsondés disease (PD) is hall marked by
of critical dopaminergic cellgl3, 14) Here, we used two FDA approved medications for heavy
metal toxicity (Dimercaprol, DP), or for hypertension (Hydralazine, HZA). Interestingly, these
medications are both shown to be effective acrolein scave(@etS) DP and HZA are safe for
use in humansral could therefore have and accelerated path to use in other conditions, such as
PD.

Here we look at these drugs in @6IDA injection model of PD. First, and importantly,
we find that acrolein is significantly increased in this model in both striatursusiantia nigra
(Fig. 2.1). Next we administered through IP injection, in two separate experiments, either DP or
HZA and examined benefits on cellular survivalvivo andin vitro, as well as any benefits to
behavioral outcome (locomotor). Specificallye found that DP and HZA significantly raise levels
of TH+ cells, a marker for dopaminergic cells, HOB6IDA rats (Figs. 2.2 & 2.3). Next, both DP
and HZA improved locomotor, in both activity box and rotarod tests (Fig$. 2.4). Finally, as
an additonal mechanistic validation, we tested DP or HZA using dopaminergic cell lines. We have
seen prior that aldehyde scavengers can protect PC12 cells from acrolein ef@dsur&6) and

here show that similar strategies also protect dopaminergic cells (Fig. 2.8).
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6-OHDA is a receptor mediated toxin, binding selectively to TH+ cells. Inmneuivo and
in-vitro experiments, some cell death and development of PD symptoms will not be prevented in
this model by aldehyde scavengers. However, because PD developmei@ldbiGyenerates a
significant amount of neurotoxic acrolein, we hypothesize that acrolein may exactiba
pathologies of PD. By alleviating the secondary injury progression in PD, we show significant cell
survival and behavioral recovery by using HZA or DP. Another major hallmark of PD is
accumulation of alphaynuclein. Although not detailed here, dab has demonstrated that
acrolein can directly alphsynuclein aggregation. When combined with acralemitro, purified
alphasynuclein proteins will aggregafé2, 16) Further, direct injection of acrolein into the rat
brain significantly increases alpisgnuclein protein level¢16). Other groups report similar
findings of acrolein injection and alpisgnuclein aggregation/increased concentrations in the rat
brain(14, 17) Limitations of the study include the use of traditional dimercaprol instead of newer
modified versionDimercaptosuccinic acid. Further, the use @DKADA provides limitations as
this model mimics an earp-mid stage of PD, but not lateagies when Lewy bodies are present.
Acrolein clearance is a growing strategy for prevention of afyimaiclein aggregation.
We detail here the benefits of acrolein scavenging in a model of PD. Future studies will examine
the effects of alternative acrolestavengers, which may have enhanced benefits. Furthermore,
neurotrauma causes increased acrolein and-ahainaclein aggregation, which is a likely link to
the development of PD after neurotraufha, 18) Therefore, future studies will also investigate
if similar acrolein removal strategies can prevent the development of PD after CNS injury.
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CHAPTER 3. CRITICAL ROLE OF MITOCHONDRIAL ALDEHYDE
DEHYDROGENASE 2 (ALDH2) IN ACROLEIN SEQUESTERING IN RAT
SPINAL CORD INJURY

3.1 Introduction

It is well-established that the mostvere damage resulting from spinal cord injury (SCI)
does not occur immediately after physical impact. Rather, mechanical insult induces a cascade of
secondary biochemical reactions that exacerbate the initial effects of trauma and spread throughout
thecord. Oxidative stress and lipid peroxidatiderived aldehydes have emerged as key culprits
in sustaining such secondary injury, and contributing significantly to the pathological outcomes
(1-5). Aldehydes, represented by acrolein as the measitive aldehyde, are capable of directly
adducting proteins, lipids, and DNA, and are known to cause significant damage to key cellular
organelleg6-9).

We have provided extensive evidence that acrolein plays a particularly damaging role in
perpetuating oxidative stress, causing cellular degeneration and functional losq1R5$CWe
have also shown that, as both a product and catalyst for lipid peroxidation, acrolein induces a
vicious cycle of oxidative stress, amplifying and continuously propagating degenerationin SCI
5). Further, while acrolein reduction caiffieetively mitigate neuronal damage, injecting acrolein
produced pathologies reflecting those observed in(8W! These studies support the notion that
acrolein is not only sufficient, but necessary to instigate neurodegeneratie®GlosAs such,
lowering acrolein has emerged as a novelelfettive therapeutic strategy in S@). However,
while the application of exogenous aldehyde scavengers has led to significant benefits, many have
unwanted side effects as they are FDA approved for other condifipd) Therefore, a need
remains for exploring alternatives with minimal side effects, before further clinical application is
considered.

Mitochondrial aldehyde dehydrogengag ALDH2) is an oxigreductase, effective at
removing aldehydes in the brain and spinal ddr2t14). Despite its weltecognized role in
aldehyde removal, ALDH2 remains largely ungardied in SCI. Relevantly, recently discovered
ALDH2-selective activator, Aldd, can catalyze ALDH2 enzymatic activities by multiple folds
in rodents andn vitro (15, 16) This offers a uniquely promising opportunity to test our hypothesis,
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solidifying this enzyme as a therapeutigtt to suppress aldehydes while also further illuminating
the role of ALDH2 in SCI.

Here we demonstrate that the expression of ALDH2 was indeed suppressed in the event of
SCI, and that SCI caused increased ALDB&t?olein adduct formation, suggesting esugmted
acrolein binding to ALDH2 due to acrolein accumulation. In addition, Aldgplication worked
to significantly lower acrolein and preserve SCI tissue. Finallyitro data suggests that an
ALDH2 inhibitor, disulfiram, can worsen acroleinducel cell death while Aldd can mitigate it
(17). These data provide the initial evidence that ALDH2 is a key enzyme critical teS@ist

acrolein accumulation and related tissue damage, as well as a potential therapeutic target.

3.2 Materials and Methods
3.2.1 Animals and Injury model

Young male Sprague Dawleytsaveighing 20e240grams were purchased from Envigo
(Indianapolis, IN). They were kept on standard light/dark cycles and fed with chow diet. Rats
were fully anesthetized before spinal cord surgery. For all the surgeries, a laminectomy was first
conductd at T10. Following the exposure of spinal cord tissue, rats were given a contusion injury,
using a New York University (NYU) weight drop impact device at a moderate setting (height of
25mm and weight of 10g). Rats health was carefully monitored-spogey. The general
procedures used this study are vestablished and are similar to prior publicatifyom this group
(5, 11)

3.2.2 Treatments

Aged matched healthy rats were used as controls-RAMas purchased from ApexBio
(Houston, TX) and dissolved in 50% DMSO, 50% peg400 as described by @Betsjury rats
were given either a vehicle with no Alda(vehicle control), or Aldd at 15mg/kgadministered
by intraperitoneal injection (IP). Alda has been shown to effectively enter the cemeavous
system through this administration techniqa8, 18) Treatment was administered every two
hours possurgery for a total of 2 doses, twice on the following day (morning and evening), and
once in the morning on day 2 and once an hour before sacrifice (48heteitiaeepoint, 6 total

doses of Aldal). Rats were sacrificed by intracardial perfusion with chilled phosithdtered
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saline (PBS). All animal work was done in accordanite approved protocol by Purdue Animal

Care and Use Committee.

3.2.3 Co-Immunoprecipitation

Immunoprecipitation of the spinal cord for each experimental group was done according
to instructions from the Pierce Classic IP Kit (ThermoFisher, #26146), and as described previously
by our group(19). In short, 2mg/mL protein lysate from each sagoup was preleared using
the control agarose resin. The lysate (2 mg protein) was incubated wHAL&2 (50 kDa,
Santa Cruz) or anticroleinlysine (Abcam) at 4°C overnightformt he | mmune compl e)
of Pierce A/G Agarose was added inte thixture to capture the immune complex and incubated
at 4°C for 1 hour. The elution of the immune complex was carried out using the -2ecuming
lane marker sample buffer and DTT. The collection tubes were boiled in a water bath for 5 min
and eluates are applied to 15% SDBAGE for immunoblotting with arWALDH2 and imaged

using Azure c300 Western blot imaging system (Azure Biosystems, Dublin, CA).

3.2.4 Western blot

After sacrifice, spinal cord tissue was dissectedandfré&zé&n . Ti ssue was hon
with 1xRIPA buffer and Protease inhibitor cocktail, then centrifuged at 14,000RPM for 30minutes.
Supernatant was collected, and protein concentrations were measured using the Bicinochoninic
Acid protein assay kit (Pierce, Rockford, IL, USA) and SPECTRAmatepleader (Molecular
Devi ces, Sunnyval e, CA) . Thirty micrograms of
mercaptoethanol, and 2x Laemmli buffer were loaded to a 15%10isgels and electrophoresed
at 80 volts for 23 hours. Proteins were then tréersed to a nitrocellulose membrane by electro
blotting on ice in 70 volts for 1 hour in 1x transfer buffer with 20% methanol-@lgisine buffer
from BioRad, Hercules). The membrane was blocked in 1x casein (Vecte§028) at room
temperature for 100 mnut e s, and i mmunol abeled overnight
antibodies, artacroleirlysine (Abcam), antALDH2 (50kDa, ThermoFisher), arBetaActin
(45kDa, BioLegend). After overnight incubation, the membranes were further incubated with
eitherbiotinylated antimouse or antrabbit secondary antibody (Vector, #2800, #BA1000)

at room temperature for 45 minutes, and signal amplified with an-AB@ kit for 10 minutes
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(Vector, AK-6000). All washes were done with 1x casein. The DuoLux subgtatgor, #Sk

6605) immunodetection kit was used for chemiluminescent signal acquisition and the Azure c300
Western blot imaging system (Azure Biosystems, Dublin, CA) was used to image the membrane.
The AlphaView software (Protein Simple, San Jose, CA)wsasl to quantify the relative signal

for each band. Data is normalized with BAgtin.

3.2.5 Immunohistochemistry

Cord tissue was collected after perfusion and immediately fixed in cold 4% formaldehyde
in 1xPBS, for a maximum of 48 hours. Tissue was then coyegted in 30% sucrose, and frozen
in OTC using acetone and dry ice slurry and sliced into transverse sections with a cryotome (Leica)
at 25 uM thickness. Sections were stored in O
of T10 epicenter tissue. &hing was done using separate techniques for revealing acrolein, or
tissue structure. For acrolein, sections were immunostained witacoteirlysine (Abcam)
followed by biotinylated secondary antibodies (Vector Laboratories), incubated in ABC
avidnbi otin complex solution (Thermo Scientific
Peroxidase (HRP) i Qurh sitorbeetne i Kiime 3 P3NjrceE DAB
were taken using a standard light microscope. For revealing tissue structure,\GoystgNissl)
and Eosin Y counterstains were done, as previously described by our(@@u@uantification
was done using standard techniques for area measurement on ImageJ software. Cyst is expressed

as a percentage of total slice area.

3.2.6 Cell viability assay

PC12 cells were obtained from American Type Culture Collection (ATCC) and grown in
Dulbecco's modified Eagle's medium (DMEM,; Invitrogen, La Jolla, CA) supplemented with 12.5%
horse serum, 2.5% fetal bovine serum, and 1% penicillin. The incubator wass%etCGD2 at
37°C. Culture media were changed every other day, and cells were split every week.

Acrolein was prepared at 50mM in PBS as stock solution and diluted to the final
concentration (100 & M)was dissovedati@mM inuPMS@ ataclks e . Al
solutions and diluted to the desired concentration in medium. ALDH2 inhibitor disulfiram was

dissolved in cell medium to predetermined concentrations. PC12 cells were plateddih [Slates.
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After incubating for 2 4dediotaeach well af@aarotein groupand 5 0 0
treatment groups. Equal volumes of medium were added into wells of the negative control group.
After incubation for 15 minutes,alda ( 25 e M) or Disul firam (1 or E
final concentrationsnto wells and equal volume of medium was added into other wells. After
incubating 2hr, cell viability was measured by Cell Counting&{CCK-8) system according to

the instruction provided by the manufacturer (Dojindo, Japan). Briefly,-868#&lutionl 0 ¢ L per
100eL of medium in each well) was added, and t
The absorbance of each well was read at 450 nm using a microplate reader SPECTRAmMax

(Molecular Devices, Sunnyvale, CA).

3.2.7 LC/MS/MS

T10 spinal cord sectits were dissected after a final dose of Ald&8 hours after injury.
Cords were sonicated and centrifuged as describ&dstern blosection. For LC/MS/MS, 36 L
were taken from representative samples, and processed for LC/MS/MS as descf@iyoviith
a few modifications: here an XBridge (C8, 815, 2.1 x 100 mm) column was used, and analyze
on anAgilent 6460 QQQ Further, retention times were slightly modified to complement our
experimental settings, with software set to look specifically for peaks at 134.9 and 77al, and
retention timeof approximately 2 minutes. Peak area integratios d@ne by manually selecting

the peak using the integration tool on Agilent software.

3.2.8 Transgenic mice and injury model

Male transgenic mice breeders, homozygous for kied¢luman mutant nonfunctioning
ALDH2 (ALDH2*2), were donated from Dr. CHdéong Cherat Stanford University. Upon arrival
mice were rederived by the Purdleansgenic and Genome Editing Facility order to comply
with University pathogen standards. Rederiving was done by paitibiH2*2 studs with WT
females, and transplanting the emdmyo pathogen free, surrogate WT mothers. After rederiving,
new mice generations were setbssed until the desired homozyg®lsDH2*2 genotype was
found. Genotyping was done by tail snip and samples sdmatsnetyx Indor automated PCR

sequencing. king this strategy, homozygous mice were selected and agaanasséd until only
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homozygous progeny are born. After final confirmation of desired genotypes, mice will be tested
annually to ensure desired genotypes are still present.

For SCI experiments, comparable C57BL/6 WT mice are purchasedfmoiga Because
the NYU impactor is only suitable for rats, for the mice, an Infinite Horizon ImpaRtecision
Systems and Instrumentation, L) @as used and set b kDyne impact force(moderate
contusion injury). Injury was done similarly at T10 cord region, after anesthesia by half dose of
ketamine/xylazine cocktail and constant 4% isoflurane/O2. After surgery and sacrifice at either 48
hour or 7 day timepoint, tissue was processatjubte Immunohistochemistry protocol descdbe

above.

3.2.9 Statistics

All data are presented as mean = standard error of the mean (SEM). One way ANOVA
with Tukey or Fisher post hoc and Student 6s
necessary (JMB3 Software)Two way ANOVA was done in PRISM he statistical significance

threshold was set at p < 0.05.

3.3 Results
3.3.1 Evaluation of ALDH2 expression levels

We first tested the hypothesis that the protein expression level of ALDH2 is reduced in
SCI, a situabn known to have elevated levels of acrolein. As shown in3lg.Western blot
analysis shows a significant decrease in ALDH2 expression when examined 2 days following a
contusive spinal cord injury (76% of control). Such reduction is significant whmpared with
control (p < 0.05, ANOVA). Treatment of Aldg an ALDHZ2 stimulator, resulted in a trend of
recovery of ALDH2 (84% of control) when compared to that in $@J.3.1). Representative IHC

images are shown on the right side of figure 3.1.
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Figure 3.1. Reduction of ALDH2 levels post SCI and its influence by Alddhe expression

levels of ALDH2 were analyzed by western blot in three groups. Groups were divided into
AControl o foMS@QINd nfarednjrated rats &Aldarle,nd vehi
injured rats given 15mg/kg doses of Altlauntil sacrifice at 48 hours acute timepoint (total 6

doses). Top: representative ALDH2 bands (50kDa) are shown above correspondirigpAdsn

(45kDa). Bottom: Data is normalized to Actin and graphed below, showing change as a percent of
control. Note the ALDH2 level was suppressed {855t (76% of control) which is significantly

| ower than control (P < O+A@&®B1)0., tHweweavpepr-l, i ciant ito
resulted in a trend of recovery of ALDH2 (84% of control) when compared to that in SCI: n =8

9 for AControl 0, -1®S CI*® Repeestdtaiv®e LDOH2Mstoldgy images

are shown on the right, with zooim box showing staining in white and grey matter. Histology

was done using DAB and ALDH2 is shown by brown color.

3.3.2 Acrolein adduct formation with ALDH?2

Aldehydes are highly reactive compounds and capable of adducting to proteins, such as
ALDH2. In fact, & high concentrations, aldehydes are known to inhibit ALDH2, likely by this
mechanism21-25). As such, we then examined the possibility that the binding of acrolein to
ALDH2, a likely step of acroleimduced ALDHZ2 inhibition, is elevated in SCI, using & co
immunoprecipitation (CoP) technique. As indicatiein Fig. 3.2, we performed a CGtP using
spinal cord tissue in three conditions, Control, SCI, and SCI &-AldAnti-ALDH2 was used to
stain all lanes. Indicated kig. 3.2, ALDH2 precipitated at 50kDa as expected (ALDH2 IP lane).
Arrows indicate that actein-bound ALDH2 is present in both injury and Aldareated groups.

Some background from beads was observed but does not interfere with the 50kDa ALDH2 bands.
Confirmation of successful acrolein IP is further shown in supplementary inforng&tipp. Fig

3.1).
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Figure3.2. Colmmunoprecipitation indicating AcroleinoundALDH2 in vivo after SCI. Figure
isimagedusing AMALDH2 anti body. All | anes are consi st
ASCIro ifnop ured rats given -Yebiichjeui@ag ecat ®#ngi ve
of Alda-1 until sacrifice at 48 hours acute timepoint (total 6 doses). Spinal cord lysates from control,

SCI, and SCI+Alddl rats were homogenized and immunopredigidavith ALDH2 or acrolein

lysine antibodies. Then, samples were subjected to-FBGE and immunoblotting detection

using andALDH2 to completethe co mmunopr eci pi tation procedur e.
successful precipitation of the enzyme in all condio n s . AAcrolein | PO ind]i
ALDH2 positive staining is observed in the Acrolein IP pulldown usingaarileirtlysine adduct

antibody. Staining indicates acroldioundALDH?2 at 50kDa, outlined by red boxes, with arrows
highlighting ALDH2 staining in the acrolein pulldown lane, indicating binding of acrolein to
ALDH2. Note that the artALDH2 staining in Acrolein IP lane is mild in control condition.
However, such staining is intensified in both SCI and SCI & Aldzondition, suggestedn
augmented binding of acrolein and ALDH2
from I P beads, but at an irrelevant kDa.
immunoprecipitation.
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3.3.3 Evaluation of acrolein expression levels

Since acrolein is known to increase in SCI, and ALDH2 can metabolize acrolein to lesser
toxic metabolites, we then tested the hypothesis that§0ktlevated acrolein can be mitigated
by the application of Aldd using both Western blot and immunohistmical (IHC) analysis.
In Fig. 3.3A Western blot analysis demonstrates a significant increase in acrolein after SCI (152%
of control) when compared to control (p < 0.05). However, such elevated acrolein levels can be
significantly suppressed to 118%aatrol when injured animals were treated with Aldavhich
is significant when compared to SCI only (p < 0.05). Consistent with Western blot analysis,
representative sections of spinal cord with DAB staining from Control, SCI, and SCitAlda
groups reflet these findings. Specifically, acrolein level (brown color) is elevated following SCI,
while Alda-1 could suppress peSICI acrolein elevation. As such, the findings from both Western
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blot and IHC staining suggest that ALDH2 enhancement could low@ostSCl acrolein surge,
indicative of a critical role of ALDH2 in pos3ClI acrolein elevationHg. 33A-D).

A B Control (@ SCl D SCl & Alda-1
Acrolein il -
Actin s m— —
0
€150
8100
« 90
0
o 0
o Control  SCI SCleAlda-1

Figure3.3. Analysis of Acrolein levels post SCI. Acrolein levels were analyzed by Westrn bl

(A), with additional confirmation shown by IHC imagesB) . Gr oups wer e di vi de
for uninjured rats, ASCI o6 for i njfluroed nrjautrse dg i
given 15mg/kg doses of Aldhuntil sacrifice at 48 hoursate timepoint (total 6 doses). A) top:

Acrolein bands (50kDa) are shown above corresponding Actin bands (45kDa). A) bottom: Data is
normalized to Actin and graphed, showing change as a percent of control. Compared to control,

the level of Acroleidysineadducts is significantly increased in the SCI group (100% vs 152%, p

< 0.05). However, the application of Aldasignificantly mitigated such increase shown in SCI

& Alda-1 group when compared to SCI only group (118% vs 152%, P < 0.05p): B
immunohisbchemistry (IHC) images are from representative transverse spinal cord sections, using
antiacroleinlysine antibody and DAB staining shows acrolein as a brown color. IHC groups are

as follows: Control (B), SCI (C), and SCI+Alda(D). Note the modest sténg in control (B),

while more acrolein staining is observed in SCI (C). Consistent with western blot analysis, Alda

1 treatment has resulted in lighter staining than that in ther§@ted elevation of acrolein (D vs

C) . Western Blot:A8EBOf elan dgOdoBUCH sedA [fidbaC : i Go wt B
ASCI 0, andloi YalotuMplsda *p < 0. 05.

3.3.4 Evaluation of cyst formation

Acrolein is an established secondary injury mechanism known to cause severe structure
damages. Furthermore, lowering tacrolein using acrolein scavengers could reduce spinal cord
cyst, a common pathology observed after contusion injury, resulting from widespread cell death,
and a key indication of peS8CI tissue destructio(b, 10) Therefore, we predicted that more
effective ALDH2 could reduce acrolein and lead to reduced cyst area. As indicaigd3id, no
clear cyst is visible in control cordrig. 3.4A). However, SCI has resulted in conspicuous cyst
formation in the injunsite (Fig.3.4B). Again, the application of Alda significantly reduced the
size of the cystKig. 3.4C). Quantitative analysis revealed a significant decrease in cyst size with
Aldal treatment when compared with SEIig. 3.4D), (p < 0.05).
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Figure 3.4. Alda-1 treatment reduces cyst formation in the spinal cord post injunC)(A
Representative images of Crystailet and Eosin @-staining of spinal cord tissue, with transverse
sections indicating cyst formation, 48hours after injury, with or without -Aldi@@atment (total 6

doses). Control sections show no cyst formation (A), while large cysts could be discerned after
injury (B). However, the treatment of Aldain injured animals significantly reduced the size of

the cyst (C). When the cyst size is expressed as the % of the total area of the transverse section, it
is revealed that the cyst in SCI is significantly reduced wightteatment of Aldd (D) (p < 0.05).

n=34 for AControl o,-10SCFp, <a®dObBSCI +Al da

3.3.5 In Vitro analysis

Next, in order to further test the role of ALDH2 in influencing acroleiediated cell death,
we used neurtike PG12 cell culture systenottest the hypothesis that enhancing or suppressing
ALDH2 activity is accompanied by intensification or reduction of cell survival in the presence of
acrolein. As indicated ifig. 3.5 while acrolein (500 uM) can lead to a significant reduction of
cell viability (44% of control, p < 0.01), Alda (25 uM) could significantly mitigate acrolein
mediated reduction of cell survival (65% of control, p < 0.01 when compared to acrolein only).
Interestingly, while Disulfram, an ALDH2 inhibitor, had no significaffect on acroleirmediated

cell death at 1 pM, it can significantly worsen acroleiadiated reduction of survival at 5 uM
(10%) when compared to acrolein only (p < 0.01).
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Figure 3.5. Role of ALDH2 inprotecting PC12 cells from acrolein toxicity in vitro. Bar graph
illustrates the cell viability of PQ2 cells in various conditions related to acrolein toxicity and its
influence by the function of ALDH2. Cell viability is expressed as the % of theatortiote
acrolein (500 pM) induced a significant reduction of cell viability (44%) when compared to control
(fp < 0.001). However, the application of Aldlg25 uM), an ALDH2 stimulator, resulted in an
increase of cell viability in SCI to 65%, a sigodint increase from SCI only (**p < 0.01).
Interestingly, disulfiram, an ALDHZ2 inhibitor, when applied at 5 uM, but not at 1 uM, significantly
decreased the cell viability (10%), which is significant when compared to SCI only (***p < 0.001).
Cell viability was determined 2 hours after incubation with various treatment conditions, involved
with acrolein, disulfiram, or Aldd. While Acrolein was applied in the beginning of the
experiment, Aldal or Disulfiram was administered 15 minutes after the startapblein
incubation.

3.3.6 Acrolein analysis in transgenic mice

Transgenic mice expressing nonfunctional ALDHRL.DH2*2), were used to further
assess the role of ALDH2 in SCI. In Fig. 3tBge expression of acrolein was measured by
immunohistochemistry. In Fi.6A, Transgenic ALDH2*2 mice (TG) did not show a significant
increase when compared with wild type (WT), at two days post injury. Although not significant,
there is a trend of higher acrolein in the TG mice. In Fig. 3.6B, acrolein levels are furthatexvalu
in both the white matter and grey matter region of the spinal cords, at 7 days post injury. Dashed
line represents control, and data graphed as average fold change from controls. Here, acrolein

levels are significantly increased in both grey and evhitatter regions of the TG mice, when

49



compared with WT (***p < 0.001 and **p < 0.01, respectivelyndicating an enhanced

vulnerability of injured ALDH2*2 mice to acrolein surge

Figure3.6. Effects of nafunctional ALDH2 on acrolein levels post SCI in mice. Acrolein levels
were determined by DAB immunohistochemistry. A) 2 days post spinal cord injury (SCI), there is

a trend of higher acrolein in transgenic mice (TG, Grey bars) when compared to wilsMi/pe (
spotted bars). However, the trend is not significant (NS). B), dashed line represents the baseline
acrolein levels, and data graphed as average fold change for each group at 7 days post injury
timepoint. Analysis examined both grey and white matteronsgof the cord. A significant
difference was found between TG Grey and WT Gtf#&yp < 0.001), and between TG White and

WT White (***p < 0.001).

3.4 Discussion

There is strong evidence that acrolein, both a product and an instigator of oxidative stress,
plays a critical pathogenic role in spinal cord injdty5). Furthermore, anticrolein measures
have been demonstrated as effective neuroprotective strategies to benefit both motor and sensory
functional recovery following SCI. While théilization of acrolein scavengers as means to reduce
acrolein and mitigate related pathologies have been investigated in great detail, other alternative
antiacrolein approaches have not attracted much attention i{18L1 Aiming to broaden the
spectrum of the acrolein sequestering strategy, and improve the effectives and potentially mitigate
the inherent short falls of the existing acrolein scavengers, we have initiated an effort in searching
for other methods of redugracrolein. Specifically, in this investigation we have presented the

initial evidence that ALDHZ2, an endogenous mitochondrial aldehyde metabolizing enzyme, is a
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