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SUMMARY 

Alzheimer’s disease and related dementia (ADRD) is a major global health issue that is 

steadily rising with the aging population. While it is officially listed as the 5th leading cause of 

death in the United States, it can cause even more deaths than reported, and patients live through 

years of increased morbidity with disease progression.1 Unfortunately, the current landscape of 

ADRD therapeutics is plagued with clinical failures in lieu of a therapeutic strategy that stops, 

reverses or prevents disease progression. Many small molecule targeting strategies with pre-

clinical efficacy have been discontinued before essential proof-of-concept clinical trials, with 

preference towards antibodies targeting pathological hallmarks. The work herein aimed to 

reconsider the calpain-cathepsin hypothesis (CCH) for ADRD therapeutics and characterize its 

involvement in BBB-dysfunction.  

Calpain-1 and cathepsin B are bona fide unexploited targets for neuroprotection. These 

cysteine proteases are found hyperactivated early in the pathogenesis of AD and are incriminated 

in a neurodegenerative mechanism (the CCH).2 This mechanism posits that calpain-1 

hyperactivation permeabilizes lysosomes leading to the release of cathepsin B, which then 

degrades cytoplasmic substrates leading to neuronal death.3 The CCH has been proposed as an 

underlying contributor not only to AD, but also to traumatic brain injury (TBI), and ischemic stroke 

(IS). 4, 5 Inhibitors have displayed significant efficacy in numerous in vitro and in vivo 

neurodegenerative models;6-10 however, literature ambiguously utilizes calpain-1 inhibitors that 

are often-times nonselective.  

The focus of chapter 1 was to develop a toolkit of small molecule inhibitors, with the goal 

of characterizing their efficacy in in vitro and in vivo models and determining a superior 

targeting strategy. Enzyme assays allowed us to characterize selectivity profiles, reversibility and 

potency of numerous peptidomimetic small molecules. We identified a family of alpha-ketoamides 
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with high potency and selectivity towards calpain-1. In vitro specific inhibitory efficacy was 

confirmed by evaluating the breakdown products of spectrin, a clinical biomarker for calpain-1 

activity.   

The focus of chapter 2 was to differentiate the efficacy of various inhibition strategies in 

various in vitro and in vivo models, some of which incorporated the loss of neural resilience.  

 Neuroprotective profiles were established, with all inhibitors exhibiting significant efficacy at 

various treatment paradigms. Furthermore, we saw that calpain-1 inhibitors were able to attenuate 

neuroinflammation in vitro and restore cognitive deficits in an in vivo mouse model.  

NYC-438 is an irreversible dual inhibitor of calpain-1 and cathepsin B that was synthesized 

as an analog of E-64c, a well-known pan-cysteine protease inhibitor. NYC-438 was able to restore 

cognitive deficits in an AD mouse model; however, these effects were independent of underlying 

pathophysiological hallmarks of AD. This suggested that CCH inhibition strategies may work in 

mechanisms of neural resilience. 

Studies were expanded to incorporate oxidative stress (OS)-based preclinical models of 

enhanced neural resilience. Lipid peroxidation products (LPPs) caused in vitro dose-dependent 

neuronal cell death. Furthermore, adding a second stressor, or “hit” exacerbated cell death.  

Previous studies in the Thatcher lab found that ALDH2-/- mice have enhanced susceptibility 

to mild TBI (mTBI), evidenced primarily by a sharp neuroinflammatory cytokine surge just 24 

hours post-neurotrauma. Intriguingly, increased spectrin breakdown products was also observed 

suggesting the hyperactivation of calpain-1. We found that a single injection of calpain-1 inhibitors 

administered in a post-treatment paradigm were able to mitigate the inflammatory cytokine surge. 

Moreover, we saw a reduction in spectrin breakdown products confirming the effects were 

specifically due to calpain-1 inhibition.  



	SUMMARY	(Continued)	

	 xix 

The focus of chapter 3 was to characterize the effects of calpain/cathepsin inhibitors on 

blood-brain barrier (BBB)-dysfunction and in particular, brain endothelial cell (BEC)-

dysfunction. This was driven by the results of Alicapistat, the first and only selective calpain-1 

inhibitor to complete Phase 1 clinical trials targeted at ADRD.11 Alicapistat was without dose-

limiting toxicities. However, while there was sufficient plasma bioavailability, the highest dose 

administered achieved maximal concentrations of < 20nM in the CSF. This is significantly less 

than the IC50 (56 nM for the active diastereomer). NYC-438 also has poor brain bioavailability 

which suggested that efficacy is imbued by interactions within the neurovascular unit and, more 

specifically, BECs.   

Primary BECs isolated from wild-type (WT) mice were susceptible to OS-based insults. 

Furthermore, BECs isolated from ALDH2-/- mice exhibited enhanced vulnerability to cell death 

and loss of tight junction proteins compared to WT BECs. These effects were mitigated by 

selective and nonselective calpain-1 inhibitors, but not cathepsin B inhibitors. Furthermore, we 

discovered that the “2-hit” mouse model of ALDH2-/- + mTBI exhibits significant BBB-

dysfunction, which was mitigated by a single treatment of calpain-1 inhibitors. This work 

establishes calpain inhibition as a potential prophylactic therapeutic strategy to protect the 

neurovascular unit. 



	

	

1 

 

CHAPTER 1: SMALL MOLECULE INHIBITORS OF CALPAIN-1 AND CATHEPSIN B 

  



	

	

2 

1.1  INTRODUCTION 

1.1.1 Aging and Neurodegeneration 

The connection between aging and neurodegeneration has been reported in the scientific realm 

as early as 1981, when sociocultural contributions were found to impact the prevalence of 

Alzheimer’s Disease and related dementias (ADRD).12 Aging is a normal physiological process of 

becoming older, and represents the culmination of all physiological changes during one’s lifetime.  

It is also associated with a progressive increase in susceptibility to disease and death, and, thus, is 

the greatest known risk factor for a majority of human diseases.13 However, as life expectancy 

increases, so does the societal burden of age-related diseases.  The world health organization 

(WHO) reported global life expectancy improved from 2000 to 2016 by 5.5 years, the largest 

increase since 1960s.  Concurrently, they reported a substantial increase in the incidence and 

mortality rates of age-related diseases worldwide. 

The meaning of the word “neurodegeneration” is assumed to be universally understood, 

but in practice is much more complex. Generally speaking, neurodegeneration is the age-

progressive atrophy and deterioration of neurons that leads to cognitive decline. Thus, it accounts 

for any pathological condition where the nervous system loses structural or functional integrity. 

However, clinically the term is much more refined; it represents a wide range of diseases where a 

particular subtype of neurons are affected. Neurodegenerative diseases (NDs) include Alzheimer’s 

Disease (AD), Huntington Disease, amyotrophic lateral sclerosis, Parkinson’s Disease, motor 

neuron disease, and multiple sclerosis. These diseases are heterogeneous and often hereditary in 

nature, with clinical presentations of difficulty in movement (ataxias) and/or deterioration of 

mental functioning (dementia).14 It is estimated that 25% of global death and disability are caused 

by NDs.15 Moreover, they account for over 34% of the universal burden of diseases.16    
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However, while there are a wide range of NDs, there exist common pathogenic and 

mechanistic features that are prevalent in all.17 These include abnormal accumulation and/or 

misfolding of proteins serving as the pathological hallmark,18 affected neurons exhibiting altered 

patterns of phosphorylation,17 early loss of synaptic function19 and neuronal cell death as a late. 

secondary event20. Moreover, in NDs, symptoms may slowly progress for years after the initial 

appearance of symptoms.21  NDs encompass a wide range of disorders, including age-related 

dementias, which was the focus of this research.  

1.1.2 Age-Related Dementia: Spotlight on Alzheimer’s Disease 

Age-related dementia is an umbrella term that describes a particular group of brain diseases 

with similar clinical symptoms. These symptoms include difficulty in communication, problem-

solving, memory, and other cognitive skills that impact an individual’s ability to perform everyday 

tasks.22 This class of diseases has been reported on for centuries; one of the earliest known 

incidence was in the 7th century when the Greek philosopher Pythagoras referenced the last 2 (of 

6) phases of lifespan incorporated severe mental and physical decay.23  

While age-related dementia is strongly associated with age, it is not a normal part of the 

aging process. Normal, “healthy” age-related decline mostly affects attention control and cognitive 

processing.24 These changes are subtle, and are primarily associated with quick-recall and 

measures of speed processing.25 Abnormal aging leading to age-related dementia encompasses 

accelerated neuronal dysfunction, neuronal loss and cognitive decline to the extent that common, 

everyday functional abilities are impaired.  

There are varying types of dementia, with the most prevalent being AD (TABLE I). 

Currently, reports estimate 5.8 million Americans aged 65 years and older are living with AD.26 

To put that in perspective, out of the total population, one in 10 Americans aged 65 years or older 

have AD. This number is expected to reach or exceed 13.8 million by 2050.27 This places a 
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substantial burden on not just the healthcare system, but family and friends alike. It is estimated 

that the healthcare system will spend $305 billion in 2020, while family and friends provide $244 

billion in unpaid care for dementia.27   
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TABLE I. TYPES OF DEMENTIA MODIFIED FROM THE ALZHEIMER’S 
ASSOCIATION 2020 FACTS AND FIGURES REPORT  

 

 

 

 

 

 

 

 

 

 

Age Related 
Dementia

Prevalence of 
dementia cases Distinguishing Pathology Clinical Presentation

Alzheimer's Disease 
(AD) 60 - 80% 

Accumulation of amyloid-beta (Aβ) 
outside neurons and tau tangles inside 
neurons, death of neurons and damage 

to brain tissue

Early: difficulty remembering 
conversations. Late: impaired 

communication, poor judgement

Cerebrovascular 
Disease (CVD) 5 - 10%

damaged blood vessels in brain and/or 
brain tissue injured from lack of blood, 

oxygen or nutrients. 

Impaired judgement or ability to make 
decisions, poor motor function

Lewy Body Disease 
(LBD) 5% abnormal aggregations of alpha-

synuclein in neurons. 
Early: sleep disturbances. Common 

symptoms to Alzheimer's

Fronto-temporal 
lobar degeneration 

(FTLD)
3%

Death of nerve cells and atrophy in 
frontal and temporal lobes, upper 
layers of cortex become soft and 
spongy, typically have abnormal 

protein inclusions (tau or TDP-43)

changes in personality, difficulty with 
producing/comprehending language

Parkinson's Disease 
(PD) Unclear. alpha-synuclein aggregates in the 

substantia niagra Problems with movement

Hippocampal 
sclerosis (HS)

Unclear. In the “oldest-
old" individuals 85 

years or older

hardening of tissue in hippocampus, 
often times accumulation of TDP-43 Memory loss

Mixed Pathologies 50% overlapping pathological features Overlapping Clinical Presentations
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The two traditional pathological hallmarks of AD are senile plaques and neurofibrillary 

tangles (NFTs). These were first identified and published by the German psychiatrist Alois 

Alzheimer in 1909 upon postmortem analysis of his 55-year old patient Auguste Deter.28 In this 

report, Dr. Alzheimer observed abnormal senile plaques and clumps of tangles localized in the 

cerebral cortex. Decades later, researchers identified the abnormal senile plaques containing a 

“cerebrovascular amyloid protein” that we know classify as  amyloid beta (Ab).29 These peptides 

are created when amyloid precursor protein (APP) is cleaved by b-secretase and g-secretase, with 

the most abundant plaques formed with Ab1-40 and Ab1-42. These plaques are dense, mostly 

insoluble and found localized around neurons. NFTs, on the other hand, are found accumulated 

inside the neurons themselves. Further research identified the NFTs as containing the tau protein 

that had been hyperphosphorylated.30 While both senile plaques and NFTs are present in normal 

aging, they are dramatically increased in AD patients brains, particularly in brain regions 

associated with cognition and memory. 31  

1.1.3 Alzheimer’s Disease and Related Dementia (ADRD) are Multifaceted, Non-linear Diseases 

Multiple clinical-pathological studies have exposed the varying susceptibilities between 

individuals in response to cognitive decline, which has led to the emerging ideas of brain and 

cognitive resilience.32-36 One study in particular included 10 cognitively-healthy elderly women 

who, upon autopsy, were found to have Alzheimer’s pathology.34  It was proposed that their extra 

reserve, by way of larger brains sizes and higher neuronal content, protected them from developing 

the cognitive decline associated with Alzheimer’s pathology. This “reserve” acts as an 

intermediary between underlying disease pathology and clinical outcome, and was further 

classified into two categories: brain reserve and cognitive reserve.  

 Brain reserve is a quantifiable measurement typically referring to brain size, neuronal 

count, or synapses,37 and is supported by studies that found a correlation between larger brain sizes 
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and decreased incidence of dementia.34, 38 However, cognitive reserve is un-quantifiable and refers 

to compensatory mechanisms, and the efficiency of brain reserve.37 More specifically, brain 

function rather than brain size is the independent variable. Multiple effects (physical, 

developmental, environmental, etc.) can impact one’s cognitive reserve and heighten their 

vulnerability towards disease.39, 40 

Adding to the complexity, the Bennett group from Rush University recently published the 

results of two longitudinal clinical-pathological studies (the Religious Orders study and the Rush 

Memory and Aging Project (ROS-RMAP)). These studies were community-based studies of aging 

that included both clinical assessments and postmortem examinations.41  In these studies, they 

found that only 41% of the variation in cognitive decline could be accounted by the pathological 

indices of AD, CVD and LBD (Figure 1).42 Thus, ~60% of remaining cognitive decline was 

completely unaccounted for by pathology. While pathological indices remain critical determinants 

of cognitive decline, there is an urgent need to identify mechanisms leading to cognitive decline 

that are independent of pathology. 
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Figure 1. Variation in cognitive decline accounted for by pathological indices from the ROS 
and RAMP studies  
Modified from Boyle, P et al, Ann Neurol, 2013, 73(3). Results from two longitudinal clinical-
pathologic studies found only 41% of the cognitive decline in age related dementia could be 
explained by the pathological indices of AD, CVD and LBD.  
 
 
 
 
 
 
 
 
 

Furthermore, multiple types of dementia can exist in the same person, a condition referred 

to as “mixed-dementia” (TABLE I).43 In fact, the ROS-RMAP studies found the majority of 

dementia in old age was accounted by mixed pathologies, with AD and cerebral infarcts the most 

common, followed by AD and Lewy bodies, then all three.41  This is consistent with numerous 

other clinical-pathologic studies, and indicates that ADRD can result from the additive and 

collaborative efforts imposed by numerous pathologies.44-48 Therefore, ADRD is a highly 

complex, multifaceted range of diseases.  

Total variance
explained: 41%

Alzheimer’s Diseases
Cerebrovascular Diseases

Lewy Body Diseases

Residual Cognitive 
Decline: 59%

What else contributes to
cognitive decline?
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1.1.4 AD Drug Discovery Failures: Are we Focusing on the Wrong Thing? 

Currently, there exist only five US Food and Drug Administration (FDA)-approved therapies 

for AD; however, these only provide temporary symptomatic relief. Of the five, three are 

acetylcholinesterase (AChE) inhibitors (rivastigmine, galantamine, and donepezil), one is an N-

methyl-D-aspartate receptor (NMDAR)-antagonist (memantine), and the last is a combination of 

two (donepezil and memantine).  

The AChE inhibitors are based off the finding that in AD brains, there was a selective 

deterioration of cholinergic neurons in the forebrain, accompanied by decreased choline 

acetyltransferase and AChE.49, 50 Thus, AChE inhibitors gained traction in large pharmaceutical 

companies with the development and approval of tacrine, donepezil, rivastigmine and galantamine 

in 1993, 1996, 2000 and 2001 respectively.51  Tacrine was discontinued for use in 2013 after 

reports indicated severe hepatotoxicity side effects. All of these therapeutics were tested for 

efficacy in delaying disease progression in patients with mild cognitive impairment (MCI), 

however none showed efficacy.52-54 Regardless, they are approved for the treatment of mild to 

moderate AD.  

NMDAR-antagonists were developed from the hypothesis that glutamate overstimulation 

induces excitotoxicity which drives neuronal death.55 It is proposed that glutamate stimulates 

NMDARs, which are heavily intertwined with learning and memory, and are severely 

compromised in AD.56  Memantine, an NMDAR-antagonist, was developed and approved in 2003 

for treatment of moderate to severe AD. Furthermore, the combinatory treatment of memantine 

and donepezil provided synergistic benefits, and as such the FDA approved the combination 

therapy in 2008. 57 
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 However, since 2003, there have been no new FDA-approvals for AD therapeutics. This 

was not for lack of clinical trials performed; A report from 2014 determined there were 124 Phase 

I trials, 206 Phase II trials, and 83 Phase III trials conducted between 2002 – 2012. Of all these 

trials, only one advanced to the clinic (memantine), thus giving an overall success rate of 0.4% 

(99.6% failure).58  This clearly demonstrates the difficulty in developing effective and safe ADRD 

therapeutics, and explains why multiple media reports refer to AD therapeutics as the “holy grail” 

of drug discovery for large pharmaceutical companies.59-61  

Drug discovery for AD has been primarily driven by the amyloid hypothesis, which 

implicates amyloid plaques as the underlying contributor to disease progression. 62 This is 

supported by the realization that genetic-based (familial) AD cases, which only account for a small 

percentage of the total incidence, involve mutations of the APP gene or the genes encoding 

presenilin 1 and 2, the subunits of g-secretase.63, 64 Thus, an overwhelming majority of potential 

disease-modifying treatments that advanced to clinical trials were directed towards inhibiting Ab, 

including inhibitors of g-secretase, b-secretase, Ab aggregation and anti-amyloid monoclonal 

antibodies.65, 66 Conversely, others hypothesize that tau is the primary contributor driving disease 

progression, which has led to an influx of clinical trials with tau-targeting therapies.67 Over the 

past few years, several tau-directed therapies have entered clinical trials but, as of yet, none have 

succeeded.68 In fact, the vast majority of scientific efforts for drug discovery was directed towards 

the pathological indices of AD, cerebrovascular disease (CVD) and Lewy body disease (LBD), the 

three most common forms of age-related dementia. However, as ADRD as a highly heterogeneous 

disease, there exists an urgent need for novel targets that are independent of pathological 

hallmarks.  
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1.1.5 Calpain-1 as a Therapeutic Target  

Proteases are key intracellular regulators that have extensively been looked at as targets for 

drug development in a wide array of disease states.69  These proteins represent 1-4% of all genes 

per genome sequenced to date and are ubiquitously expressed across different life forms. Proteases 

play a fundamental role in many biological pathways through proteolysis, the mechanism whereby 

proteins are cleaved into smaller fragments. They can be classified into seven groups dependent 

on catalytic residue and mechanism: serine (Ser), cysteine (Cys), threonine (Thr), aspartic acid 

(Asp), glutamic acid (Glu), metalloproteases (Zn) and asparagine peptide lyases. In humans, there 

are more than 670 proteases, of which 33% are metalloproteases, 31% are serine proteases, 25% 

are cysteine proteases, and 4% are aspartic proteases. 69 

This research focuses on cysteine proteases as therapeutic targets. Cysteine proteases 

operate via a catalytic triad of histidine and asparagine with a deprotonated cysteine. Briefly, 

aspartate orients the imidazole ring of histidine, allowing it to deprotonate cysteine. This cysteine 

then aims a nucleophilic attack on the carbonyl carbon on the backbone of the peptide substrate, 

forming an acyl-enzyme intermediate. Subsequently, the N-terminal fragment leaves and is 

stabilized by the nearby protonated histidine. Water molecules then attack the carbonyl, and the 

carboxy terminal fragment of the peptide is released from the cysteine. In humans, the two most 

important cysteine proteases are the cytoplasmic calpains and the lysosomal cathepsins.  
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Scheme 1. Mechanism of proteolytic cleavage by cysteine proteases  
Cysteine proteases operate via a catalytic triad. For calpain-1, it consists of Cys105, His262 and 
Asn286. Asn orients His to attack and deprotonate Cys. This prompts Cys to attack the carbonyl 
atom of the peptide substrate forming an intermediate. Then the N-terminal fragment leaves and 
is stabilized by His.  Water molecules target the carbonyl, provoking the C-terminal fragment to 
be released from Cys.  
 
 
 
 
 
 
 
 
 
 
 
 
 



	

	

13 

Calpains, short for calcium-dependent papain-like cysteine proteases, are calcium-

dependent, non-lysosomal cysteine proteases.70 These enzymes were first discovered in 1964 in 

humans before being isolated and characterized from human muscle.71 As its name suggests, 

calpains are some of the very few proteases and/or proteolytic complexes that are directly activated 

by calcium (Ca2+).  In fact, they were previously referred to as Ca2+-dependent neural proteases 

prior to the discovery of a wide array of other proteases.72, 73  

Calpains are ubiquitous proteases in eukaryotes, but exist in some bacteria, few fungi, and 

no archaea.74 The human genome contains 15 calpain genes, from CAPN1 – CAPN16 (excluding 

CAPN4), which compose an overall superfamily of over 50 different molecular species.75 

Mutations in any one of these human genes are associated with severe disorders or death which 

are known as calpainopathies. For example, global CAPN1-/- results in spastic paraplegia,76, 77 

platelet dysfunction, 59 and spinocerebellar ataxia.78  

An enzyme’s clan denotes homology of the three-dimensional structure and the catalytic 

site (arrangement of residues and amino acid sequences). Calpains belong to the C02 family of 

protease clan CA. This family shares common structures with the dyad reactive histidine and 

cysteine resides at defined positions in the catalytic site. Furthermore, an enzyme’s family is 

determined by statistical significance of the relationship in amino acid sequence to a representative 

member type. Membership in the C02 family distinguishes these proteases from the papain family 

(C1), and labels them as having a well-conserved cysteine protease domain called the CysPc 

motif.79, 80   

 Calpain-1 and calpain-2, the conventional calpains, are the most widely-studied and 

ubiquitous across the human body, as they exist in all cell types.81 The variants are distinguished 

by the concentration of calcium required for activation; calpain-1 requires µM concentrations, 

while calpain-2 requires mM concentrations. Thus, they are often referred to as µ-calpain and m-
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calpain, respectively. The isoforms are heterodimers, with a small similar subunit (26kDa, 

CAPNS1), and distinct large subunit (~80kDa); thus, they share 55-65% homology. The large 

subunit contains 4 domains, one of which is the CysPc domain with two protease core (PC) 

domains. When inactive, the Cys-105 is physically too far from His-262 and Asp-286 to become 

catalytically active. However, upon Ca2+ binding, calpain undergoes a conformational change 

moving the catalytic triad closer together to become active.82 While intracellular Ca2+ levels 

indirectly activate calpain activity, calpastatin, an endogenous inhibitor, directly regulates their 

activity. Calpastatin only operates on calpains that have been activated via autocatalysis through 

Ca2+.83  

Calpain-1 (CAPN1) has long been studied as a therapeutic target for neurodegeneration.  It 

mediates the proteolysis of many substrates involved in a wide variety of signaling events, 

including cell adhesion and mobility, cell cycle progression, cytoskeletal remodeling, 

transcriptional regulation and long-term potentiation (LTP) induction.84 Regulated by calpastatin, 

calpain-1 is activated by 2-800µM cytosolic calcium levels. 85 Calpain-1’s cleavage of substrates 

is modulatory, meaning it regulates as opposed to abolishes proteolytic activity. In fact, the partial 

truncation (non-digestion) of substrates by calpain-1 is considered a form of post-translational 

modification.86 Over 200 known substrates of calpain-1 have been reported, but the actual number 

may exceed over 1000.87  

The hyper-activation of calpain-1 is heavily intertwined with the calcium hypothesis of AD 

and brain aging.88 This hypothesis asserts that dysregulation of intracellular Ca2+ underlies neural 

dysfunction of AD and other chronic age-related brain disorders. This can be in the presence or 

absence of Aβ pathology; soluble Aβ42 can potentiate NMDARs thus triggering excessive Ca2+ 

influx, yet in the absence of Aβ reports have found dysregulated endoplasmic Ca2+ homeostasis in 
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AD and aging.89, 90  Calpain-1 is activated by Ca2+, and thus this hypothesis could contribute to the 

proteases’ overactivation.  

 

 

 

 

Figure 2. Pathologic states associated with calpain-1 hypo- or hyper-activation.  
Proper calpain-1 homeostasis is vital for normal neurological function. Hypo- and hyper-activated 
calpain-1 are both linked to neurological disorders.  
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Reports of postmortem brains have shown that calpain-1 is abnormally activated in the AD 

brain, with calpastatin levels significantly increased.91 Thus, for decades calpain-1 has been 

proposed as a target for AD therapeutics.92 Proper calpain-1 homeostasis and regulation is essential 

for healthy neurological function (Figure 2): global homozygous or heterozygous human CAPN1 

mutations result in spastic paraplegia,76, 77 platelet dysfunction, 59 and spinocerebellar ataxia.78, 93 

while hyper-activation of calpain-1 is implicated in the early pathogenesis of AD, TBI, and 

ischemic stroke. 4  

Alterations in calpain-1 regulation occur relatively early in AD; increases in calpain-1 

activity, compared to age-matched controls, were increased in Braak stage III and beyond.94 91 

This staging is a method to describe the pathological progression of the disease on postmortem 

brains; Braak stage III indicates early-moderate AD pathology, with neurofibrillary tangles in the 

entorhinal and transentorhinal layer and amyloid is in the majority of isocortical areas.95 In fact, 

one report found the calpain-1 difference to be as high as 7-fold in AD to age-matched controlled 

brains.96 Moreover levels of calpastatin, itself a known substrate, were significantly increased.91, 

96  In addition, reports indicate an elevation of cleaved substrates in the postmortem brain.97 Many 

of these calpain-1 substrates have physiological roles in synaptic plasticity as well as 

neurodegeneration ( 

TABLE II), and may be directly involved with the classical neuropathological hallmarks 

of AD: amyloid plaques, soluble oligomers of amyloid-β, neurofibrillary tangles, and aggregates 

of hyper-phosphorylated tau.98  
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TABLE II. CALPAIN SUBSTRATES INVOLVED IN SYNAPTIC PLASTICITY AND/OR 
NEURODEGENERATION 

 

 

 

 

 

 

 

 

 

 

Protein Synaptic 
Plasticity 

Neurodegeneration 

Calcium/calmodulin-dependent 
protein kinase II (CaMKII) 

Associated with 
LTP induction Tau kinase99 

Glycogen synthase kinase 3 beta 
(GSK-3 β) 

 Increases tau phosphorylation100 

Microtubule-associated protein 
2 (MAP-2) 

Associated with 
LTP Induction101 

 

p35-p25 
(cyclin dependent kinase 5 

(cdk5) regulator) 

Associated with 
LTP induction98 

Increases tau phosphorylation, 
disrupts neuronal cytoskeleton 

Ras homolog family member A 
(RhoA) Required for LTP Inhibits integrin-induced stress 

fiber assembly and cell spreading98 

Spectrin Remodels 
neuronal structure Disrupts neuronal structure 
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Studies quantifying protein levels in postmortem AD brain tissues suggest that an increase 

in amyloid levels may precede or be concomitant to calpain-1 over-activation, which precedes 

global elevations in tau phosphorylation and the loss of post-synaptic markers.94 This is not 

surprising as calpain-1-mediated proteolysis has been implicated in APP cleavage and thus 

regulates Aβ production.97 An abnormal Aβ production alone can hyper-sensitize NMDARs, 

leading to a surge in cytosolic calcium levels, thereby hyper-activating endogenous calpain-1. This 

leads to unregulated proteolysis of key tau kinases, GSK-3 and Cdk5  both of which promote tau 

hyper-phosphorylation and the appearance of neurofibrillary tangles.100, 102 Furthermore, other 

calpain-1 substrates (CamKII, MAP-2, GSK-3β) are intrinsically linked with long term 

potentiation (LTP) induction. Unregulated cleavage of these substrates leads to decreased 

phosphorylated cAMP response element-binding protein (CREB, an activated transcription factor) 

and impairment of LTP. Overall these reports suggest that over-activation of calpain-1 has multiple 

contributing roles to AD pathology and is an important early step in disease progression. 

Additionally, these findings support ongoing pre-clinical and clinical studies focusing on calpain-

1 inhibitors and provide a rationale to investigate novel treatment strategies that prevent or block 

aberrant activity.  

1.1.6 Calpain-Cathepsin Hypothesis  

Uncontrolled calpain-1 activity is hypothesized to lead to apoptosis and neuronal loss via 

release of a second cysteine protease, cathepsin B, a theory known as the ‘Calpain-Cathepsin 

hypothesis’ (CCH, Figure 3).2 First identified in 1998 and supported by experimental observations 

in the ischemic monkey paradigm, this hypothesis postulates that calpain-1 over-activation 

ruptures lysosomes, leading to the outflow of cathepsins, one of which is cathepsin B.2 

While the exact mechanism of lysosomal rupture is unknown, Yamashima et al. have 

suggested that the rupture of lysosomes may be associated with oxidative stress (the concept of 
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which is discussed more extensively in Chapter 2).3 They theorize that the lysosomal membrane-

associated substrate of calpain is heat shock protein 70.1 (Hsp70.1) after  ‘priming’ by 4-hydroxy-

2-nonenal (HNE). More specifically, they theorize  HNE primes Hsp70.1 by carbonylating Arg-

369 which increases its cleavage efficiency by calpain-1.2, 103, 104 The cleavage of Hsp70.1 causes 

disrupted Hsp70.1 binding to bis(monoacylglycerol) phosphate (BMP), a major lysosomal 

stabilizing complex. 105 This causes lysosomal destabilization and/or rupture seen in multiple 

neurodegenerative disease states including AD and ischemia injury.   
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Figure 3 Calpain-cathepsin hypothesis 
Schematic representing the calpain-cathepsin hypothesis. Briefly, increased intracellular calcium 
levels cause hyperactivated calpain-1 levels, which indirectly permeabilize the lysosome. This 
triggers the release of cathepsin B which further cleaves the lysosomal membrane and attacks the 
mitochondria releasing apoptotic factors leading to neuronal cell death. 
 

 
 
 
 
 
The cathepsins released from the lysosome simultaneously attack it’s membrane and 

damage mitochondria, releasing pro-apoptotic factors including cytochrome c, caspase-9 and 

caspase-3.106, 107  In contrast to normal physiology, where localization is restricted to the 

lysosomes, cathepsin B immunoreactivity was found in neuronal perikarya in post-mortem AD 

brains. 108 Cathepsin B (and Cathepsin D) were found in senile plaques and reactive astrocytes 
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demonstrating the distribution of lysosomal proteases is altered in AD brains and suggesting its 

pathological importance in AD. 

1.1.7 Cathepsin B as a Therapeutic Target 

Cathepsin B is a lysosomal cysteine protease belonging to the CA clan and C1A family of 

proteases. “Cathepsin” is derived from the Greek kathepsin meaning to digest. This name was 

given to all proteases active at acidic pH.109 However, upon further characterization proteases of 

the cathepsin family were found to have different catalytic types (serine: cathepsin A and G; 

aspartic: cathepsin D and E and cysteine: B, C, F, H, K, L, O, S, V, X and W).110 The majority are 

expressed ubiquitously across human tissue, with overexpression reported in a wide array of 

diseases including multiple forms of cancer111-114 As they are localized in the lysosome, cysteine 

cathepsins have optimal activity at slightly acidic pH, and the majority are unstable at neutral pH, 

with cathepsins B, S, and D the exceptions.  

Cathepsin B was originally identified in beef tissue and is currently the most well-studied 

cathepsin.5 Cathepsins are created as zymogens (inactive precursors); intriguingly cathepsin B is 

activated by both autocatalysis in acidic environments and by other proteases, including cathepsin 

D.115  Several endogenous inhibitors exist to regulate cathepsin B activity, with cystatin C the most 

recognized and potent of the group. Cathepsin B’s normal physiological roles include 

phagocytosis, autophagy, and angiogenesis.5 However recent reports have found an increase in the 

levels of cathepsins B and S in human cerebrospinal fluid (CSF) during normal aging. Several 

groups propose this increase could be due to lysosomal compensatory mechanisms in response to 

the increase in misfolded and aggregated proteins that occur with age-related disorders.116, 117 

 Cathepsin B has long been investigated as a therapeutic target for neurodegenerative 

diseases. In TBI animal models and trauma patients, cathepsin B is found upregulated.118, 119 

Furthermore, Bordi et al. reported a significant upregulation of both cathepsin B and D in the 
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hippocampus of AD postmortem patients; they further classified the upregulation of cathepsin B 

and D to Braak stage III and V, respectively, incriminating cathepsin B as earlier in the disease 

pathogenesis.120 Moreover, many reports on neuronal endosomes and lysosomes have implicated 

the cathepsin system in activation of downstream caspases and initiation of cell death during aging 

and other pathological states, and have specifically implicated cathepsin B.121  

While the role of cathepsin B in neurodegeneration is clear, the exact mechanism of 

cathepsin B is still in debate. It has been reported that at low pH (such as in the lysosome and 

endosomes during normal conditions), to have exopeptidase activity regulating the turnover of 

proteins.122  This activity could be neuroprotective, as in mouse models of AD, where cathepsin B 

was reported to degrade Aβ in endosomes, where the internalization and processing of APP occurs. 

123 This observation was supported by a knockout experiment of cystatin C expression.124 

However, the cystatin C-cathepsin B axis is highly stringent, in that reports suggest that cystatin 

C overexpression actually leads to lowered Aβ.125 At higher pH, such as when released into the 

cytosol in pathological conditions, an occluding loop is opened imbuing cathepsin B with 

endopeptidase activity. 122 Studies suggest that cathepsin B is involved in IL-1β role maturation 

by activated microglia, enhancing neuroinflammation in AD.126 Thus the role of cathepsin B in 

neurodegeneration may be multifaceted. 

1.1.8 Efficacy of Calpain-1 and Cathepsin B Inhibitors in Neurodegeneration 

Calpain-1 and cathepsin B have independently and concurrently been investigated as 

therapeutic targets for decades in numerous models of neurodegeneration. The Arancio group 

treated APP/PS1 transgenic mice with non-selective calpain-1 inhibitors BDA-410 and E64.127 

Following treatment, synaptic transmission and behavior were similarly re-established to wild-

type (WT) levels. Additionally, the LaFerla group used their 3xTgAD mouse model to study a 

nonselective calpain-1 inhibitor (A-705253) that displayed reversal of cognitive deficits in the 
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Morris water maze, and reduced tau phosphorylation and Cdk5 activation (through p35 to p25 

cleavage).8 In a cerebral ischemia rat model, the Zhang group observed neuroprotection (reduction 

in cerebral infarct volume) after treatment with E64d.128  Varying reports suggest cathepsin B 

inhibition lowers Ab levels and improves memory deficits in AD models using gene knockout, 

chemical inhibition, and RNA silencing in cellular and animal models.129 CTSB-/- mice were 

reported to show reduced TBI-induced deficits in behavior and biomarkers, showing that a simple 

restoration of aberrant activation of cathepsin B is able to reverse TBI-associated deficits.5  

Intriguingly, NYC-438, a potent and irreversible inhibitor of calpain-1 and cathepsin B, 

reversed cognitive deficits and restored long-term potentiation in the APP/PS1 familial 

Alzheimer’s disease (fAD) mouse model; however, efficacy was independent of effects on Aβ 

neuropathology.10, 130 This links calpain/cathepsin inhibition to mechanisms of cognitive reserve, 

and further endorses research into the therapeutic potential of protease inhibitors.  

While several in vitro and in vivo studies support the neuroprotective role of calpain and 

cathepsin inhibition, these studies used both selective and nonselective calpain-1 inhibitors leading 

to ambiguity in interpretation.8-10, 127, 128, 131 Furthermore, nonselective calpain inhibitors generally 

inhibit cysteine proteases beyond calpain-1 and cathepsin B, some of which, such as multiple 

caspase isoforms, have been independently proposed as therapeutic targets for neurodegeneration 

and ADRD.132-134 

1.1.9 Clinical Efficacy of Proteases 

With the assumption that the widespread inhibition of nonselective inhibitors would 

generate side-effects, the pharmaceutical industry narrowed their focus on developing highly 

selective inhibitors. Recently, the first clinical trial for a selective calpain-1 inhibitor was 

completed by AbbVie with the orally active inhibitor Alicapistat (ABT-957).11, 135  This compound 

was developed as a calpain-1 and -2 inhibitor with high selectivity against cathepsins B, K, L and 
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S, and displayed promising results in preclinical studies. Unfortunately, the study was 

terminated.136 Regardless, Alicapistat demonstrated a good safety profile; AbbVie reported no 

concerning safety signals, similar treatment-emergent adverse effects (TEAEs) between placebo 

and alicapistat study groups, and no incidence of deaths or serious TEAEs related to Alicapistat.  

A variety of selective or nonselective inhibitors of calpain-1 have previously been 

developed for therapeutic applications other than neurodegeneration. E64d (also known as 

rexostatine, loxistatin, aloxistatin, EST and Estate) entered clinical trials for Duchenne muscular 

dystrophy.137 The compound completed Phase III clinical trials before being discontinued, as the 

therapeutic benefits did not reach the target endpoint. Olesoxime (TRO19622), a cholesterol 

derivative with neuroprotective efficacy, completed phase II clinical trials for spinal muscular 

atrophy (SMA) supported by Hoffmann-La Roche, and amyotrophic lateral sclerosis (ALS) 

supported by Trophos (later acquired by Hoffmann-La Roche).81 However, development was 

halted for both indications after disappointing clinical trial results. This compound was later found 

to suppress the effects of calpain.138  

Small molecule protease inhibitors have established clinical efficacy, with inhibitors 

approve for HIV infection139, multiple myeloma cancer140, and hypertension141 among others; 

some have even reached FDA-approval (TABLE III). Thus, with Alicapistat displaying a good 

safety profile and recognized clinical efficacy of protease inhibitors, development of cysteine 

protease inhibitors for ADRD remains a validated, and promising therapeutic avenue.  
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TABLE III. FDA-APPROVED PROTEASE INHIBITORS 
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Targeting calpain-1 and cathepsin B is clearly beneficial in some diseases. However, the 

effect of chronic inhibition must be carefully considered. As mentioned previously, CAPN1-/- can 

cause spastic paraplegia, spinocerebellar ataxia (SCA) and platelet dysfunction.81 Moreover 

calpain-1 inhibitors have shown detrimental effects on the immune system,142 uterine 

implantation,143 cancer suppression144, 145 and cardiomyocytes.125 Furthermore, mutations in CTSB 

have been linked to tropical pancreatitis, a form of chronic pancreatitis. 146 Thus, preclinical 

research into effects of inhibition is imperative to develop into clinical success for 

neurodegenerative diseases.  

Serendipitously we discovered a family of cathepsin K inhibitors.147 Cathepsin K is highly 

expressed in osteoclasts and able to cleave type I collagen, particularly in the acidic pH conditions 

required to dissolve bone calcium hydroxyapatite.148 Human deficiencies in cathepsin K are linked 

to bone disorders like osteopetrosis and pycnodysostosis.149, 150 In the study, Dauth et al. found 

learning and memory deficits in CTSK-/- mice. Furthermore, they observed significant reductions 

in cathepsin B and L in the cortex and striatum, along with increased cystatin C levels, the 

endogenous inhibitor, in the striatum and hippocampus. This is the first study that linked cathepsin 

K with learning and memory mechanisms. Thus, we pursued the development of selective 

cathepsin K inhibitors in tandem to better understand the role cathepsin K plays in the CNS.  

Recently, Merck and Co sponsored the first selective cathepsin K inhibitor to enter phase 

III clinical trials.151 Odanacatib is a highly selective reversible peptidomimetic. Unfortunately, the 

results demonstrated administration of Odanacatib increased the risk of cardiovascular events and 

stroke. 152 Thus, Merck and Co dropped all further development of Odanacatib.  

1.1.10 Objectives 

Literature does not provide clarity on a superior targeting strategy, as many reports 

ambiguously utilizes both selective and nonselective inhibitors. We theorized nonselective 
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irreversible targeting would offer superior benefits, as inhibiting both calpain-1 and cathepsin B 

afford efficacy in in vivo and in vitro models. This hypothesis is contradictory to traditional 

medicinal chemistry, which favors a selective, reversible inhibitor to potentially mitigate off-target 

effects. The objective of this chapter was to identify a library of inhibitors to further characterize 

selective vs. nonselective inhibitors and determine a therapeutic targeting approach.  

 

Specific chapter objectives:  

1. Develop kinetic assays for calpain-1, cathepsin B, cathepsin K and papain activity 

2. Acquire a tool-kit of inhibitors with varying inhibitory profiles 

3. Characterize small molecule inhibitors for potency, reversibility and selectivity  

4. Develop a model to test in vitro specific inhibitor efficacy for calpain-1 inhibitors 

 

1.2  METHODS 

1.2.1 Enzyme Assays 

Full length human Calpain-1 (210 nM, Sigma) or Papain (Carica papaya, 236 nM, Sigma,) 

was added to a buffer solution of 100 mM NaCl, 50 mM HEPES, pH 7.6, 1 mM TCEP, and 

compound, then incubated at 30°C for 10 min prior to the addition of Suc-LLVY-AMC substrate 

(30 μM, Enzo Life Sciences). Calpain-1 reactions also contained 1 mM CaCl2. Recombinant 

human Cathepsin B (10 μM, R&D Systems) was added to a buffer solution of 25 mM MES, 5 mM 

DTT, pH 5.0 and incubated at room temperature for 15 minutes. The activated cathepsin B (11 

nM) was diluted with 25 mM MES, pH 5.0, and inhibitor, then incubated at 30°C for 10 min prior 

to the addition of Z-LR-AMC substrate (10 μM, R&D Systems). Recombinant human cathepsin 

K (269 pM, Enzo Life Sciences) was added to a solution of 50 mM CH3COONa, 2.5 mM EDTA, 

1 mM DTT, 0.01% Triton X-100, pH 5.5 and inhibitor, then incubated at 30°C for 10 min prior to 
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the addition of Z-FR-AMC (10 μM).  Papain reactions were carried out in microtiter 96-well plates 

while the cathepsin B, cathepsin K, and calpain-1 reactions were conducted in Corning 384-well 

low volume plates.  All reactions were performed at 30°C and relative fluorescence was monitored 

over time (excitation and emission of 346 and 444 nm, respectively) on a synergy hybrid H4. The 

initial rate of all reactions were normalized to the initial rate of each enzyme with no inhibitor 

present and the data was represented as percent enzyme activity with standard deviation (SD). 

Compounds were dissolved in DMSO, and kept below 2% in all experiments. All compounds were 

screened at 1 and 10µM to determine its enzymatic profile for each protein. If a compound showed 

activity <50% at 1µM, more detailed dose-response curves were performed. IC50 curves were 

determined by varying the concentration of the inhibitor and plotting the percent enzyme activity 

on Prism 7.0 and compiling non-linear fit regression curves. Reversibility was determined in a 

dilution assay with a 1:20 fold dilution. Directly following the 10-minute incubation period, and 

prior to fluorescent reading, 1:20 of the compound-protease complex was diluted in substrate. The 

non-diluted and diluted reactions were monitored simultaneously. Reactions with similar activity 

were classified as irreversible, while reactions with increased protease activity, as compared to the 

undiluted control, were classified as reversible. 

1.2.2 Cell Culture 

Human neuroblastoma SH-SY5Y cells (ATTC CRL-2266) and Mouse hippocampal HT22 

cells (Kind gift from Dr. Dargusch, Salk Institute) were cultured in DMEM/F12 and DME, 

respectively, and supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 

37°C in a humidified atmosphere of 5% CO2. For cytotoxicity studies, cells were seeded at 2 x 104 

cells per well in a 96-well plate in low serum media (1% fetal bovine serum). After overnight 

incubation, cells were administered with varying concentrations of compounds for defined periods 

of time. Cell viability was determined by MTS using CellTilter 96® Aqueous One Solution Cell 
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Proliferation Assay or MTT (Methylthiazolyldiphenyl-tetrazolium bromide, Millipore Sigma) and 

LDH release using CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega) according to the 

manufacturer’s instructions. Untreated cells served as a negative control as DMSO concentrations 

were below 0.5%. The experiments were performed in triplicate.  

1.2.3 Immunoblots 

Cells were cultured up to 90% confluence in 6-well plates and treated with varying 

concentrations of compounds for defined periods of time. At termination of treatment, cells were 

washed twice with ice-cold PBS and protein was extracted by adding ice-cold RIPA buffer (Sigma) 

supplemented with protease and phosphatase inhibitors (Calbiochem). Cells were scraped and the 

cell lysate was centrifuged at 10,000 x rpm for 10 min at 4°C. Protein concentration was 

determined using the Pierce BCA-200 Protein Assay Kit (ThermoFisher). Lysates were stored at 

-20°C before use. Equal amounts of protein were prepared with 6X loading buffer (0.375 M Tris 

(pH=6.8), 12% SDS, 60% glycerol, 0.6 M DTT, 0.06% bromophenol blue)), heated at 95°C for 5 

minutes, cooled to RT before loading onto NuPage 4-12% Bis-Tris Protein Gels.  

1.2.4 Oxygen Glucose Deprivation 

SH-SY5Y cells are plated in a 96-well plate at 4 x 104 cells per well and cultured overnight. 

To trigger ‘ischemia’, cell media is replaced with glucose-free media and incubated in a hypoxic 

chamber (95% N2, 5% CO2, <0.5% O2). At OGD termination, cells are reperfused and replenished 

with glucose-containing media (Figure 25). Compound concentration is kept consistent throughout 

media changes. Cell viability is monitored after 24 hours of ‘reperfusion’, quantified by MTS and 

confirmed via LDH release (Promega, according to manufacturer’s instructions). In every 

experiment, sulforaphane, is used as a control. HT22 cells are plated at 5 x 105 density. 
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1.3  RESULTS AND DISCUSSION 

1.3.1 Development of Enzyme Screens 

Four enzymatic assays for cathepsin B, cathepsin K, calpain-1 and papain were utilized in 

our studies. The pH of the respective buffers varies dependent on the pHmax of each protease 

(calpain-1 and papain at 7.6, cathepsin B at 5, cathepsin K at 5.5). These values are indicative of 

the physiological location of each protease (cytosol or lysosome). The compounds were screened 

at 1 and 10µM to determine an enzyme profile for each protease. Briefly, the screen was initiated 

by incubating the inhibitors with the human recombinant enzyme for 10 minutes at 30°C prior to 

addition of the AMC substrate. Cathepsin B has an additional pre-initiation step, where buffer 

containing 1,4-Dithiothreitol (DTT) was added to pro-cathepsin B to cleave the 62 kDa region 

thereby inducing primed cathepsin B. Furthermore, the calpain-1 buffer contained 1mM Ca2+ to 

activate calpain-1. Cleavage of the substrate to form a fluorescent product was monitored on a 

Synergy Hybrid Plate Reader (H4 or neo2, Figure 4) over 10 minutes. A decrease in fluorescent 

cleavage compared to the positive control suggests inhibition activity.  
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Figure 4. Schematic representation of the enzymatic assay.  
Enzyme assays are conducted in a 384-well (calpain-1, cathepsin K, cathepsin B) or a 96-well 
(papain) plate. Briefly, the compound of interest is incubated with the human recombinant protein 
prior to addition of an AMC-linked substrate. The mixture is then monitored over a defined time 
on a fluorescent plate reader. Increased fluorescence over time indicates the enzyme has cleaved 
the AMC-linked substrate while the absence of fluorescence indicates the proteolytic cysteine on 
the enzyme is immobilized and bound to the compound of interest. 
 
 
 
 
 
 
 
 
 
 The cathepsin K assay originally utilized a kit; however, this was modified and adapted to 

be run in-house. The previous protocol called for a 30 minute incubation period with enzyme and 

inhibitor. Adjusting this period to 10 minutes had no effect on the enzyme activity alone or with 

compound (Figure 5). Thus, we proceeded by using a 10 minute incubation for every cathepsin K 

assay. The compounds used will be discussed later in this chapter.  
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Figure 5. Optimization of the cathepsin K assay 
Quantitative analysis of cathepsin K enzyme activity (%) following 10 or 30 minutes of 
preincubation with various inhibitors determined by AMC cleavage. Data represents mean ± SEM 
of at least n=6 in three separate experiments. 
 

 

 

As the CCH indicates cathepsin B localized outside the lysosome exudes neurotoxic 

activity, we questioned whether our assay accounted for pH above 5. Using CA-074 as a control,we 

found that changing the pH to cytosolic concentrations (6.9) abolished all cathepsin B activity 

(Figure 6). Using a wider range of buffer pH values, we observed ~25% maximal cathepsin B 

activity at pH 5.5, and completely abolished all activity at pH ranges 6-7.5 (Figure 6). 

As extra-lysosomal activity imbues cathepsin B with endopeptidase activity, we wondered 

if changing the fluorogenic amino-4-methylcoumarin (AMC) substrate to another substrate 

(LLVY, utilized for calpain-1 and papain assays) would demonstrate cathepsin B activity. 

However, there was still no activity at any pH value with the LLVY-AMC substrate (Figure 6). 

Thus, our cathepsin B assay only accounts for lysosomal, endopeptidase conditions. 
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Figure 6. Characterization of the cathepsin B enzyme assay 
(A) Fluorogenic activity of cathepsin B incubated in acidic or neutral buffer with or without 1µM 
CA-074 determined by AMC cleavage over 300 seconds (5 minutes). Each line represents a 
separate well. (B) Fluorogenic activity per second of cathepsin B at various buffers (pH 5 – 7.6) 
with either LR-AMC or LLVY-AMC.  Data represents mean ± SEM of at least n=6 in 3+ separate 
experiments. 
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All kinetic assays had individual, positive controls (Figure 7). These were all screened at 

1µM, and tested in every assay performed. Calpain Inhibitor XI (CAPNXI) is a cell-permeable, 

potent (Ki = 140nM) reversible inhibitor against calpain-1, with weak inhibition towards cathepsin 

B (Ki = 6.9µM). However, our assays reveal this compound has significant activity against 

cathepsin K at just 1µM and thus, is not as selective as literature suggests. CA-074 is a selective, 

potent (Ki = 2.24nM) irreversible inhibitor against cathepsin B. CA-074 Me is a methyl ester 

prodrug of the carboxylic acid drug and is proposed to be a cell-permeable form. E-64c is a 

synthetic analog of E-64, a well-known epoxide isolated from Aspergillus japonicas. It is a non-

selective, highly potent, irreversible cysteine protease inhibitor. E-64d, the ethyl ester of E-64c, is 

the pro-drug, cell permeable form. NYC-438 is a non-selective, highly potent (IC50<100nM) 

epoxide designed in-house.9 NYC-438e is the cell-permeable form with an ester replacing the 

carboxylic acid. Lastly, Odanacatib (MK-0822, not shown), developed by Merck, is a selective, 

highly potent (IC50 = 0.2nM) inhibitor of cathepsin K with weak inhibition towards cathepsin B 

(IC50 = 1034nM). MK-0822 recently discontinued phase III clinical trials for osteoporosis in 

postmenopausal women after analysis revealed an increase in stroke events.  The goal was to 

generate a small library of selective and potent inhibitors of calpain-1 and calpain-1/cathepsin B, 

using cathepsin K and papain as off-target cysteine proteases. 
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Figure 7. Benchmarking known compounds.  
Venn diagram depicting well-known inhibitors with varying degrees of inhibitory efficacy against 
calpain-1, cathepsin B, Papain and cathepsin K, with chemical structures shown beneath. Data was 
collected and quantified from enzyme screens monitoring fluorescence induced by AMC substrate 
cleavage. The blue circle indicates efficacy against calpain-1 while the green circle indicates 
efficacy against cathepsin B. Data is represented as Mean ± SEM from at least n=6.  
 
 
 
 
 
 

1.3.2 Identification of Calpain-1 Inhibitors 

Compound 1, also known as Alicapistat (ABT-957), is a small molecule developed by 

AbbVie that is highly potent towards calpain-1.135  Using 1 as a lead, compounds 2 - 5 were further 

developed (Figure 8). Replacement of the cyclopropyl in the P1’ position (R2) with a methyl or 

fluorobezene group generated compounds 2 and 3. An additional fluorine was placed in the P3 

position (R3) to generate compounds 4 and 5, respectively.  This was chosen because of the effect 
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of fluorine, a vital bioisostere of hydrogen.153 Fluorine is a small and highly electronegative atom. 

It’s high electronegativity can modify 3D-orientation of a molecule and influence a favored 

conformation stabilized by dipole-dipole interactions or hydrogen bonding.154, 155 Moreover it can 

reduce basicity of nearby amino groups or, due to its electron-withdrawing ability, can increase 

acidity of alcohols and acids. Bioisosteric replacements play an important role in development of 

lead series, as selective additions of fluorines on small molecules can enhance pharmacokinetic 

(PK) and pharmacodynamic (PD) properties, such as improved membrane permeation and 

metabolic stability.156 

All were found to be highly selective towards calpain-1 at 1µM with minimal loss of enzyme 

activity against cathepsin B, papain or cathepsin K (Figure 8). The compounds CAPNXI, E64c, 

NYC-438, CA-074 were used as controls in each enzyme assay performed.  
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Figure 8. Enzymatic profiles of calpain-1 inhibitors 
Chemical structures and selectivity screen of compounds 1 – 5  at 1µM against calpain-1, cathepsin 
B, cathepsin K and papain. Calpain Inhibitor XI (CAPNXI), CA-074, and E-64c were used as 
controls for each enzyme screen. Compounds were incubated with inhibitor for 10 minutes prior 
to addition of substrate. All data are represented as Mean ± SEM from at least n=6 replicates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

	

38 

More detailed dose-response curves were compiled for compounds 1-5 (Figure 9). All 

exhibited IC50 values in the nanomolar range. Replacement of the cyclopropyl significantly 

improved potency, particularly with a benzofluorene which achieved <100nM IC50 levels. The 

addition of a fluorine in the R1 position had no significant impact on potency (267 ± 26nM vs. 378 

± 28nM, and 78.2 ± 10nM vs. 128 ± 7.4nM for 2 vs. 4 and 3 vs. 5, respectively). Overall, 3 exhibited 

the lowest IC50 value (78.2 ± 10nM). 

 

 

 

 

 

 
Figure 9. Dose-response IC50 curves for compounds 1-5 
Enzyme activity determined by AMC cleavage of the substrate LLVY-AMC by calpain-1 after 
incubation of compounds 1-5 at varying concentrations. All data are represented as Mean ± SEM 
from at least n=6 replicates. 
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Additional selectivity indexes were performed with compounds screened at 10µM against 

all proteases (TABLE IV). Addition of a methyl at the R1 position (2) improved inhibitory activity 

against cathepsin K and papain, which was strengthened after addition of another fluoro in the R1 

position (4). While replacement of a benzofluorene (3) had no significant effect on selectivity, the 

additional fluoro slightly improved selectivity (5).  
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TABLE IV. SELECTIVITY PROFILES OF COMPOUNDS 1-5 
Selectivity profiles of compounds 1-5 at 1µM and 10µM against calpain-1 (CAPN1), 
cathepsin B (CTSB), cathepsin K (CTSK) and papain. Data represents Mean ± SEM of 
at least n=6 replicates. 

 
  
 
 
 
 
 
 
 
 
 

Alpha-ketoamides bind to cysteines via a reversible mechanism.157 Thus, it was proposed 

these compounds would be reversible. This was confirmed using a 1:20 dilution. Briefly, 

compounds were incubated with the enzyme for 10 minutes, then 1µL part of the mixture 

underwent a 1:20 dilution into the substrate mixture while the remainder underwent the non-diluted 

assay, and fluorescence was read on the synergy H4 hybrid reader.  Enzyme activity re-established 

after dilution indicated dissociated binding of enzyme and inhibitor. 
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Figure 10. Schematic representation of the 1:20 dilution assay 
In this experiment, reversibility is assessed by 1:20 dilution. Compounds are incubated with the 
enzyme at high concentrations to achieve near-maximal activity. The solution is then diluted 20-
fold. Compounds that are reversibly-bound should dissociate from the enzyme, while irreversibly-
bound compounds will still be bound. 
 

 

 

 

CAPN1XI, a reversible calpain-1 inhibitor, was used as the positive control in every assay, 

and compounds were tested at 10µM against calpain-1. Following dilution, calpain-1 activity was 

re-established back to ~100% activity indicating the binding of compounds 1 - 5 to calpain-1 is 

reversible (Figure 11). However, there was large variability in the enzyme activity due to the 

sensitivity of the assay. Thus, results were confirmed by characterizing the reversibility of 

compounds 1 – 5 to cathepsin K.  
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Figure 11. Inhibitors 1-5 are reversible against calpain-1 
Compounds 1-5 were analyzed with or without a 1:20 dilution assay against calpain-1. All data 
are represented as Mean ± SD from at least n=6 replicates.  
 
 
 
 

 

  

The 1:20 dilution assay  1 – 5 was performed using a higher concentration of inhibitor (10µM), as 

the effect of inhibitors on cathepsin K is less potent than calpain-1. MK-0822, a reversible 

cathepsin K inhibitor, was used a positive control in every assay. The activity of Cathepsin K was 

restored following dilution of compounds 1 – 5  (Figure 12). Thus, these compounds are reversible 

against cathepsin K and calpain-1.  
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Figure 12. Compounds 1-5 are reversible against cathepsin K 
Compounds 1-5 were analyzed with or without a 1:20 dilution assay against calpain-1. All data 
are represented as Mean ± SEM from at least n=6 replicates. 
 
 
 
 
 
 
 
 

1.3.3 Evaluating Insults that Induce Calpain-1 Activity In Vitro 

 
After characterizing enzyme inhibitory profiles against pure, human recombinant protein, 

specific inhibitory efficacy was characterized by monitoring spectrin proteolysis in vitro. Spectrin 

breakdown products (SBDPs) are mediated by calpain-1 and caspase-3, and found in a number of 

neurodegenerative conditions, both acute and subacute, including stroke, AD, and TBI. 158-160 

Spectrin is a major cytoskeletal protein that was initially discovered in human red blood cells, then 

further characterized as a ubiquitous protein, found in various tissues including the brain. 161-163 In 
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fact, it was the first protein identified to undergo calpain-mediated cleavage in neuronal cells.164 

165 Enhanced spectrin proteolysis has been reported during normal brain aging as well as ADRD 

and other age-related NDs.166, 167 

Spectrin (250kDa) served as an exemplary substrate, as its BDPs produce 3 fragments 

mediated by both calpain-1 and caspase-3 (Figure 13).158, 168 The150kDa fragment is induced by 

both calpain-1 and caspase-3, while the 145kDa and 120kDa fragments are specifically produced 

by calpain-1 and caspase-3, respectively. This also provided markers that distinguished between 

two types of neuronal death: both necrosis and apoptosis which are mediated by calpains and 

caspases, respectively.168  

 
 
 
 
 

 
Figure 13. Spectrin breakdown products as biomarkers of calpain-1 activity 
Expected results when monitoring spectrin proteolysis in vitro. A neuroinsult should induce 
spectrin breakdown products (SBDPs), which will be mitigated by inhibitors.  
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Various neuroinsults were tested on SH-SY5Y cells and the appearance of SBDPs were 

monitored on immunoblots, with particular focus on the 145kDa fragment. SH-SY5Y cells were 

initially used as they were the proposed model for neuroprotection assays (see Chapter 2). The 

neuroinsults chosen were selected from previous literature: 1µM Thapsigargin for 24 hours (1), 2 

hours oxygen glucose deprivation with 24 hours reperfusion (OGD-R, 2), 5µM 4-hydroxy-2-

nonenal (HNE) for 24 hours (3) and 0.5µg/mL Calcium ionophore A23187 for 24 hours (4). 

Thapsigargin is a competitive inhibitor of the sarco endoplasmic reticulum Ca2+ ATPase (SERCA) 

which raises intracellular calcium levels.169 OGD-R and HNE, both extensively discussed in 

Chapter 2, activate calpain and caspase-3.170 171 Lastly calcium ionophore A23187 was  used to 

stimulate calpain-1 hyper-activation. The positive control used on every western blot was 500nM 

of staurosporine treated for 24 hours. Staurosporine is a potent inhibitor of protein kinases that 

induces quick, robust apoptosis, and produces thick SBDP bands on a western blot.172  Of note, 

staurosporine cleaves actin, hence the disappearance of actin bands in lanes treated with 

staurosporine.  

Intriguingly, treatment of thapsigargin changed the morphology of SH-SY5Y cells. The 

cells became more elongated and thinner. Moreover, SH-SY5Y cells were sensitive to calcium 

ionophore A23187 treatment. Most cells detached after 1µg/mL treatment; thus, the dose was 

reduced by 50%.  
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Figure 14. Optimization of neuroinsults on SH-SY5Y cells to induce SBDPs 
Representative immunoblots of SH-SY5Y cells with various neuroinsults probed with spectrin and 
actin antibodies. Only SBDP 150, 145 and 120kDa are shown.  Neuroinsults were as follows: 1µM 
Thapsigargin for 24 hours (1), 2 hours OGD-R (2), 5µM HNE for 24 hours  (3), 0.5µg/mL Calcium 
ionophore A23187 for 24 hours (4). 500nM Staurosporine for 24 hours was used as a positive 
control.  
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The treatments were performed in duplicate, run on western blots, and probed with spectrin 

antibody. Treatment with OGD-R, HNE and calcium ionophore A23187 produced the calpain-

specific SBDP 145kDa.  However, the bands were very faint.  

SH-SY5Y cells were pretreated with 10µM of CAPN1XI or 5 for 2 hours, then stimulated 

with a neuroinsult (either 2 hours OGD-R or 1µM Thapsigargin for 24 hours), with SBDP analyzed 

via immunoblot (Figure 15). OGD-R treatment increased SBDP 150/145kDa, which was 

decreased with 5 and not CAPNXI, but without significance. Moreover, thapsigargin treatment 

increased both SBDP 150/145 and 120kDa, which was attenuated by 5 and CAPNXI, without 

significance. Unfortunately, the SH-SY5Y cells had several problems that were not ideal including 

producing indistinct SBDP bands that muddled quantitative results and a slow growth rate (Figure 

15). Thus, HT22 cells, an immortalized mouse hippocampal cell line was selected because they 

have a rapid growth rate and can be more predictive for mouse in vivo studies (Chapter 2 and 3). 
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Figure 15. Pretreatment of 10µM 5 reduces of SBDP 150/145kDa in SH-SY5Y cells 
(A and B) Quantitative analysis and representative immunoblots of SH-SY5Y cells pretreated for 
2 hours with 10µM 5 and CAPN1XI then stimulated with 2 hours OGD-R (A) or 1µM 
Thapsigargin (B) for 24 hours, then probed with spectrin and GAPDH Ab.  Quantified data is 
represented as Mean ± SEM from at least n=3 replicates. 
  
 
 
 
 
 

We insulted HT22 cells with both OGD-R, and ionomycin, another calcium ionophore. 

HT22 cells treated with 20µM ionomycin for 20, 40, and 60 minutes produced profound increases 

in SBDP 150 and 145kDa (Figure 16A). The SBDP 145kDa was clearly distinct from SBDP 

150kDa and ideal for monitoring our compounds’ specific efficacy on calpain-1 activity. 

Moreover, SBDP were monitored in HT22 cells that underwent 2 or 4 hours of OGD with or 

without 24 hours of reperfusion (OGD vs OGD-R, Figure 16B).  A sharp increase in the SBDP 

150kDa band directly following OGD was observed, an effect that nearly returns to baseline after 

reperfusion. This fragment is cleaved by both calpain-1 and caspase-3. However, the SBDP 
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120kDa fragment (cleaved exclusively by caspase-3) remains at normal levels after OGD, but 

significantly increases with reperfusion. These studies suggest calpain-1 is a dynamically regulated 

enzyme, with transient activation following insult. 

Microtubule associated protein 2 (MAP2), a reported cleavage product of calpain-1, was 

also monitored.173 The immunoblot suggests MAP2 levels minimally decreased by ~50% after 

OGD and returned back to basal levels with reperfusion. To have an accurate estimation of protein 

content various housekeeping genes were also monitored, as all are classical loading protein 

controls, but some (GAPDH and tubulin) have been reported to be cleaved by calpain-1.173 No 

change was observed in the control proteins.   
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Figure 16. Development of an in vitro insult to monitor spectrin breakdown products. 
(A) Immunoblot of HT22 cells treated with 20µM ionomycin for 0, 20, 40 or 60 minutes and 
probed with spectrin, microtubule associated protein 2 (MAP2), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), tubulin and actin antibodies. (B) Immunoblot of SH-SY5Y cells that 
underwent 0, 2 or 4 hours of OGD with or without reperfusion and probed with spectrin, MSP2, 
GAPDH, tubulin and actin antibodies. (C). Quantitative analysis of immunoblots with 2 hours 
OGD, OGD-R and 20µM ionomycin for 40 minutes. Data represents mean ± SEM of at least n=6 
biological replicates  
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1.3.4 Specific Inhibitory Efficacy of Inhibitors 

  Specific inhibitory efficacy was measured using the treatment of 20µM ionomycin for 40 

minutes. These conditions provided the clearest SBDP bands, particularly in separating the 

nonspecific and specific calpain-1 (SBDP 150 and 145kDa, respectively) bands. Ionomycin-

stimulated cells were treated with 10µM of selective (5), nonselective (E64c and NYC-438) 

calpain-1 and selective cathepsin B (CA-074) inhibitors in a co-treatment paradigm. The selective 

calpain inhibitor CA-XI was used as a positive control. All inhibitors reduced levels of SBDP 

150kDa, the calpain-1 and caspase-3 dependent protein, but not significantly (Figure 17). 

However, for the specific calpain-1 mediated fragment, all selective and nonselective calpain 

inhibitors significantly reduced levels of SBDP145. CA-074 had no effect on SBD145kDa. This 

trend was the same for MAP2 degradation, the other substrate mediated by calpain; all selective 

and nonselective inhibitors ameliorated the decrease in MAP2, but CA-074 had no effect. These 

results confirmed that the calpain-1 inhibitors had specific efficacy in vitro.  
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Figure 17. Specific inhibitory efficacy of compounds in vitro  
 (A-C) Quantification of western blots of HT22 cells co-treated with 10µM inhibitors and 20µM 
ionomycin for 40 minutes. Proteins quantified were SBDP 150kDa (A), SBDP 145kDa (B) and 
MAP2 (C). Data represents mean ± SEM of at least n=3 duplicates of cell passages. All protein 
was normalized to the housekeeping protein, actin. Equal protein amounts were loaded in all lanes 
of immunoblots. * : compared to nontreated control, # : compared to 20µM ionomycin treated 
cells. *p<.05, **p<.01, ***p<.001 
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1.3.5 Serendipitous Discovery of Cathepsin K Inhibitors 

The series of cathepsin K inhibitors began with the discovery of AJ1-35 and ING-108 as 

selective and potent inhibitors (Figure 18). Further chemical development by Drs. Ammar 

Jastaniah and Irina Gaisina yielded 6 other peptidomimetic compounds that maintained high 

selectivity against calpain-1, cathepsin B and papain at 1µM (Figure 19). More detailed dose-

response curves were performed to collect IC50 values and further characterize the compounds 

(Figure 20).  

The addition of a fluoro group on the para position of benzene in the P3/4 position (AJ1-

62) and the increased flexibility with a CH2 group in the P3/P4 position reduced potency, but 

maintained selectivity. Intriguingly, the addition of a CH2 group between the thiazole and benzene 

moderately increased inhibition towards calpain-1. When the P2 position was substituted from 

leucine to a benzyl, regardless of increased flexibility, the potency was completely abolished, with 

slight inhibition only seen at higher concentrations. The top five inhibitors had IC50s beneath 

250nM, with the most potent (AJ1-135 and ING-108) at 47.1 ± 1.5 nM and 51.2 nM ± 2.7 nM, 

respectively (Figure 20). AJ1-0 was found to have no significant inhibition against any cysteine 

protease screened, indicating the cyanocyclopropyl alone is not enough to induce inhibition.  
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Figure 18. Chemical structures of cathepsin K inhibitors.  
Chemical structures of peptidomimetic cyanocyclopropyl small molecule inhibitors of cathepsin 
K.  
 
 
 
 

 
Figure 19. Enzyme profiles of cathepsin K inhibitors 
Enzyme inhibition against calpain-1, cathepsin B, cathepsin K and papain. Data represents mean 
± SEM of at least n=3 biological replicates  
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Figure 20. IC50 Values of cathepsin K inhibitors 
(A) Dose response curves for small molecule inhibitors. (B). Calculated IC50 values. Data 
represents mean ± SEM of at least n=3  
 
 
 
 
 
 
 
1.4 CONCLUSIONS 

Enzyme assays were developed to establish inhibition profiles of novel peptidomimetic 

compounds against calpain-1 and cathepsin B. Previous work from the Thatcher group yielded 

NYC-438, a non-selective irreversible epoxide designed in-house.9 NYC-438 exhibits high potency 

against calpain-1 (IC50 = 241 ±  34.2nM) and cathepsin B (IC50 = 62.2 ±  8.0nM, Figure 21). In our 

studies, reported selective calpain-1 inhibitors exhibited activity against other proteases at low 

doses. To this end, we sought to develop a true selective calpain-1 inhibitor.  
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Figure 21. CCH inhibition strategies 
The toolkit of inhibitors consisted of 5, a calpain-1 specific inhibitor, NYC-438, a dual inhibitor, 
CA-074, a selective cathepsin B inhibitor and E64c, a nonselective inhibitor control.  
 
 
 
 
 

A family of α-ketoamide calpain-1 inhibitors (1-5) were identified. These compounds 

displayed high potency against calpain-1, selectivity against all proteases and were reversible. 

While the enzymatic profiles and IC50 values of 3 and 5 had minimal differences, compound 5 was 

ultimately decided to move forward into in vitro and in vivo studies (TABLE V). This was because 

5 contained additional bioisosteres which can enhance PK/PD properties.  

Thus, the compounds selected for in vitro and in vivo studies were 5 as the reversible 

selective calpain-1 inhibitor and NYC-438 as the irreversible dual calpain-1 and cathepsin B 
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inhibitor (TABLE V). CA-074 was used as a “selective” irreversible cathepsin B inhibitor, with 

well-reported efficacy in TBI models.5 Of note, our studies determined CA-074 exhibits moderate 

activity against cathepsin K, indicating it is not a true “selective” inhibitor. Additionally, E-64c 

was selected to be used as a control for an irreversible pan-cysteine protease inhibitor.  

 
 
 
 
 

TABLE V. SELECTIVITY PROFILES OF COMPOUNDS SELECTED TO MOVE 
FORWARD TO IN VITRO AND IN VIVO STUDIES  

 

 
 
 
 
 

A major limitation of this study remains the cathepsin B enzymatic assay. This protease is 

particularly intriguing as its cleavage products alter with pH; at low pH, cathepsin B exhibits 

exopeptidase activities but at higher pH, such as when its released from the lysosome, it undergoes 

a conformational change where its occluding loop opens allowing for endopeptidase activity.122  

This extra-lysosomal endopeptidase activity is detected in AD postmortem patients brains and 

presumed to indirectly exert neurotoxicity. Our enzyme assays do not function at pH higher than 

5.5, and thus we may not be correctly determining if our inhibitors are binding to this neurotoxic, 

endopeptidase, extra-lysosomal form of cathepsin B.  

µ-calpain Cathepsin B Cathepsin K Papain

5 128 ± 7.4 ~4000 >10000 >10000 R

NYC-438 241 ± 34.2 62.2 ± 8.0 234 ± 8.2 213 ± 9.6 I

E-64c 247 ± 48.3 5.42 ±  0.7 0.248 ± 15.4 77.8 ± 3.5 I

CA-074 >10000 7.62 ± 7.6 ~3000 >10000 I

(Ir)rev.
Inhibitory activity in IC50 (nM) of 

Selectivity profiles of compounds against Calpain-1, cathepsin B, cathepsin K, and papain

Compound
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Unfortunately, the cleavage products of the endopeptidase activity are still uncharacterized 

and thus the exact mechanism of cathepsin B neurotoxicity remains unknown. Some researchers 

theorize that cathepsin B binds to a complex which has a role in neuroplasticity. This complex, 

when bound to cathepsin B, cannot function properly, and results in the loss in neuroplasticity 

leading to cellular death.5 Other researchers theorize that cathepsin B inhibitors actually hit a 

different target than cathepsin B. Thus, future studies must incorporate a new kinetic method that 

accounts for this extracellular activity, or track free cathepsin B intracellularly to determine our 

cathepsin B inhibitor are binding to conformation of extra-lysosomal cathepsin B.  

While this study seeks to develop and characterize selective calpain-1 and dual calpain-1 

and cathepsin B inhibitors, we did uncover a series of selective, potent, and reversible cathepsin K 

inhibitors. Cathepsin K is highly expressed in osteoclasts and able to cleave type I collagen. 

Intriguingly, a recent report identified a link between cathepsin K and CNS regulation and 

development.147  Additionally, Odanacatib, a cathepsin K inhibitor developed for treatment of 

osteoporosis, was very recently dropped by Merck and Co due to increased risk of cardiovascular 

events and stroke. 152 Thus, there exists a link between cathepsin K and the CNS. Future research 

into characterizing the compounds’ inhibitory effect on Cathepsin K’s collagenase activity through 

collagenase gels, multiplex cathepsin zymography (in situ zymography, gelatin/gel zymograhy) 

and NIR-labelling of collagen for Cath K inhibition would be beneficial for characterization and 

development of these compounds, followed by studies that carefully analyze their effects in in 

vitro and in vivo models of CNS dysfunction. 
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CHAPTER 2: EARLY CONTRIBUTORS TO ADRD:  IN VITRO AND IN VIVO 

MODELS OF OXIDATIVE STRESS AND MTBI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Partially adapted with permissions from Redox Biology, Interaction of oxidative stress and 

neurotrauma causes significant and persistent behavioral and pro-inflammatory effects in a 

tractable model of mild traumatic brain injury. Knopp, R., Lee, S.H., Hollas, M.,, Neomuceno, E., 

Gonzalez, D., Tam, K.T., Aamir, D., Wang, Y., Pierce, E., BenAissa, M., Thatcher, G.R.J. (2020) 
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2.1 INTRODUCTION 

2.1.1 The Complexity of ADRD  

ADRD is a highly complex neurodegenerative disease. Since Dr. Alzheimer’s discovery 

of amyloid plaques and neurofibrillary tangles, scientists have recognized a strong positive 

correlation between the appearance of these neuropathological hallmarks and clinical signs of late-

life dementia. In fact, as examined in Chapter 1, drug discovery for AD has primarily focused on 

targeting APP fragments, largely driven by theory known as the amyloid cascade hypothesis. This 

theory implicates amyloid aggregates as the root cause of AD. However, with the increasing 

number of agents targeting amyloid that have failed clinical trials, researchers have begun to 

recognize that this model is simply inadequate.174, 175 This is strongly supported by a plethora of 

longitudinal clinical-pathological studies that suggest appearance of the neuropathological 

hallmarks does not definitively correlate with clinical dementia.176, 177 Furthermore, other 

longitudinal studies suggest a lot of late-life cognitive decline is driven by factors other than the 

classical neuropathological hallmarks.178 Thus, AD must be examined as a highly complex 

biological and biochemical disease that is multifaceted and cannot exclusively explained by a 

simple linear model (Figure 22). 
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Figure 22. ADRD as a multifactorial disease 
Alzheimer’s disease and related dementia is a non-linear, multifactorial disease consisting of 
cellular and molecular imbalances, genetic risk factors and environmental stressors.  
 
 
 
 
 
 

The overwhelming majority of AD cases are sporadic (sAD, ~90% of all cases), with the 

underlying mechanisms and causes unknown.179 However, the neuropathological and clinical 

presentations between early-onset familial (fAD) and sAD are often indistinguishable.180 Since the 

etiology of sAD is unknown, the overwhelming majority of preclinical models (both in vitro and 

in vivo) rely on the known genetic mutations associated with fAD.179 These models are necessary 

and valuable as the genetic mutations contribute to AD pathophysiology. However, there is an 

urgent need to develop non-genetic based preclinical models that rely on other mechanisms 

associated with loss in cognitive reserve  
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Adding to the complexity, there is substantial variability amongst individuals in 

progression of sporadic neurodegenerative diseases, including ADRD.181, 182 Equally, in 

neurotrauma, such as stroke and TBI, there is individual variability in secondary sequelae that 

determines the functional response.183 This presents a dilemma for development of preclinical 

models that must demonstrate statistical significance with reasonable sample size, and usually 

leads to the forfeit of the heterogeneity observed in human patient populations in exchange for a 

genetically driven homogeneity in the animal model.184  

2.1.2 Brain Ischemia 

 Ischemia injury occurs when there is insufficient blood supply to a tissue region, resulting 

in reduced levels of oxygen, glucose and other essential metabolic substances, which in turn leads 

to the death of tissue. Ischemia injuries can occur anywhere in the body, but the research presented 

herein is focused on brain ischemia and its role in neurodegeneration. Brain ischemia is classified 

as a sub-type of stroke and occurs in two types: focal (confined to a specific region) or global (a 

wide area of brain tissue).  

Multiple cross-sectional studies suggest brain ischemia is a strong risk factor for dementia; 

patients presenting with post-ischemic brain injury frequently have varying degrees of cognitive 

deficits.185 One report found that one fourth of elderly patients three months after ischemic stroke 

meet the diagnostic criteria for dementia. 185 Furthermore, post-ischemic Alzheimer-type dementia 

(also known as vascular dementia) is the second most common occurring form of dementia.186  

Patients with post-ischemic brain injury as well as in vivo animal models with ischemia-

reperfusion injury present with varying degrees of cognitive deficits.187, 188 

Brain ischemia induces a variety of mechanisms that are present in ADRD including 

neuronal loss, synaptic dysfunction, accumulation of APP, tau protein dysfunction, white matter 
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lesions, and neurodegeneration.189, 190 In fact, some reports propose the production of reactive 

oxygen species (ROS) is the primary cause of AD-like neurodegeneration following brain injury 

through increased inflammation, APP accumulation and neuronal energy failure.191 This, in turn, 

induces cellular destruction of neurons in the hippocampus and contribute to white matter 

lesions.192   

2.1.3 Oxidative Stress 

Likely a major contributor to the loss of neural reserve is oxidative stress (OS), which has 

frequently been linked to neurodegenerative disorders. Oxidative damage mediated by lipid 

peroxidation products (LPP) has been shown to play a significant role in the early stages and in 

the progression of mild cognitive impairment (MCI), ADRD and traumatic brain injury (TBI) 

neuropathy.193-202 OS appears when cellular free radical-induced damages exceed the amount of 

endogenous anti-oxidant defenses.203 The brain is particularly susceptible to the increased 

production of reactive oxygen species (ROS), likely due to its high oxygen consumption rate, high 

concentration of polyunsaturated fatty acids (PUFAs), and lower levels of antioxidants. 204  

Many theories of OS in ADRD correlate the increased formation of ROS to the abnormal 

accumulation of Aβ and tau.205, 206 One such study by Butterfield, D.A. found using in vitro and in 

vivo studies that Met-35 of membrane-found Aβ42  is critical to OS, as its accelerates free radical 

formation through allylic H-atom abstraction.207, 208 Moreover, many studies have reported a 

positive feedback loop between OS and Aβ and tau; both increased ROS produces aberrant 

production of Aβ/tau, and increased Aβ/tau accelerates ROS amplification.205, 206  
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Figure 23. Downstream effects of oxidative stress 
Schematic detailing the effects of oxidative stress (via reactive oxygen species, ROS), which 
induces lipid peroxidation products (LPP), and ultimately protein crosslinking. Chemical 
structures of various LPPs are shown.   
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Increased ROS leads to DNA oxidation, protein oxidation, and the appearance of lipid 

peroxidation products (LPPs, Figure 23). The LPPs, 4-hydroxynonenal (HNE), 4-oxo-2-nonenal 

(ONE) and malondialdehyde (MDA), among others, are electrophiles that covalently modify and 

sometimes crosslink proteins and nucleic acids.209-211  HNE has received most attention because 

HNE-protein adducts have been shown to be elevated in the amygdala, hippocampus, and 

parahippocampal gyrus of TBI patients, as well as patients with MCI and early onset AD.197, 202, 

212-218  HNE is a reactive electrophile consisting of an α,β-unsaturated aldehyde produced from 

peroxidation of the PUFAs linoleic acid and arachidonic acid. It is highly reactive and forms 

protein adducts via two mechanisms: 1) irreversible Michael addition via the attack of nucleophilic 

acid at the 3-carbon or 2) reversible Schiff base formation at the free aldehyde.219 The Michael 

addition primarily occurs at cysteine residues but can also occur at reactive lysine or histidine 

residues, while the Schiff base formation occurs almost exclusively with lysine residues.220  

Amongst pathways of LPP detoxification, the enzyme action of certain glutathione-S-

transferases and mitochondrial aldehyde dehydrogenase-2 (Aldh2) are recognized as primary 

contributors, ablating the reactive, electrophilic alkene and aldehyde groups of HNE, 

respectively.221 The ALDH2-/- mouse was developed to study Aldh2-mediated metabolism in the 

liver and is viable and overtly healthy.222 This mouse was subsequently observed to display a 

cognitive deficit amenable to pharmacotherapeutic intervention.223, 224 More widely studied are 

transgenic mice bearing mutations in ALDH2.  Loss of function in mitochondrial Aldh2 reduces 

the capacity of mitochondria and cells to detoxify reactive aldehyde LPPs, such as HNE. Aldh2*2, 

more commonly referred to as the “Asian allele”, is a common loss-of-function mutation in 

ALDH2, proposed to contribute to AD risk in the East Asian population and to APOE4 risk in AD, 

and also to risk of Parkinson’s disease (PD). 225-229 Twenty percent of transgenic Aldh2*2 mice 

were reported to develop neurodegeneration after one year which  increased to 78% of mice after 
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1.5 years, without significant defects in motor or sensory functions.230 The double knockout of 

ALDH1A1 and ALDH2 has been proposed as a model for PD.231  Preclinical animal models that 

manifest elevated brain levels of HNE-protein adducts may therefore provide novel and relevant 

models of the interplay between oxidative stress with attenuated neural reserve. 

2.1.4 Traumatic Brain Injury 

Traumatic brain injury (TBI) is defined as any disruption of standard brain function 

provoked by a physical force (jolt, blow, bump, penetrating injury etc.) to the head. TBI has 

recently been gaining attraction as a risk factor to early onset dementia and ADRD; some 

researchers even propose TBI is the best-established environmental risk factor. 232, 233 In numerous 

case-control studies, Fleminger et al. found that TBI with sufficient severity to cause loss of 

consciousness resulted in a 50% increased risk of dementia.234  Moreover, a longitudinal clinical 

study by Plassman et al evaluated US Navy and Marine veterans with hospitalized cases of TBI 

or non-TBI injuries during World War II.235 This study found the veterans with sufficient TBI (loss 

of consciousness or posttraumatic amnesia that lasted longer than 24 hours) resulted in a 4-fold 

increase in dementia compared to age-matched controls. Furthermore, those who received a 

moderate TBI (loss of consciousness or posttraumatic amnesia that lasted between 30 minutes to 

24 hours) resulted in a 2-fold increased risk of dementia. Adding to the complexity, repetitive mild 

TBI (prevalent in contact sports, soldiers, child abuse victims, etc.) has been linked to long-term 

cognitive dysfunction. 236 Multiple studies have reported increased cellular ADRD markers after 

repeated TBIs, such as increased tau immunoreactivity in neurons,237 increased APP, and 

heightened amyloid levels in a fAD mouse model that was not seen after a single insult.238  
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Figure 24. TBI mechanisms: primary injury and secondary cascade  
Traumatic brain injury has both primary and secondary mechanisms. The primary injury consists 
of all damage induced by the blunt insult, i.e. shearing of axons, tissue deformation and tearing of 
blood vessels. This presents clinically as hemorrhage and increased intracranial pressure, and 
occurs quickly after injury (minutes to hours). The secondary cascade of events occurs days, weeks 
and even months following. It comprises dysregulated signaling cascades (calpain hyperactivation, 
excitotoxicity, impaired lipid homeostasis) can often present clinically with increased migraines, 
insomnia and early signs of dementia.  
 
 
 
 
 
 
 

Injuries resulting from TBI can be divided into two mechanisms: primary and secondary 

injury (Figure 24). The primary injury represents the initial blunt physical force of TBI and occurs 

directly after insult. It includes the shearing of axons and blood vessels, as well as tissue 

deformation.239 Clinically it can present as intracranial hematoma, skull fractures, coup and 

contrecoup contusions, increased intracranial pressure and laceration.240 Very little can be done to 

mitigate primary injury except preventative measures (i.e. wearing a helmet). However, secondary 
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injury can occur hours or days following injury, and is an indirect result of the primary injury that 

causes long-term detrimental problems. These result from mechanisms initiated from the trauma, 

and includes ischemia, hypoxia, edema, mitochondrial dysfunction, excitotoxicity, oxidative 

stress, inflammation and necrosis. As many of these mechanisms can be modulated by 

therapeutics, the majority of drug discovery for TBI focuses on targeting this secondary cascade.  

A variety of in vivo TBI models exist, each with varying degree of severity. The most 

subtle, mild in vivo method is the closed-skull free weight-drop model. It inflicts mild TBI (mTBI) 

by dropping a free weight from a designated height on an intact skull.241 Other methods of 

increased severity include the controlled cortical impact (CCI),242 fluid percussion injury (FPI),243 

blast244, 245and ballistic 234 (TABLE VI). All can be classified as moderate or severe dependent on 

the intensity. CCI delivers an impact via a controlled air piston in a defined region on the skull. 

FPI, the oldest and most commonly used, induces injury through a craniectomy after a fluid 

pressure pulse. The fluid pulse is generated by the strike of a pendulum hitting the piston of a fluid 

reservoir. Blast injury results from the primary injury of a blast, while ballistic is caused by the 

primary injury of a high-velocity projectile. 
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TABLE VI. IN VIVO TBI METHODS AND THEIR ASSOCIATED LEVELS OF 
SEVERITY 

 
 

 

 

 

 

 

This research utilized the closed-head free weight drop model of mTBI.  The main 

advantage of using this mTBI model, aside from the experimental ease and low cost, is that the 

severity of insult can be altered by adjusting the mass of the weight and height of impact. However, 

the largest challenge remains finding the balance where the model translates to clinical 

presentations of mTBI patients. The first instance of the non-surgical closed-head weight drop 

model was developed by Feeny et. al., and used in rats.246 Reports indicated the appearance of 

hemorrhages at the contusion site, and thus Marmarou et. al. modified this method by having a 

heavy weight (450 gram) drop through a Plexiglas guide tube, thus developing a novel model of 

diffuse brain injury.247 To prevent skull fracture, a stainless-steel disc was cemented onto the skull; 

however, many believed this elevated the trauma to moderate or severe. 248  

Mild Moderate Severe
Closed Skull ü

CCI ü ü

Fluid Percussion Injury ü ü

Blast ü ü

Ballistic ü ü
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2.1.5 Objectives 

Calpain-1 and cathepsin B have both independently and concurrently been investigated as 

therapeutic targets in numerous fAD models. E-64, a pan-cysteine protease inhibitor, restored 

synaptic function in hippocampal slices from APP/PS1 mice.127 E-64 was further developed to E-

64d, a reported selective cathepsin B inhibitor, and was shown to attenuate cognitive deficits and 

reduce Ab levels in transgenic (Tg) mice that incorporated the wild-type, but not Swedish mutant, 

beta-secretase site of APP.131 Of note, our kinetic assays revealed that E-64d maintained its 

promiscuity towards all proteases. Moreover A-705253, a calpain-1 inhibitor, reversed cognitive 

deficits and reduced tau phosphorylation in the 3xTgAD mouse model. 10, 130  Lastly NYC-438, a 

potent and irreversible inhibitor of calpain-1 and cathepsin B, significantly reversed cognitive 

deficits and restored long-term potentiation in the APP/PS1 mouse model.130 Intriguingly, there 

was no change in Aβ deposition levels, indicating calpain/cathepsin inhibition strategies are 

involved in mechanisms of cognitive resilience.  

The objective of this chapter was to test the tool-kit of inhibitors developed in Chapter 1, 

and characterize their efficacy in numerous in vitro and in vivo models. A running theme in this 

research is the complexity of ADRD. Furthermore, as demonstrated by NYC-438, CCH inhibition 

strategy may work in mechanisms of resilience. Thus, we sought to test our inhibition strategies in 

numerous models, either modeling neurodegeneration itself, or incorporating the loss of neural 

resilience. 

Specific chapter objectives:  

1. Determine neuroprotection profiles of inhibitors at varying treatment paradigms 

2. Differentiate efficacy of treatment strategies in an in vivo model of cognitive-deficits 

3. Characterize the role of LPP-mediated neurodegeneration 

4. Ascertain the effect of inhibition strategies on mitigating neuroinflammation 
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5. Understand the role of additive “hits” in in vitro and in vivo assays 

6. Establish specific inhibitory efficacy of calpain inhibitors in vivo   

 

2.2 METHODS 

2.2.1 Cell Culture 

Human neuroblastoma SH-SY5Y cells (ATTC CRL-2266), CCF-STTG1 cells (ATTC 

CRL-1718) were cultured in DMEM/F12 (Gibco) and supplemented with 10% fetal bovine serum 

(Gemini Bio) and 1% penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO2. 

Mouse hippocampal HT22 cells (Kind gift from Dr. Dargusch, Salk Institute) were cultured in 

DME and supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in 

a humidified atmosphere of 5% CO2. Primary human hippocampal cells (cat # 1540) were 

purchased from ScienCell Research Laboratories (California, USA), seeded and grown according 

to manufacturer’s instructions. Primary neurons were seeded on a poly-L-lysine coated plate (2 

µg/cm2), and grown to confluence (2-3 weeks) with media changes every other day. Prior to 

studies, primary cells were replaced with serum-free media three days prior. For cytotoxicity 

studies, cells were seeded at 2 x 104 cells per well in a 96-well plate in low serum media (1% fetal 

bovine serum). After overnight incubation, cells were administered with varying concentrations of 

compounds for defined periods of time. Cell viability was determined by MTS using CellTilter 

96® Aqueous One Solution Cell Proliferation Assay or MTT (Methylthiazolyldiphenyl-

tetrazolium bromide, Millipore Sigma) and LDH release using CytoTox 96® Non-Radioactive 

Cytotoxicity Assay (Promega) according to the manufacturer’s instructions. Untreated cells served 

as a negative control as DMSO concentrations were below 0.5%. The experiments were performed 

in triplicate.  
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2.2.2 Oxygen-Glucose Deprivation and Reperfusion 

SH-SY5Y cells are plated in a 96-well plate at 4 x 104 cells per well and cultured overnight. 

To trigger ‘ischemia’, cell media is replaced with glucose-free media and incubated in a hypoxic 

chamber (95% N2, 5% CO2, <0.5% O2). At OGD termination, cells are reperfused and replenished 

with glucose-containing media (Figure 12). Compound concentration is kept consistent throughout 

media changes. Cell viability is monitored after 24 hours of ‘reperfusion’, quantified by MTS and 

confirmed via LDH release (Promega, according to manufacturer’s instructions). In every 

experiment, sulforaphane, is used as a control. HT22 cells are plated at 5 x 105 density 

2.2.3 Cellular Immunofluorescence 

To measure confluence cells were treated with 5 µM Cell Tracker Red CMTPX (C34552, 

ThermoFisher) for 30 minutes, then washed and fixed with 4% paraformaldehyde and 0.1% Triton 

X-100 in PBS for 5 minutes. Cells were then washed and treated with 5uM Hoeschst 33342 

(Invitrogen) in Fluorobrite DMEM (A1896701, Fisher). Images were captured on the Celigo 

microscope or BZ-X700 microscope (Keyence), and confluence was quantified using Keyence 

software. All OGD-R studies were performed in the absence of fetal bovine serum.   

2.2.4 Real Time qPCR 

A more detailed protocol is written in Chapter 3. Briefly, RNA was isolated according to 

the manufacturer’s instructions (Qiagen kit) and reconstituted in 30 µL of H2O. First strand cDNA 

synthesis was synthesized with 2 ug total RNA using the SuperScript III First-Strand Synthesis 

System for qRT-PCR (Invitrogen) according to manufacturer’s instructions. Inflammation primers 

were acquired from Applied Biosystems. Each PCR reaction was carried out using the Taqman 

Gene Expression Master Mix (Applied Biosystems) on the StepOnePlus Real Time PCR system 
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(Life Technologies). ΔΔCT values for each gene were normalized to the expression level of β-actin 

in each sample. Genes used are indicated in TABLE VII. 

 
 
 
 
 

TABLE VII. PRIMERS UTILIZED FOR INFLAMMATION STUDIES 

Gene 
Symbol Gene Name UniGene 

ID 
Product 
Number Probe 

ACTB Actin, beta Mm.328431 Mm01205647_g1 VIC 

COX2 Cytochrome c oxidase subunit II n.s. Mm03294838_g1 FAM 

IL-1b Interleukin 1 beta Mm.222830 Mm00434228_m1 FAM 

IL-6 Interleukin 6 Mm.1019 Mm00446190_m1 FAM 

NOS2 Nitric oxide synthase 2, inducible Mm.2893 Mm00440502_m1 FAM 

TNFa Tumor Necrosis Factor Mm.1293 Mm00443258_m1 FAM 
 

 

 

 

 

2.2.5 Animals 

All animal care and procedures were conducted with approved institutional animal care 

protocols and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All 

animal protocols were approved by the University of Illinois at Chicago Institutional Animal Care 

and Use Committee (ACC#17-029). The experiments use progeny of the ALDH2-/- mice originally 

generated by gene targeting knockout by Kitagawa et al222, which were then backcrossed with 
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C57BL/6 mice for more than 10 generations. Wildtype (WT) littermates and knockout mice are 

generated from mating heterozygotes and genotyping the progeny by PCR analysis of genomic 

DNA extracted from ear punches. As no sex differences were observed in any of the memory tasks, 

both male and female mice were combined for all studies. All treatments were via intraperitoneal 

injection (i.p), unless otherwise noted.  

2.2.6 Step Through Passive Avoidance 

Step through passive avoidance (STPA) was performed on 8-10 week old C57Bl/6 mice 

(Charles River’s Laboratories) and modified from previous literature.249, 250 No difference between 

male and female mice was observed, thus both were used for the study. Scopolamine (1mg/kg) 

dissolved in saline was administered via i.p. injection 30 min prior to training phase, and drugs 

were administered 20 minutes prior.  

2.2.7 Closed Head mTBI 

Protocol was modified from previous literature. 251 Mice were anesthetized with isoflurane 

(5% flow rate) and immediately placed under the vertical 30cm long guide tube and stabilized by 

a sponge cushion. A 30g weight with a rounded tip (34 x 13mm) was dropped vertically through 

the tube and directed to the right sagittal plane between the eye and the ear, inducing a unilateral 

injury on the intact scalp. 

2.2.8 Tissue Preparation 

Mice were sacrificed using CO2 asphyxiation, perfused with ice-cold PBS, brains extracted 

and split into 2 hemispheres (ipsilateral vs. contralateral), flash frozen in liquid nitrogen, and stored 

at -80°C for further protein or RNA extractions. Brains were homogenized in Trizol (Invitrogen) 

using a hand-held pestle homogenizer and spun at 10,000 x g for 10 min at 4°C to remove cellular 

debris.  
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2.3 RESULTS AND DISCUSSION 

2.3.1 OGD-R as an in Vitro Model for Ischemia-Reperfusion Injury 

Neuroprotection profiles of inhibition strategies were assessed utilizing in vitro oxygen-

glucose deprivation and reperfusion (OGD-R), a well-characterized model of ischemic stroke that 

closely mimics in vivo models of brain ischemia and reperfusion (Figure 25).252 This model 

produces OS, a vital initiator of neuronal injury following ischemia-reperfusion injury.253 We 

began by optimizing conditions with the SH-SY5Y cells, a human neuroblastoma cell line.  

 

 

 

 

 

Figure 25. Schematic of the OGD-R assay 
Representative diagram of the OGD-R methodology. Briefly, cells are deprived of glucose (via 
glucose-free media) and oxygen (via a hypoxia chamber) for 2 hours, then restored to normal 
conditions for 24 hours.  
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SH-SY5Y cells underwent varying lengths of OGD (0, 1, 2, 4 or 6 hours), and 24 hours of 

reperfusion, with cell viability monitored using the MTS assay. We observed an inversely 

proportional relationship between the increasing lengths of OGD-R and remaining cell viability 

(Figure 26A). This confirmed that the OGD-R model is an in vitro model for neurodegeneration. 

Moreover, we varied the time of reperfusion (0, 1, 2, 3, 24 hours) following 2 hours of OGD 

(Figure 26B). Cell viability was most affected directly after OGD (~60%), and increased following 

reperfusion (~80% after 24 hours) suggesting that reperfusion employs some mechanisms of 

recovery.  

 
 
 
 
 

 
Figure 26. Dynamic changes in cell viability following varying lengths of OGD and 
reperfusion on SH-SY5Y cells 
(A) Cell viability following 0, 1, 2, 4 and 6 hours of OGD and 24 hours reperfusion. (B) Cell 
viability remaining after 2 hours OGD and 0, 1, 2, 3 or 24 hours reperfusion. Data represents mean 
± SEM of at least n=6 replicates.  
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We decided to move forward with the OGD-R paradigm of 2 hours OGD and 24 hours 

reperfusion, as it produces a modest, albeit significant drop in cell viability. In all assays, 

sulforaphane, a NFE2-related factor2 (Nrf2) activator, was used as both a positive and negative 

control as prior literature from our lab showed differences with 1 and 10µM against primary 

neuronal cultures.254 Our studies found that these results extended to SH-SY5Y cells at three 

treatment paradigms: pre-treatment (2 hours prior), ischemia (immediately prior), and reperfusion 

(directly following OGD-R).  1µM sulforaphane was protective at all three paradigms (121.2 ± 

4.9%, 113 ± 4.2%, 113.8 ± 3.5%, respectively, Figure 27) compared to nontreated control (Figure 

27). Additionally, 10µM sulforaphane was neurodegenerative at all three paradigms (58.2 ± 5.9%, 

62.7 ± 3.4%, 87.2 ± 2.5%, respectively) compared to nontreated control.  
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Figure 27. Sulforaphane as a positive and negative control in the OGD-R assay 
(A) Cell viability quantified MTS of SH-SY5Y cells treated with 2 hours of oxygen-glucose 
deprivation and 24 hours reperfusion (OGD-R) and nontreated controls. (B) LDH release of SH-
SY5Y cells treated with OGD-R and nontreated controls. (C)  OGD-R of SH-SY5Y cells treated 
with 1 or 10µM at pre-treatment (t=-2h.), ischemia (t=0h.) or reperfusion (t=2) treatment 
paradigms. Data represents mean ± SEM of at least n=6 replicates analyzed by one-way ANOVA 
with Dunnett's or Tukey's multi-comparison analysis 
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Cells were visualized utilizing a cell tracker to qualitatively analyze treatment with 

sulforaphane (Figure 28). Directly following OGD (t=2h.), SHSY-5Y cells visually appear the 

same with all concentrations of sulforaphane. After 24 hours of reperfusion (t=26h.), the well 

treated with 10µM sulforaphane treatment appeared to have significantly more viable cells, as 

evidenced by an increase in green fluorescence, while the well treated with 1µM had significantly 

less fluorescence than the nontreated control.  

 
 
 
 

 
 

 
 
Figure 28. Cell confluency following sulforaphane treatment 
SHSY-5Y cells were treated with 0, 1 or 10µM Sulforaphane then underwent OGD-R, with cells 
fixed, permeabilized then stained with green cell tracker and imaged on the Celigo at 0, 2 or 26 
hours.  
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Results were confirmed using a secondary cell line. OGD-R induces an exacerbated loss 

in cell viability in the HT22 cells (67.51 ± 4.18 %, Figure 29A). Similar to SH-SY5Y cells, 

sulforaphane (1 and 10 µM) was both a positive and negative control at all treatment paradigms 

(Figure 29B). As the effect of OGD-R in SH-SY5Y cells was more subtle, and has more relevance 

being a human cell line, inhibition strategies were tested in these cells.   
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Figure 29. Sulforaphane as a positive and negative control after OGD-R on HT22 cells 
(A) Cell viability quantified MTS of HT22 cells treated with 2 hours of oxygen-glucose 
deprivation and 24 hours reperfusion (OGD-R) and nontreated controls. (B)  OGD-R of HT22 
cells treated with 1 or 10µM at pre-treatment (t=-2h.), ischemia (t=0h.) or reperfusion (t=-2) 
treatment paradigms. Data represents mean ± SEM of at least n=6 replicates analyzed by one-way 
ANOVA with Dunnett's or Tukey's multi-comparison analysis 

	
	
	
	
	
	

2.3.2 Calpain-Cathepsin Inhibitors are Protective against Oxygen Glucose Deprivation 

The ability of the inhibitors to protect against OGD-R loss was assessed at three various 

treatment paradigms. Compounds evaluated were 5, the selective calpain-1 inhibitor, NYC-438, 

the nonselective inhibitor and CA-074, the selective cathepsin B inhibitor. E64c was used as the 

pan-cysteine protease inhibiton control. In our studies, we found all compounds to be 

neuroprotective at the pre-treatment and ischemia paradigms (Figure 30) when treated at 10µM. 

Intriguingly, CA-074 was the only CCH inhibitor with significant neuroprotection in the post-

treatment paradigm (178.3 ± 68.2%,  Figure 30), though all strategies exhibited a moderate level 

of protection.  
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Figure 30. Neuroprotective profiles of 10µM inhibitors against OGD-R in SH-SY5Y cells.  
 (A-C). Cell viability quantified by MTS release of SH-SY5Y cells following OGD-R with 
treatment of sulforaphane or 10µM inhibitors at varying treatment paradigms: pretreatment (t=-
2h, A), ischemia (t=0, B), or reperfusion (t=2h, C). Figures were normalized to 1µM sulforaphane 
treatment at 100% and vehicle control at 0%. Data represents mean ± SEM of at least n=6 
replicates analyzed by one-way ANOVA with Dunnett's or Tukey's multi-comparison analysis. 
*p<.05, **p<.01, **p<.001 v. nontreated control. 
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 While neuronal cell lines are a valuable resource, utilizing primary neuronal culture can 

be more advantageous as they are not transformed and immortalized, thus potentially more 

characteristic of neuronal cells in vivo.255 However, primary cells are more challenging, time-

consuming, expensive, and limited as they are mortal, residing in the non-replicative G0 state. 

Thus, we only assessed neuroprotection at the ischemia paradigm with select inhibitors in primary 

neurons. The primary cells exhibited a similar response to OGD-R, with a slight loss of cell death 

(82.9  ± 3.5%, Figure 31A) and increase in LDH release (17.8 ± 1.5%, Figure 31B).  

 Administration of the CCH inhibitors at the ischemia paradigm showed dose-dependent 

neuroprotection of all inhibition strategies (Figure 31C). Significant neuroprotection was seen at 

the 10µM dose, but not 1µM. Our results concur with previous literature that targeting the CCH, 

which posits overactivation of these cysteine proteases in neurodegeneration, has therapeutic 

efficacy in in vitro ischemia-reperfusion injury at various treatment paradigms (pre, at, and post). 

256, 257 
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Figure 31. Neuroprotective properties of inhibition strategies in primary human neurons 
(A) Cell viability quantified by MTS of primary human hippocampal neurons treated with OGD-
R and nontreated controls. (B) LDH release of primary human hippocampal neurons treated with 
OGD-R and nontreated controls. (C) Cell viability quantified by MTS release of primary human 
hippocampal neurons following OGD-R with treatment of sulforaphane or 10µM inhibitors at the 
ischemia paradigm (t=0). Data represents mean ± SEM of at least n=6 replicates analyzed by one-
way ANOVA with Dunnett's or Tukey's multi-comparison analysis. *p<.05, **p<.01, **p<.001 v. 
nontreated control. 
 
 
 
 
 
 

2.3.3 Calpain-Cathepsin Inhibitors Attenuate Scopolamine-Induced Cognitive Deficits 

A recent report indicated calpain-1 inhibition reverses scopolamine-induced cognitive 

deficits.258 This study theorized the effects were due to improved cholinergic function which 

translated into enhanced behavioral performance. However, this mechanism is ambiguous as 

calpain/cathepsin inhibitors exhibit poor brain bioavailability (see Chapter 3). Thus, the theoretical 

basis for this observation is unclear and may be associated with the inhibitor chemotype, or an 

interaction on brain endothelial cells (BECs). After completing other in vivo studies, we propose 

these results may be due to eNOS, a signaling molecule increased by calpain-1 inhibition (see 

Chapter 3).  
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The ability of selective (3) and nonselective (E-64d) inhibitors to reverse cognitive deficits 

was evaluated with the step-through passive avoidance (STPA). This assay exploits the natural 

tendency of mice to enter dark surroundings. The mice undergo habituation followed by training 

of the apparatus, which involves numerous sessions to train mice to remain in the illuminated 

compartment by provoking an electric shock if they migrate to the dark compartment. Scopolamine 

is an FDA-approved treatment for motion sickness, and is well-known agent to induce amnesia in 

mice.249 Scopolamine was administered 30 minutes prior to the testing phase based on literature. 

Compounds (3 and E-64d) were administered 20 minutes prior to the testing phase.  

GT-1061 is a NO-mimetic synthesized by our lab. This compound is part of a family of 

novel nitrates with reported neuroprotection and memory-enhancing properties, and entered Phase 

1 clinical studies for AD.250, 259, 260 GT-1061 has demonstrated efficacy in reversing scopolamine-

induced cognitive deficits and was thus used as a positive control in our studies.261  

Scopolamine administration caused a significant reduction in latency to enter the dark 

compartment (Nontreated: 256 ± 20.38, Scopolamine: 57.13 ± 20.26, Figure 32). This was 

significantly attenuated by both selective and nonselective inhibitors (3: 193.1 ± 42.77, E-64d: 

187.1 ± 27.46). Unfortunately, no superior targeting strategy was observed.  

To note, compound 3 was used in this experiment, as much of the work presented in this 

thesis was performed simultaneously.  When this experiment was in progress, compound 5 had 

not yet completed chemical synthesis nor enzyme profiling.   
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Figure 32 CCH inhibitors attenuate scopolamine-induced cognitive deficits in the STPA fear-
conditioning experiment 
(A) Schematic representation of the step-through passive avoidance (STPA) chamber. (B) 
Quantitative analysis of the latency of C57Bl/6 mice to enter the dark compartment of the chamber 
(sec). Mice were treated with 1mg/kg scopolamine 30 minutes prior to the training phase, then 
treated with 3 (10mg/kg), NYC-438(10mg/kg), and GT-1061 (1mg/kg) were administered 10 
minutes prior to the training phase. Data represent mean ± SEM with n=6-9 mice.  
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2.3.4 Inhibition Strategies Mitigate In Vitro TNF-a and LPS-Induced Neuroinflammation 

Reports indicate calpain-1 and cathepsin B mediates neuroinflammatory signaling 

cascades.262 In fact, inflammatory agents can induce calpain-1 hyperactivation. To test if CCH 

inhibitors could attenuate neuroinflammation, CCF-STTG1, a human astrocytoma cell line, was 

treated with 1µg/mL lipopolysaccharide (LPS) and 1ng/mL TNF-α, both well-characterized 

inflammatory agents. Concurrently, cells were co-treated with 10µM of 5, NYC-438, and CA-074.  

F420, a compound synthesized by our lab, is a tissue-selective ATP-binding cassette A1 

(ABCA1) agonist with CNS efficacy and minimal peripheral lipogenic activity. Our lab has 

demonstrated anti-inflammatory efficacy in in vitro and in vivo models. Thus, it was selected as a 

positive control for in vitro inflammatory studies.  

LPS stimulation alone significantly increased TNF-α and NOS2 levels (7.87 ± 0.87 and 

15.01 ± .07, respectively, Figure 33). All inhibition strategies attenuated the neuroinflammation 

levels (TNF-α = 5: 1.031 ± 0.31, NYC-438: 3.56 ± 2.2, CA-074: 1.45 ± 0.08; NOS2 = 5: 11.21 ± 

0.65, NYC-438: 10.82 ± 0.28, CA-074: 10.21 ± 0.56). There was no clear difference in CCH 

targeting to reduce LPS-stimulated inflammation.  
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Figure 33. Calpain-cathepsin inhibitors attenuated LPS-stimulated TNFa and NOS2 levels 
in astrocyte-like CCF-STTG1 cells 
(A and B) “Astrocyte-like” CCF-STTG1 cells were co-treated with 1µg/mL LPS and 10µM 5, 
NYC-438, CA-074, or F420 for 24 hours. mRNA was extracted and levels of TNF-α (A) and 
NOS2 (B) were quantified by qRT-PCR. All samples were normalized to the housekeeping gene 
β-actin, then the vehicle control at 1. Data represent mean ± SD of at least n=2 replicates.  
 
 
 
 
 
 
 
 
 

Similarly, TNF-α stimulation alone significantly increased IL-1b and IL-6 expression (14.4 

± 0.71 and 6.81 ± 0.49, respectively Figure 34). Inhibition strategies attenuated IL-1b, but not IL-

6 levels (IL-1b = 5: 6.24 ± 0.57; NYC-438: 6.60 ± 0.14; CA-074: 6.81 ±  0.17; IL-6 = 5: 10.04 ± 

0.65; NYC-438: 9.57 ± 0.34; CA-074: 12.78 ± 0.82).  
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Figure 34. Inhibition strategies attenuated TNFa-stimulated IL-1b  levels in CCF-STTG1 
cells 
(A and B) “Astrocyte-like” CCF-STTG1 cells were co-treated with 1ng/mL TNF-α and 10µM 5, 
NYC-438, CA-074 or F420  for 24 hours. mRNA was extracted and levels of IL-1b (A) and IL-6 
(B) were quantified by qRT-PCR. All samples were normalized to the housekeeping gene β-actin, 
then the vehicle control at 1. Data represent mean ± SD of at least n=2 replicates. 
 
 
 
 
 
 
 
 
 
 

2.3.5 Oxidative Stress via Lipid Peroxidation Products Induces Neuronal Cell Death  

An early event in progression of neurodegenerative disease is elevated OS accompanied 

by increased levels of LPP (specifically HNE) that can form neurotoxic protein and DNA adducts. 

193-202 To mimic the effects of OS in vitro, neuronal cells were treated with exogenous LPP (HNE 

and ONE). SH-SY5Y cells were treated with the LPPs, HNE and ONE, and assessed for cell 

viability (MTS assay) to understand the dose-dependent phenotypic effects of LPPs in vitro. 

Treatment with HNE (1-50 µM) caused a concentration-dependent loss of cell viability, measured 

at 6 and 24 hours (Figure 35A and B). However, increasing HNE concentration from 10 µM to 50 

µM did not significantly increase the observed ~45% cell death, consistent with previous literature. 
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263 The effect of 25µM HNE 6-48 hours post-treatment had no significant effect on cell viability 

(Figure 35C). Unsurprisingly, in part because of its greater reactivity, ONE (0.1-25µM) was more 

cytotoxic, producing ~15% cell death at 0.1µM and dose-dependent neurotoxicity up to 25µM 

(~75% cell death, Figure 35D, Figure 36). Results were confirmed using the LDH assay (Figure 

36) 
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Figure 35. Lipid peroxidation products, HNE and ONE, induce time-dependent and 
concentration-dependent cell death of SH-SY5Y cells 
(A-B) Quantitative analysis of SH-SY5Y cells treated with 0-50µM HNE for 6 and 24 hours (A 
and B, respectively) and analyzed via MTS. (C.) Quantitative analysis of SH-SY5Y cells treated 
with 25µM HNE for 0-48 hours and analyzed via MTS. (D) Quantitative analysis of SH-SY5Y 
cells treated with 0-25µM ONE for 24 hours and analyzed via MTS. Data represent mean ± SEM 
with n=6. 
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Figure 36. ONE has greater neurotoxicity than HNE 
(A and B) Quantitative analysis of SH-SY5Y cells incubated with either 4-HNE (0-50 µM) or 
ONE (0-25 µM) for 24 hours with cell viability quantified by MTS (A) and LDH (B). Data 
represent mean ± S.E.M. analyzed by one-way ANOVA with Dunnett’s or Tukey’s multi-
comparison analysis from three cell passages (n=6/passage, *p<0.05, **p<0.01, ***p<0.001). 
 
 
 
 
 
 
 
 

Scavenging agents were compared to determine the relative potential to alleviate the impact 

of increased LPPs in cell cultures. The agents selected, and their concentrations, were well 

characterized in the literature. 264-266  Additional control experiments of cells treated with the 

scavengers alone had no effect on cell viability.  SH-SY5Y cells were co-treated with both 

scavengers (50 µM and 250 µM) and LPPs (HNE: 5 µM and 10 µM; ONE: 1 µM and 5 µM), and 

cell viability was measured at 24 hours via MTS and LDH. N-acetyl cysteine (NAC) displayed the 

highest level of neuroprotection at 50 µM (Figure 37). All scavengers, including hydralazine and 

L-carnosine, showed some neuroprotection. At 250 µM, L-histidyl hydrazide (HH) and NAC were 

equivalent and superior to other scavengers in their neuroprotective actions. 
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Figure 37. LPP scavengers reduce neurotoxicity of HNE and ONE in vitro 
Quantitative analysis of SH-SY5Y cells co-treated with well-studied scavengers (50 µM and 250 
µM) and either 4-HNE (5 µM and 10 µM) or ONE (1 µM and 5 µM) for 24 hours with cell viability 
quantified by  MTS. Data represent mean ± S.E.M. analyzed by one-way ANOVA with Dunnett’s 
or Tukey’s multi-comparison analysis from three cell passages (n=6/passage, *p<0.05, **p<0.01, 
***p<0.001). 
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To mimic the effects of a “2nd hit” in vitro, cells were treated with exogenous HNE (1st hit) 

and OGD-R (2nd hit) to test if an underlying level of oxidative stress, caused by HNE, would 

exacerbate the neuronal loss subsequent to a second insult. SH-SY5Y cells were treated with 0-

50µM HNE then immediately treated with OGD-R. Exacerbated cell death was observed at all 

concentrations of HNE (Figure 38). These results demonstrated that a secondary neuronal insult 

against the background of elevated LPP can lead to attenuated neural reserve.  

 
 
 
 
 
 

 
Figure 38. HNE exacerbates OGD-R induced cell death in SH-SY5Y cells. 
SH-SY5Y cells treated with OGD-R and  0-50µM HNE for 24 hours and quantified via MTS. 
Data represent mean ± SEM with n=6. 
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2.3.6 Development of a Novel Murine mTBI model with Underlying Oxidative Stress 

Both oxidative stress and mild neurotrauma contribute to risk of ADRD 193-199 and likely 

also contribute to the age-related loss of neural reserve that interacts with hallmark AD pathology 

to cause progression to dementia.267 Moreover, OS is hypothesized to play a driving role in the 

secondary cascade of effects following mTBI.268 Therefore, as a foundation for this approach, we 

chose to study mTBI, a relatively common and mild neurotrauma, in ALDH2-/- mice.  

Previous results from our lab showed that the ALDH2-/- mice present with elevated HNE 

adducts accompanied by decreased mitochondrial function but without neuronal loss.269 This 

suggests that key mediators of mitochondrial health are impaired in ALDH2-/- mice, supporting 

previous findings that LPP significantly contributes to mitochondrial dysfunction.263, 270 Moreover, 

these mice exhibit cognitive impairment, significant beginning at 4 months of age, and is 

compatible with observed reductions in synaptic proteins essential in learning and memory in the 

hippocampus. This cognitive decline does not decline from 4 months to 14 months of age. 

Moreover, the cognitive deficit can be readily reversed at 9 months of age with both acute 

administration of pro-cognitive, anti-amnestic agents, and an LPP scavenger.  

We utilized a closed-head weight drop insult to characterize the effects of underlying LPP 

in exacerbating secondary injury in mTBI. A 30g bullet was dropped down a 80cm long tube and 

directed towards the right hemisphere between the ear and the eye ( 

Figure 39). The skull was intact and the head was free, stabilized in a sponge. This model 

is non-stereotaxic, reflecting the heterogeneity observed in human TBI populations. No gross 

pathological changes in infarct damage or contusion were seen in mice that were included in data 

analysis.  
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Figure 39. The mTBI apparatus utilized in our studies 
A 30g bullet was dropped down an 80cm long tube and directed towards the right hemisphere, 
between the eye and the ear, of a mouse. All animals were anesthetized throughout the experiment 
with their heads stabilized by a sponge.  
 
 
 
 
 
 

Brain tissues were analyzed for changes in pro-inflammatory cytokine expression. In 

ALDH2-/- mice, pro-inflammatory cytokines were increased 24 hours post-mTBI in the ipsilateral 

hemisphere, with changes in TNF-α reaching significance (8.7-fold increase, Figure 40). No 

changes in inflammatory markers in WT mice induced by mTBI reached significance. These 

observations show that elevated LPP and increased basal oxidative stress amplify the effects of 

mTBI with diminished cognitive function and elevated pro-inflammatory cytokines. 
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Figure 40. Underlying oxidative stress with mTBI induces a significant cytokine surge 24 
hours post-injury 
qRT-PCR analysis of TNF-α, COX2 and IL-1b gene expression in the contralateral and ipsilateral 
hemispheres of WT and ALDH2-/- mice 24 hours post-mTBI and null mouse controls. All samples 
were normalized to the housekeeping gene, β-actin. Data represent mean ± S.E.M analyzed by 
one-way ANOVA with Dunnett’s or Tukey’s multi-comparison analysis from (n=6) *p<0.05, 
**p< 0.01, ***p< 0.001. 
 
 
 
 
 
 
 Researchers have demonstrated that CTSB-/- mice experience significantly reduced TBI-

induced CNS inflammation and inflammatory pain.126, 271 Furthermore, our in vitro studies 

demonstrate the anti-inflammatory properties of CCH inhibitors(Figure 33 and Figure 34).. These 

findings provided support to test inhibition strategies in the reduced resilience in vivo model.  

ALDH2-/- mice were administered a single injection of 10mg/kg 3, 5 and NYC-438  and E-

64d via i.p. one hour post-mTBI. Mice were sacrificed 24 hours post-mTBI, with inflammatory 

levels of the ipsilateral hemisphere measured. We focused on looking at TNF-α levels, as this was 

the only cytokine significantly increased in the 2-hit model. Treatment with all inhibitors 

significantly decreased TNF-α (WT: 1.0 ± 0.14; ALDH2-/- + mTBI: 3.61 ± 0.9; 3: 0.82 ±  0.22; 5: 
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2.0 ± 0.48; NYC-438: 1.16 ± 0.37; E-64d: 1.24 ± 0.3).  We also examined IL-1b and COX2 levels 

as a second screen for anti-neuroinflammatory properties in vivo. As there was no significant 

difference in selective or nonselective inhibitors, we only examined these additional markers in 

the ipsilateral hemispheres of mice treated with 5 and NYC-438. These displayed no effect on IL-

1b or COX2 (Figure 41). 

 
 
 
 

 

 
Figure 41. CCH inhibitors attenuate neuroinflammation in the ALDH2-/- mTBI model  
(A–C) qRT-PCR analysis of TNF-α, (A) COX2 (B) and IL-1b (C) gene expression in the 
ipsilateral hemispheres of ALDH2-/- mice 24 hours post-mTBI and null WT mouse controls (black 
bar). All samples were normalized to the housekeeping gene, β-actin. Data represent mean ± S.E.M 
analyzed by one-way ANOVA with Dunnett’s or Tukey’s multi-comparison analysis from (n=6) 
*p<0.05, **p< 0.01, ***p< 0.001. 
 
 
 
 
 
 
 

Levels of glial fibrillary acidic protein (GFAP) and associated breakdown products (GFAP-

BDP) were also exacerbated in the ipsilateral hemisphere of the ALDH2-/- + mTBI mouse model 

(Figure 42). Calpain-mediated GFAP cleavage produces a range of BDP between 30 and 

50kDa;272, 273 thus, calpain-1 may be hyperactivated in this model. OS alone significantly increased 

3 5 NYC-438 E-64d
0

1

2

3

4

5

TN
F⍺

m
R

NA
 fo

ld
 in

du
ct

io
n

✱

ALDH2-/- + mTBI

3 NYC-438 
0.0

0.5

1.0

1.5

2.0

2.5

IL
-1

be
ta

m
R

N
A

 fo
ld

 in
du

ct
io

n

ALDH2-/- + mTBI

3 NYC-438 
0.0

0.5

1.0

1.5

2.0

C
O

X2
m

RN
A 

fo
ld

 in
du

ct
io

n

ALDH2-/- + mTBI

A. B. C.



	

	

99 

both GFAP (WT: 1.0 ± 0.06; ALDH2-/-: 1.29 ± 0.09) and GFAP-BDP (WT: 1.0 ± 0.07; ALDH2-/-: 

1.1 ± 0.1), which was further exacerbated by mTBI (ALDH2-/- + mTBI GFAP: 1.44 ± 0.12; 

ALDH2-/- + mTBI GFAP-BDP: 1.64 ± 0.22). The increased GFAP was significantly reduced with 

a single treatment of NYC-438 (0.99 ± 0.16) but not 5 (1.46 ± 0.12), while both significantly 

increased GFAP-BDP (5: 0.75 ± 0.13; NYC-438: 0.49 ± 0.09).  

 

 
 
 
 

 

 
Figure 42. Inhibitors 5 and NYC-438 reduced levels of GFAP and GFAP-BDP mediated by 
mTBI 
(A-E) Representitive immunoblots (A) and quantitative analysis of immunoblots from the 
ipsilateral hemisphere of WT and ALDH2-/- mice 24 hours post-mTBI and null mouse controls 
probed with GFAP Ab and quantified for GFAP (B) and GFAP-BDP (C). Quantitative analysis of 
immunoblots from WT and ALDH2-/- mice treated with 10mg/kg of 5 or NYC-438 1-hour post 
mTBI and probed  with GFAP (D) and GFAP-BDP (E). All samples were normalized to the 
housekeeping gene, β-actin. Data represent mean ± S.E.M analyzed by one-way ANOVA with 
Dunnett’s or Tukey’s multi-comparison analysis from (n=6) *p <0.05, **p< 0.01, ***p< 0.001. 
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 Similar to confirming specific inhibitory efficacy in vitro, target engagement was analyzed 

in the mTBI mice by analyzing SBDPs (Figure 43). SBDP 150kDa, the calpain-1 and caspase-3 

mediated fragment, increased with OS alone and OS + mTBI, (albeit not significantly) and was 

reduced with selective and nonselective inhibitors. Levels of SBDP 145kDa, the calpain-1 specific 

fragment, were increased in the OS mice and significantly increased with OS + mTBI (WT: 1.0 ± 

0.08; WT + mTBI: 0.98 ± 0.04; ALDH2-/-: 1.30 ± 0.13; ALDH2-/-+ mTBI: 1.45 ± 0.15). The 

increased SBDP 145kDa, and GFAP-BDP provided confirmation for calpain-1 hyperactivated in 

this model. Furthermore, elevated SBDP 145kDa is associated with heightened clinical severity 

following stroke and neuronal death.274 Thus, the mild insult on the background oxidative stress 

provided an amplified model of neurodegeneration.  

Single treatment of selective and nonselective inhibitors significantly reduced levels of 

SBPD 145kDa back to WT conditions (3:  0.69 ± .09; 5:  0.83 ± 0.10; NYC-438: 0.93 ± 0.20; 

NYC-438e: 0.76 ± 0.09) confirming inhibitory efficacy in the OS + mTBI mice. Important to note 

that NYC-438e was tested in tandem. This compound is structurally identical to NYC-438, except 

it incorporates an ester in place of the carboxylic acid (P1’ position). Previous work from our lab 

suggests that this compound may have better brain penetration in this pro-drug form.  

Lastly, there was no change in levels of SBDP120, the caspase-3 specific fragment in any 

condition with or without inhibitors. Intriguingly, mTBI alone had no effect on levels of any 

SBDPs. These results confirm the efficacy of our inhibition strategies in vivo. 
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Figure 43. Selective and nonselective calpain-1 inhibitors diminish SBDP145 levels in 
ALDH2-/- mice with mTBI 
(A) Representative schematic of expected SBDP cleavage fragments. (B-D) Analysis of 
immunoblots from the ipsilateral hemisphere of WT and ALDH2-/- mice 24 hours post-mTBI and 
null mouse controls probed with spectrin Ab and quantified for SBDP 150kDa (B), 145kDa (C) 
and 120kDa (D) monitored. All samples were normalized to the housekeeping gene, β-actin. Data 
represent mean ± S.E.M analyzed by one-way ANOVA with Dunnett’s or Tukey’s multi-
comparison analysis from (n=6) *p <0.05, **p< 0.01, ***p< 0.001. 
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2.4 CONCLUSION 

Translational scientists are increasingly recognizing ADRD as a multifactorial disease, 

with multiple contributing factors (environmental, cellular, genetic, etc.). These studies provided 

convincing support for further pre-clinical development of calpain and cathepsin inhibition 

strategies as potential ADRD therapeutics. Our inhibition strategies show efficacy in simple in 

vitro models of neurodegeneration (OGD-R) and complex in vivo models of reduced neural 

resilience in lieu of severe phenotypic effects (ALDH2-/- + mTBI). Moreover, we saw efficacy at 

numerous treatment paradigms, whether it be pre-, at- or post-insult.  

It’s essential that therapies for neurotrauma display efficacy in a post-treatment paradigm, 

as most neurotraumas occur sporadically (such as military or sports accidents). Two-hit models 

and multiple mTBI studies show an additive or even multiplying effect of damage both short-term 

and long-term. Thus, if some of the damage could be restored after a single “hit”, it could alleviate 

the potential aggravated signaling cascades that contribute to behavioral and pathological damage. 

While longer studies are required (daily dose for 1 week, 1 month), this evidence suggests calpain 

inhibition strategies can mitigate or prevent further exacerbation of secondary sequalae.  

While there exists a plethora of well-established and necessary genetic-based animal 

models, there exists an urgent need for models with reduced neural resilience and underlying 

pathologic processes relevant to ADRD and neurodegenerative diseases.  The interaction of 

oxidative stress and neurotrauma in ALDH2-/- mice provides a model to explore mechanisms of 

loss of neural reserve and cognitive resilience, and provides a tractable preclinical model for testing 

novel therapeutic agents. The closed-skull, weight-drop model of mTBI, used as a 2nd hit in our 

studies, did not elicit significant or persistent effects in WT mice. In contrast, significant effects 

were observed in ALDH2-/- mice. These effects were most marked with a sharp neuroinflammatory 

response 24 hours post-trauma, a mechanism hypothesized to drive secondary cascade following 
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TBI. The increase in GFAP, its proteolytic degradation products (BDP), and SBDP 145kDa 

suggested the hyper-activation of calpain-1 in this model. Thus, this in vivo model was appropriate 

and relevant to test our inhibition strategies. While a superior targeting strategy has not yet been 

identified, this supports calpain and cathepsin B as underlying mediators of ADRD, and advocates 

for further preclinical development.
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CHAPTER 3: ATTENUATION OF BBB-DYSFUNCTION BY CALPAIN AND 

CATHEPSIN B INHIBITION STRATEGIES 
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3.1 INTRODUCTION 

3.1.1 Poor Bioavailability of Calpain Inhibitors: Effect on BBB? 

The assumption that off-target drug actions drive side effects led the pharmaceutical 

industry to focus on developing highly selective calpain-1 inhibitors. These efforts culminated in 

Alicapistat, an orally active inhibitor of human calpain-1 and calpain-2, which recently completed 

Phase 1 clinical trials targeted at ADRD.11 Alicapistat is highly selective against other cysteine 

proteases, in particular cathepsin B, K, L and S, and exists as a 1:1 mixture of 2 diastereomers 

(Alicapistat R,S, and Alicapistat R,R). Phase 1 studies demonstrated that Alicapistat was without 

dose-limiting toxicities, and there was sufficient plasma bioavailability (peak plasma 

concentrations were approximately 4 µM). 11 However, the concentration achieved in CSF at the 

highest dose was < 20 nM, less than half that of the IC50 (56 nM for the active diastereomer)..  

Data from our lab also suggests NYC-438 possesses poor brain bioavailability, raising the 

intriguing possibility that efficacy is driven by interactions with the neurovascular unit and 

specifically, brain endothelial cells (BEC)s.  

3.1.2 The Blood Brain Barrier  

The blood-brain barrier (BBB) is a tightly controlled physiochemical border that regulates 

the transport of molecules in and out of the central nervous system (CNS) and prevents toxins and 

pathogens from penetrating the neural tissue. This system is vital for supporting neuronal function 

and maintaining brain health. It is important to note that the BBB is commonly referred to as the 

vascular boundary between the circulating blood and brain parenchyma.275 More specialized 

vascular barriers include the blood-nerve,276 the blood-retinal,277 the blood-labyrinth278 and the 

blood-cerebrospinal fluid279 barriers. Despite comprising only ~2% of the body’s mass, the human 

brain consumes roughly 20% of the body’s oxygen and glucose under normal, healthy 
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physiological conditions.280 Moreover, the brain alone does not contain a storage of fuel, and 

requires rapid energy from circulating blood.281 The process of managing the swift changes of 

energy demands is known as neurovascular coupling, a mechanism which increases the rate of 

cerebral blood flow and oxygen transport. Some reports have found that the total length of cerebral 

blood vessels is around 400 miles long to provide transport exchanges; of this, capillaries 

contribute over 85% of the vessel length.282 The architecture of the BBB is intricately designed to 

ensure strict regulation of chemical transport; a continuous endothelial membrane lies within brain 

capillaries, with pericytes embedded in the capillary basement membrane and astrocytes serving 

as “end-feet” support (Figure 44).  

 
 
 
 
 
 
 
 

 

Figure 44. Schematic of the architecture of the BBB.  
(A) Representative cross-section of a brain capillary (B) Representative longitudinal section of a 
brain capillary 
 
 
 
 
 



	

	

107 

BBB functionality is largely manifested through the brain endothelial cells (BECs)275 and 

thus are significantly distinct from other endothelial cells (ECs) found elsewhere in the body. 

Structurally, BECs are significantly smaller (39% less thick) than muscle ECs, which gives the 

BBB a highly restricted permeability.283 It’s theorized that this decrease in thickness allows for a 

faster transport of nutrients through the membrane, cytoplasm, and into the brain parenchyma.284 

In the human brain, capillaries contain ~12 m2 of endothelial cell surface, and the smaller mass is 

imperative for quick, efficient transfer of important nutrients from the blood to the brain and vice 

versa.285  

The abundance and quantity of tight junctions (TJs) also differentiate BECs from ECs. TJs 

are proteins that align as a series of sealing strands, with each strand acting independently from 

the other. Each of these strands are embedded in the plasma membrane of a single EC. The 

extracellular domain(s) of each strand interacts with extracellular domain(s) of strands embedded 

in other ECs. There are over 40 different proteins (strands) that make up TJs,286 with the most 

common being occludin, claudins, and junction adhesion molecule (JAM) proteins. The TJs are 

anchored into the actin component of the cytoskeleton by peripheral membrane proteins (e.g. zona 

occludens, ZO-1) located on the intracellular side of the plasma membrane. While TJs exist and 

are structurally similar in all tissues, they are found in significantly greater quantities in BECs. In 

ECs, TJs exist as a series of “buttons”, whereas in BECs they form a continuous, closed “zipper” 

(Figure 45).283 This tightly sealed barrier results in high transendothelial electrical resistance 

(TEER) as well as low transcellular and paracellular permeability.287 
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Figure 45. Representative cartoon of the architecture of tight junctions between BECs 
Brain endothelial cells are tightly sealed together by tight junction proteins. This results in high 
transendothelial electrical resistance (TEER) as well as  low paracellular and trancellular 
permeability.  
 
 
 
 
 
 
 
 

Furthermore, the BBB presents with a reduction in pinocytosis (fluid endocytosis), a 

feature that is increasingly recognized to be contributed specifically by molecular processes of 

BECs.288 One of these is the membrane lipid composition in BECs conferred by the lipid 

transporter major facilitator superfamily domain containing 2A ( Mfsd2a) which prevents the 

assembly of caveolin-1 vesicles. 289, 290 

Furthermore, the BBB transport system is regulated primarily by BEC transport systems 

excluding gasses and small lipophilic molecules that are able to diffuse unrestricted across the 

endothelium (Figure 46).275, 291 Endothelial carrier-mediate transport (CMT)  allows solutes 

(carbohydrates, amino acids, fatty acids, nucleotides, vitamins, hormones, etc.) to pass through the 

BBB via substrate-specific transporters. 57 This includes GLUT1 (carbohydrate transporter),275 

large neutral endothelial AA transporter 1 (LAT1/2)292 and 2 as well as cationic AA transporter 1 

and 3 (CAT1/3, amino acids),293 monocarboxylate transporters (MCT1 and MCT8, 

monocarboxylates and hormones), 294  fatty acid transport protein 1 and 4  (FATP1/4, fatty 
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acids),295 sodium-independent concentrative nucleoside transporter-2 (CNT2, nucleotides)296 and 

organic anion transporter-3 (OAT3)297 and organic cation/carnitine transporter-2 (OCTN2, organic 

anion and cations).298  

 

 

 

 

Figure 46. BBB transport systems 
The blood-brain barrier has a variety of transport mechanisms to allow passage of substances from 
the circulating blood into the neural tissue.  
 
 
 
 
 

Larger molecules, such as proteins and macromolecules (growth factors, albumin, 

immunoglobulins, etc.) use receptor-mediated transport (RMT) to cross the BBB. These receptors 

include transferrin and insulin receptors, 299, 300  as well as lipoprotein receptors and receptor for 
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advanced glycation end products (RAGE, on the abluminal and luminal membrane, 

respectively).301, 66 Generally, the rate of peptides to transport through the BBB is slower than 

nutrient transport.302 Moreover, endothelial active efflux ATP-binding cassette transporters 

(ABCs) provide a mode for active transport to prevent brain accumulation of drug conjugates, 

nucleosides, xenobiotics and drugs.282  This is vitally important, as ABC transporters have gained 

traction in the drug discovery realm as important determinants of CNS drug distribution (both to 

and from the CNS).303, 304  

BECs also regulate ion transport through sodium pumps (Na+- K+-ATPase),305 calcium 

transporters (Na+-Ca2+),306 potassium channels (voltage-gated K+ channel),307 and other ion 

transporters (NKCC1).308  These channels, pumps and transporters are especially vital for 

maintaining proper ion milieu, an essential component of proper CNS functioning.309  

It is important to note that the supporting cells of the BBB (pericytes and astrocytes) are 

imperative for proper BEC function. Reports indicate pericyte knockout mouse models have severe 

impairment of BBB induction and maintenance.310 Moreover, Abbott et al revealed that astrocyte-

conditioned media was sufficient to promote BEC functionalities in vitro.311 

3.1.3 Age-associated Changes to the Blood-Brain Barrier 

A major limitation to identifying normal physiological BBB changes induced by aging is 

that many of the techniques require tissues that can only be obtained post-mortem. However, with 

the recent advances in imaging techniques (PET scan, MRI, etc.), we have been able to gain more 

insight into potential age-associated changes.   

The most straight-forward method to quantitatively determine BBB-functionality in living 

humans is by measuring the ratio of BBB-impermeable proteins (e.g. immunoglobulin G, albumin) 

in the cerebrospinal fluid (CSF) vs. serum. Unfortunately, this tactic is unreliable as other known 
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CNS changes with aging can muddle the results; reports have indicated aging affects production 

and reabsorption of the CSF as well as leakage of the blood-CSF barrier, both of which would 

dramatically affect the ratio.312-314  Moreover, the increased inflammation in the serum and CSF 

that occurs with aging dramatically affects the levels of BBB-impermeable proteins that are 

typically measured.314 Intriguingly, Montagne et al. utilized an advanced dynamic contrast-

enhanced magnetic resonance imaging technique, with gadolinium as a tracer, to visualize leaky 

areas in normal brains.315 By using 24 living human subjects with no cognitive impairment (male 

and females, aged 23 – 91), they studied 12 different CNS regions and found a correlation between 

BBB-breakdown in the hippocampus and age. Albeit, the BBB-breakdown was quite minimal. 

Moreover, studies have been performed in young vs aged mice which corroborate the finding that 

slight BBB-dysfunction occurs with age.316, 317 

In addition to BBB-dysfunction, multiple reports reveal a direct correlation between 

increasing age and impairment of BEC transport function and signaling. Bonte et al. described an 

age-dependent decrease in metabolism particularly in grey matter of the frontal and temporal 

lobe.318 This was measured by monitoring brain glucose uptake of 18F-fludeoxyglucose via PET 

scans, and corrected for the volume loss. Furthermore, multiple articles report decreased levels of 

both of LRP-1 and P-gp, both efflux transporters of Ab, in brain microvessels of older individuals 

without cognitive impairment.319-323 Insulin transport may also be affected with aging, as Sartorius 

et al. reported decreased CSF / serum ratios of insulin in older, healthy individuals.324 

Concomitantly, the overall concentration of insulin in brain tissues has also been reported to 

decrease with human aging.325 

It is clear that BEC functionality decreases with normal aging. Intriguingly, the levels of many 

circulating proteins vary with age and directly impact BEC functionality. Notably, concentrations 
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of enzyme acid sphingomyelinase (ASM) increase in BECs with age and contribute to BBB 

disruption via caveolae-cytoskeleton mechanisms.326   

It’s imperative to understand that there is no conclusive evidence that BBB-dysfunction 

definitively leads to brain damage; that is BBB-impairment does not always lead to brain injury. 

In fact, some CNS therapies rely on transient BBB-opening for delivery of chemotherapeutics.327 

Furthermore, Lipsman et al. transiently opened the BBB repeatedly in patients with mild to 

moderate AD, and saw no clinical nor radiographic adverse events, and no change in cognitive 

scores.328 These reports exemplify the complexity of the BBB, and warrant further research into 

its functionality as a therapeutic target.  

3.1.4 Cerebrovascular Contributions to Cognitive Impairment 

The breakdown of BBB and associated hyperpermeability is a hallmark feature of various 

neurodegenerative and neuroinflammatory diseases including AD, TBI and IS.329, 330 In fact, 

cerebrovascular dysfunction  has been implicated in the early AD pathogenesis and a driver of 

cognitive dysfunction; many some studies indicate cerebrovascular dysfunction occurs prior to 

symptomatic onset and is among the first detectable biomarker changes. 315, 331, 332 Furthermore, 

cerebrovascular diseases as well as vascular risk factors (diabetes, hypertension, hyperlipidemia, 

pollution and obesity) all increase the risk of ADRD.329 

Intriguingly, various reports indicate BBB-dysfunction, in particular BEC-dysfunction, can 

precede neurodegeneration.285, 315, 333, 334  Early initiation of hyperpermeability is not typically 

associated with overt, blunt injury, but with subtler alterations that breach endothelial junctions.335 

BEC-degeneration and reduced TJs cause a myriad of factors including faulty transport, increased 

inflammation and an accumulation of neurotoxic factors which all promote neurodegeneration 

(Figure 47). 
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Figure 47. Mechanisms of neurodegeneration from BBB-dysfunction 
A variety of mechanisms stemming from blood-brain barrier dysfunction can lead to 
neurodegeneration  
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Many genetic mutations known to contribute to ADRD can lead to BBB breakdown and 

cerebrovascular dysfunction. Mutations in APP and PSEN1/2 genes cause autosomal-dominant 

AD (ADAD), an inherited form of AD that accounts for ~1% of all AD cases.336 These mutations 

are well reported to lead to BBB breakdown, as evidenced in most ADAD cases. 266  Furthermore, 

multiple genome-wide association studies (GWAS) have identified various genes that are 

associated with an increased risk for neurodegenerative diseases. APOE4 is the strongest known 

genetic risk factor identified for sporadic, late-onset AD. 337 One or two APOE4 alleles is reported 

to increase the risk for developing ADRD by ~3.8-fold and ~12-fold respectively, compared to the 

APOE3 genotype, with the effect stronger in females.338, 339 Reports indicate human carriers of 

APOE4 have enhanced BBB breakdown, pericyte degeneration, impaired cerebrovascular 

reactivity and reduced uptake of glucose compared to non-carriers.340-342 Mutations in 

phosphatidylinositol binding clathrin assembly protein (PICALM) has also been identified in a 

majority of GWAS studies as a contributor to sporadic late-onset AD. 343 These polymorphisms 

indicate lower PICALM levels contribute to ADRD risk; similarly studies have shown PICALM, 

localized in the endothelial of human cerebral vessels, is downregulated in AD patients.344 In vivo 

fAD models with Picalm+/- (lower levels of PICALM in the BBB) present with accelerated 

amyloid pathology and behavioral deficits.344 

 Sporadic forms of ADRD, without known genetic mutations, are also highly intertwined 

with BBB dysfunction and vascular pathology. As mentioned previously, Montagne et al. reported 

decreased BBB function in the hippocampus of aged individuals.315  However, this study also 

observed a significant decrease in BBB functionality of individuals with MCI and early AD 

compared to healthy age-matched controls, including the prevalence of gray and white matter 

lesions before the signs of brain atrophy and dementia. Other studies have reported increased CNS 

microbleeds in  25% of individuals with MCI and 45-78% of individuals with early AD.345 
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Furthermore, the albumin quotient (Qalb, the ratio of CSF / serum albumin levels) is significantly 

elevated in MCI and preclinical AD patients.315, 346 In addition to neuroimaging studies in living 

individuals, post-mortem studies have identified accumulated blood-derived proteins including 

fibrinogen, albumin, and immunoglobulin G in the prefrontal and entorhinal cortex and 

hippocampus of AD patients.347, 348  

 Of particular importance to this study is the impact of the BBB architecture, particularly 

BECs, in AD progression. Multiple post-mortem studies have reported reduced capillary length 

and microvascular degeneration with diminished TJ protein expression and BEC degeneration. 340, 

349, 350 Loss of claudin-5 as well as  ZO-1 is associated with BBB breakdown in acute CNS diseases 

and neurodegenerative disorders.285, 287 Mutations in OCLN, the gene encoding for occludin, leads 

the neurological syndrome pseudo-TORCH 1, which is characterized by early-onset seizures, 

severe microcephaly, and developmental delays.351 Furthermore, studies have found significantly 

reduced levels of pericytes and pericyte coverage in the AD cortex and hippocampus compared to 

age-matched controls, a finding that is exacerbated by the APOE4 gene.340  

3.1.5 Calpain-1 overactivation and BBB-Dysfunction: A Therapeutic Opportunity 

In normal, healthy physiological conditions, calpain-1 is an important regulator of 

endothelial cell function. Both calpain-1 and calpain-2 are expressed in endothelial cells and serve 

to maintain vascular physiological integrity.352, 353  Activation of calpain-1 is reportedly induced 

by endothelial growth factors, namely vascular endothelial growth factor (VEGF), and is essential 

for angiogenesis and wound healing 79, 354-356 Qui et al found that the over-expression of calpastatin 

(calpain’s endogenous inhibitor) significantly delayed skin wound healing in mice, an effect 

specifically provoked by impaired angiogenesis. Moreover Gonscherowski et al found that 
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treatment of un-stimulated human umbilical vein endothelial cells with 12µM calpain inhibitor I 

(ALLM) or 1µM calpastatin reduced vascular endothelial integrity.353  

However, in pathogenic conditions where there is an overactivation of calpain, endothelial 

functionality declines. Calpain hyperactivation is found in the pathophysiology of multiple 

cardiovascular disorders and contributes to endothelial dysfunction.357-360 Moreover, calpain 

expression was found elevated in cortical endothelial cells of human patients following TBI. 361  

While only a handful of studies have examined the role of calpain inhibition in BECs, it has 

nevertheless been proposed as a therapeutic remedy to regulate BEC-dysfunction and BBB 

permeability.  

Reports indicate calpain inhibition can attenuate BBB-dysfunction by protecting against 

loss of TJs. Alluri et al. reported calpain inhibition protected against IL-1b-induced loss of ZO-

1.362 Importantly, by using calpain-1 siRNA, calpain III inhibition, and calpastatin treatment, they 

were able to validate the effects were specifically induced by calpain-1 activity. In other studies, 

calpain-1 inhibition attenuated ZO-1 activity and endothelial cell barrier disruption induced by 

particulate matter in human lung endothelial cells.363 Moreover, calpain inhibition (via ALLM) 

attenuated occludin levels in Caco-2 cells induced by TPEN, a zinc chelator.364  In fact, it has been 

proposed that multiple tight junction proteins (occludin, E-cadherin, and ZO-1) are substrates of 

calpain.365 Additionally, a recent report found release of cathepsin B activates NLRP3 (NOD-, 

LRR-, and pyrin domain-containing protein 3) inflammasomes which in turn disrupts endothelial 

junctions.366 Inhibition of cathepsin B (via CA-074) attenuated transendothelial electric resistance 

(TEER) induced by nicotine in cultured endothelial cells. Intriguingly, the researchers found a loss 

of ZO-1 after nicotine administration but did not look at (or report on) the effects of CA-074 on 

ZO-1 levels.  
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While calpain-1 and cathepsin B inhibition is reported to preserve TJs in multiple cell 

types, it also protects against BBB-permeability. Tsubokawa et al. reported administration of E-

64d (5 mg/kg) given 30 minutes prior was found to decrease infarct volume and Evans blue dye 

penetration 24 hours post-mild cerebral artery occlusion (MCAO).128 Furthermore, Alluri et al. 

found calpain inhibitor III (10 mg/kg) given immediately prior or post controlled cortical impact 

(CCI) reduced Evans blue dye perfusion and FITC-dextran fluorescence one hour post-CCI. 362  

One of the most well-studied mechanisms connecting calpain-1 and cathepsin B’s 

association with the BBB involves matrix metalloprotease 9 (MMP-9), a versatile zinc-containing 

endopeptidase.  The hyper-activation of MMP-9 has emerged over the last decade as a key 

contributor to the disruption of the BBB; MMP-9 has been reported to degrade TJ proteins as well 

as type IV collagen, laminin and fibronectin, all main elements of the basal lamina.367-369 OS-based 

theories of BBB-dysfunction link increased free radicals to hyper-activation of MMP-9 which 

stimulates their degradation activity that can occur on TJs and disrupts the vital physiological 

barrier.370 Additionally,  numerous clinical studies have confirmed an increase in MMP-9 activity 

in the brains of stroke,367  ADRD,371, 372 and TBI patients.373  

Previous results demonstrated that calpain-1 inhibition (via the calpastatin-derived 

inhibitor CP1B) and cathepsin B inhibition (via global CTSB-/-) attenuated MMP-9 activation in 

leukemia and glioblastoma cell lines, respectively.374, 375 These findings prompted Tsubokawa et 

al. to investigate the inhibition of calpain-1 and cathepsin B on the BBB, where they found a single 

administration of E64d (5 mg/kg) 30 minutes prior to MCAO in rats decreased MMP-9 activity in 

both endothelial cells and neurons.128 However, the most intriguing part of the study involved the 

time-course of calpain-1, cathepsin B, and MMP-9 activation. They found that two hours post-

MCAO, there was a sharp activation of calpain-1 and cathepsin B without a change in MMP-9 

activity. They then studied the brains six hours post-MCAO where they saw an increase in MMP-
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9 activity along with activation in calpain-1 and cathepsin B. Moreover, the activation of all three 

proteins were co-localized in neurons and neurovascular structures, indicating that calpain-1 and 

cathepsin B regulate MMP-9 activation.  

It’s important to note that MMP-9 activity is also expressed in astrocytes and pericytes, 

two important cell types of the neurovascular system.376, 377 In fact, pericytes have been reported 

to be the primary source of MMP-9 activity in the BBB.378 Moreover, the regulation of pericyte 

contractibility and cellular stiffness is controlled by calpain.379 Thus, calpain activity regulates 

BBB functionality in ways other than endothelial functionality.  

 A vital component to endothelial cell functionality is nitric oxide (NO). NO has multiple 

roles in brain function including vasodilation, inflammatory mediation and neuromodulation.380, 

381 In endothelial cells, NO is induced by the activation of endothelial nitric oxide synthase 

(eNOS). Aged mice (14-15 month old) with eNOS-/- exhibit an increase in inflammation and 

decrease in spatial learning and memory.382 Moreover,  the decrease in NO has been shown to 

promote AD pathology in vitro (via NOS inhibitor L-NAME and sGC inhibitor ODQ) and in vivo 

(via eNOS-/-) by increasing APP and Ab1-40 in both neurons and endothelial cells.382 Another study 

found that even the partial loss of eNOS (eNOS+/-) increased cerebral amyloid angiopathy (CAA) 

in the cerebrum and hippocampus of aged mice (18 months), further strengthening the role of 

eNOS in the amyloidogenic processing of APP and elevation of Ab peptides.383 Importantly, these 

mice also presented with cognitive deficits. Thus, the eNOS/NO/sGC/cGMP/CREB pathway has 

been proposed as a therapeutic target for ADRD.384 

Given the significance of eNOS in endothelial dysfunction, it’s crucial to understand how 

calpain-1 modulates eNOS activity; calpain-1 substrates include eNOS associated proteins 

(caveolin,385 heat shock protein 90 (hsp90),385 Akt386), interruption of hsp90 as well as Akt binding 

to eNOS,386, 387 and eNOS itself.354, 388 Numerous reports suggest calpain inhibition can attenuate 
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the decrease in eNOS activity, thus promoting vascular integrity. Chen et al found calpain 

inhibition by E64d (1µM) attenuated the decrease in eNOS induced by oxidized low-density 

lipoprotein and protected against cell-loss in human aortic endothelial cells.389 Moreover, Yu et al 

saw decreased eNOS in the aorta after calpain inhibitor I (5mg/kg/day for 8 days) was administered 

to rats on a high cholesterol diet.390  

 While numerous studies have correlated calpain-1 inhibition with the attenuation of eNOS 

levels, there is a lack of literature establishing this connection in BECs of the BBB.  Intriguingly, 

cAMP response element-binding protein (CREB), a downstream target of the 

eNOS/NO/sGC/cGMP/CREB pathway, is heavily intertwined with calpain activity. CREB is a 

transcription factor heavily intertwined in ADRD pathology; its dysfunction is reported in in vivo 

models and patients.391, 392 Activation via phosphorylation on the serine 133 residue regulates 

intermediate early genes (IEGs) including BDNF, cFOS, Nurr-1 and  Zif268 (EGR-1), all which 

are associated with neuronal function. 

The Arancio group has long studied the connection between CREB and calpain: Puzzo et 

al reported a reversal in Ab-induced impairment of CA1 LTP after administration of an NO donor, 

an sGC stimular, or cGMP analogs.393 Moreover, Trinchese et al reported a restoration in 

phosphorylation of CREB (pCREB) in vitro in cultured hippocampal neurons from APP/PS1 mice 

after administration of E64 (1µM) or BDA-410 (50nM).127 Intriguingly, in this study, treatment of  

E64 or BDA-410 did not affect basal levels of pCREB in non-glutamate stimulated WT or 

APP/PSI slices. Thus, they theorize that Ab causes an increase in calpain hyperactivation which 

hampers phosphorylation of CREB.  
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3.1.6 Objectives 

Cerebrovascular dysfunction is a critical feature in the onset and progression of ADRD. 285, 

330, 332, 394, 395 Recently, a specific ‘two-hit vascular hypothesis’ of ADRD has been introduced 

suggesting that a primary feature in ADRD pathogenesis is blood-brain barrier (BBB) dysfunction 

leading to neuronal injury and pathogenic accumulation of toxic proteins (Aβ, tau) as a “second 

hit”.396 This hypothesis is supported by studies implicating BBB dysfunction as an early feature in 

the progression of neurodegenerative disease;330, 397 however it is still debated whether BBB 

dysfunction is the cause or consequence of neurotrauma. In contrast to studies on neurons and 

neuronal function, less attention has been paid to the components of the BBB, notably brain 

endothelial cell (BEC). The goal of this chapter was to characterize the effects of calpain/cathepsin 

inhibitors on BECs.  

Specific chapter objectives: 
 

1. Demonstrate BEC susceptibility to OS-based insults  

2. Contrast varying effects of BECs incorporating AD contributors (OS via ALDH2-/- and 

APOE4 via APOE4-Tg) 

3. Characterize the efficacy of CCH inhibition strategies on WT and ALDH2-/- BECs 

4. Distinguish the impact of mTBI  vs. ALDH2-/- on the BBB 

5. Analyze BBB functionality in the 2-hit mouse model (ALDH2-/- + mTBI)  

6. Test inhibition strategies in an in vivo model with BBB-dysfunction 
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3.2  METHODS 

3.2.1 Primary Culture 

Cortices were dissected from 3-8 week old mice, chopped with a razor blade, and 

centrifuged in Minimal Essential Media (ThermoFisher) at 1000 x g for 10 minutes at 4°C. The 

supernatant was removed and the pellet was triturated in papain (17U per brain) and DNase (84U 

per brain, LK003178 and LK003172, respectively, Worthington Biochemical) using a 19G needle 

before being placed in a 37°C water bath for 15 minutes. Following incubation, the sample was 

triturated with a 21G needle, and mixed vigorously with 2 parts 25% BSA (A2153-50G, Sigma, 

solubilized in HBSS-/-), before centrifugation at 3880 x g for 15 minutes at 4°C. After removing 

the supernatant, the pellet was resuspended in 1mL endothelial cell medium (M1166, Cell 

Biologics) with heparin (5.5U/mL, H3149, Sigma) and centrifuged for 5 minutes at 1000 x g at 

4°C to remove residual BSA. The pellet was then resuspended in endothelial cell medium + 

heparin and plated onto plates coated with 0.005% collagen (C8919, Sigma), 1-2ug/mL laminin 

(L2020, Sigma), and 50 ug/mL fibronectin (F0895, Sigma). The following day, plates were washed 

2x with HBSS+/+ and media was replaced with endothelial cell medium and puromycin (4ug/mL) 

as a selection agent for 72 hours. Cells were used at the second passage for all studies. The APOE3- 

and APOE-4-Tg BECs were a kind gift from Dr. Leon Tai. The cells were isolated from the EFAD 

mice which are 5xFAD mice backcrossed to APOE3 or APOE4 homozygous mice.398  

3.2.2 Immunofluorescence 

Cells were treated with 5µM Cell Tracker Red CMTPX (C34552, ThermoFisher) for 30 

minutes, then washed and fixed with 4% Paraformaldehyde and 0.1% Triton X-100 in PBS for 5 

minutes. Cells were then washed and treated with 5µM Hoeschst 33342 (Invitrogen) in Fluorobrite 

DMEM (A1896701, Fisher). Images were captured on the BZ-X700 microscope (Keyence), and 
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confluence was quantified using Keyence software. All OGD-R studies were performed in the 

absence of fetal bovine serum and endothelial growth supplements.   

3.2.3 Immunoblots 

Cells were cultured up to 95% confluence in 6-well plates and treated with varying 

concentrations of compounds for defined periods of time. At termination of treatment, cells were 

washed twice with ice-cold PBS and protein was extracted by adding ice-cold RIPA buffer (Sigma) 

supplemented with protease and phosphatase inhibitors (Calbiochem). Cells were scraped and the 

cell lysate was centrifuged at 10,000 x rpm for 10 min at 4°C. Protein concentration was 

determined using the Pierce BCA-200 Protein Assay Kit (ThermoFisher). Lysates were stored at 

-20°C for at least a day, then thawed on ice. Equal amounts of protein (µg) were prepared with 6X 

loading buffer (0.375 M Tris (pH=6.8), 12% SDS, 60% glycerol, 0.6 M DTT, 0.06% bromophenol 

blue), heated at 95°C for 5 minutes, cooled to RT before loading onto NuPage 4-12% Bis-Tris 

Protein Gels. The gels were transferred onto PVDF membranes using the iBLOT2 (ThermoFisher), 

blocked in 5% non-fat milk for 1 hour, probed overnight with the primary antibody at 4°C, washed 

with TBS-T 3x, probed with an HRP-linked secondary antibody (1:1000 in blocking buffer) for 1 

hour, washed with TBS-T 3x, then visualized using SuperSignal West Fempto 

Chemiluminescence substrate (ThermoFisher) on the Azure c400 series. Immunoblots were 

quantified using Azure Biosystems Technology. All values were normalized to expression levels 

of beta-actin. Antibodies: anti-spectrin (MAB1622, Millipore), anti-ZO-1 (bs-1329R-TR, Bioss), 

anti-occludin (66378-1-Ig, Proteintech), anti-claudin 5 (4C3C2, ThermoFisher), anti-eNOS (bs-

0163R, Bioss), anti-MAP2 (ab5392, Abcam), anti-MMP9 (ab38898, abcam), anti-GFAP (Z0334, 

Dako) and HRP-conjugated anti-beta actin (HRP-60008, Proteintech).  
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3.2.4 Closed-head mild Traumatic Brain Injury 

Protocol was modified from previous literature.251 Mice were anesthetized with isoflurane 

(5% flow rate) and immediately placed under the vertical 30cm long guide tube and stabilized by 

a sponge cushion. A 30g weight with a rounded tip (34 x 13mm) was dropped vertically through 

the tube and directed to the right sagittal plane between the eye and the ear, inducing a unilateral 

injury on the intact scalp. Following injury, the mice were monitored for return of normal gait and 

no cerebral edema or seizures. 

3.2.5 Tissue Harvesting 

Mice were sacrificed using CO2 asphyxiation, perfused with ice-cold PBS, brains extracted 

and split into two hemispheres (ipsilateral vs. contralateral), flash frozen in liquid nitrogen, and 

stored at -80°C for further protein or RNA extractions.  

3.2.6 Protein Extraction for Western Blot 

Brains were removed from the freezer, weighed, and homogenized using a BeadBug 

microtube homogenizer (Sigma). Briefly, 2x volume of ice-cold lysis buffer (25mM HEPES pH 

7.0, 1mM EGTA, 1mM EDTA, 1% Triton X-100, 0.1% SDS supplemented with protease and 

phosphatase inhibitors [Roche Diagnostics]) was added to a 2mL beat tube with beads (3x tissue 

mass). Brain samples were homogenized at 3800rpm for 10 seconds 3x with a rest of 1 minute in 

between. The homogenized brain was then centrifuged at 1000rpm at 4°C for 15 minutes. Each 

lysate (minus beats) was then moved to another tube and homogenized again at the same speed 

and time. The samples were stored on ice for the entirety of the protein extraction. 

3.2.7 Sodium Fluorescein Extravasation 

Mice were injected with 5mg/kg of 2% NaFl in sterile dH2O via i.p. 30 minutes prior to 

sacrifice. Mice were sacrificed with CO2, and 600-800 µL of blood was collected from the right 
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ventricle of the heart prior to perfusion with ice-cold PBS at a rate of 6 mL per min for 3 min. 

Plasma was centrifuged at 1500 x g for 15 minutes at 4°C. Following perfusion, the mice were 

decapitated and brain hemispheres were collected and stored in -80°C prior to biochemical 

analysis. Plasma was analyzed immediately on a 96-well black plate using the Synergy neo2 plate 

reader, measuring absorbance at an excitation wavelength of 440nm and emission of 525nm. Each 

hemisphere was weighed and homogenized in PBS. An equal amount of 60% trichloroacetic acid 

in deionized water was added to precipitate proteins, and left on ice for 30 minutes, then 

centrifuged at 18000 x g for 10 minutes at 4°C. Supernatants were measured in a 96-well black 

plate. The samples were protected from light throughout the entire experiment either by using 

light-sensitive 1.5mL Eppendorf tubes, covering in aluminum foil, or working in a dark room. 

Sodium fluorescein extravasation was quantified as follows:  

 

 

 
Equation 1. Quantification of sodium fluorescein extravasation  

𝐶𝑙𝑒𝑎𝑟𝑒𝑑	𝑣𝑜𝑙𝑢𝑚𝑒	(
µ𝐿
𝑚𝐺) =

𝐵𝑟𝑎𝑖𝑛	𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	(𝐴𝑈)

9 𝑃𝑙𝑎𝑠𝑚𝑎	𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	(𝐴𝑈)
𝑝𝑙𝑎𝑠𝑚𝑎	𝑎𝑚𝑜𝑢𝑛𝑡	𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑	(𝑢𝐿)=

9𝐵𝑟𝑎𝑖𝑛	𝑤𝑒𝑖𝑔ℎ𝑡	(𝑚𝑔) × 	𝑏𝑟𝑎𝑖𝑛	𝑎𝑚𝑜𝑢𝑛𝑡	𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑢𝐿)𝑡𝑜𝑡𝑎𝑙	𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡	(𝑢𝐿) =
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3.2.8 RNA isolation 

Following perfusion, whole brains were extracted and separated into two hemispheres 

(ipsilateral and contralateral) and immediately stored in 1.5mL tubes at -80°C for at least one day. 

Hemispheres were removed from -80°C, thawed on ice for 10-15 minutes and homogenized with 

1mL Trizol using a hand-held pestle homogenizer. The tubes were then spun at 10,000 x g for 10 

minutes at 4°C to remove debris. Supernatant was removed and placed in a fresh tube with .200 

µL chloroform. Samples were vigorously vortexed for 15 seconds then incubated at room 

temperature for 2 minutes before centrifugation of 12,000 x g for 15 minutes at 4°C. The upper 

aqueous phase containing RNA was transferred and isolated using the RNeasy Plus Mini Kit 

(Qiagen) according to the manufacturer’s instructions. Briefly, the RNA containing supernatant 

was transferred to a gDNA Eliminator spin column in a 2 mL collection tube which was spun for 

30 seconds at 12,500 rpm. The flow-through was transferred to an RNeasy spin column with 1:1 

70% ethanol added and spun for 15 seconds at 12,500 rpm. Flow through was discarded and 700µL 

Buffer RW1 was added and spun at 12,500 rpm for 15 seconds. The flow through was again 

discarded and 500µL of Buffer RPE added to column then spun again for 15 seconds at 12,500 

rpm. This step occurred twice. The column was then placed into a new 1.5mL collection tube and 

spun for 1 minute at 12,500 rpm to fully remove any excess liquid. The RNeasy spin column was 

then placed into a new 1.5mL collection tube and 30µL RNase-free water was added, then spun at 

12,500 rpm for 1 minute to elute RNA.  

A Biotek Synergy Neo2 was utilized to quantify RNA using the nucleic acid quantification 

program. A blank of nuclease-free water was used to ensure no contamination before counting. 

For each sample, 2µL was added in duplicate on the Take3 Multivolume plate and absorbance 

values quantified. 260/280nm ratio of absorbance validated purity.  
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3.2.9 Reverse Transcription 

Reverse transcription was performed using the SuperScript III First-Strand Synthesis 

System for RT-PCR (Invitrogen) according to manufacturer’s instructions. Briefly 2µg RNA of 

each sample was added to nuclease-free microcentrifuge tube, along with 12.5µL nuclease-free 

water, 2.5µL 50uM oligo (dT)12-18 and 2.5µL 10mM dNTP. The mixture was heated at 65°C for 5 

minutes before cooling at 4°C. A mixture of 10µL 5X first strand buffer, 2.5µL 0.1mM DTT, 11µL 

nuclease-free water and 2.5µL superscript III (10,000U) was added, vortexed, and centrifuged to 

condense sample. The mixture was incubated at 50°C for 60 minutes then inactivated at 70°C for 

15 minutes and cooled to 4°C. cDNA was stored in -20°C until qPCR.  

3.2.10 Quantitative PCR 

Quantitative PCR was carried out utilizing the Taqman Gene Expression Master Mix 

(Applied Biosystems) on the StepOnePlus Real Time PCR system (Life Technologies). 2µL 

cDNA of each sample was added in duplicate to a 96-well semi-skirted PCR microplate. A mixture 

of 10µL TaqMan Master Mix, 6µL nuclease-free water, 1µL gene of interest (FAM fluorophore, 

ThermoFisher) and 1µL housekeeping gene (ACTB-VIC fluorophore or HPRT-VIC fluorophore, 

ThermoFisher) were added. The plate was centrifuged for 5 minutes at 2,000rpm before analysis. 

The plate was cycled with a holding stage of 2 minutes at 50°C followed by 95°C for 10 minutes, 

then 42 cycles of 15 seconds at 95°C followed by 1 minute at 60°C. CT levels were collected and 

normalized to housekeeping gene in each sample. Data is represented as DDCT  and normalized to 

wildtype controls. An average of at least three biological and three analytical duplicates was used. 

Genes used are indicated in TABLE VIII.  
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TABLE VIII. PRIMERS UTILIZED IN RT-QPCR STUDIES 

Gene 
Symbol Gene Name UniGene 

ID 
Product 
Number Probe 

ACTB Actin, beta Mm.328431 Mm01205647_g1 VIC 

Cldn5 Claudin 5 Mm.22768 Mm00727012_s1 FAM 

HPRT Hypoxanthine guanine phosphoribosyl 
transferase Mm.299381 Mm03024075_m1 VIC 

Nos3 Nitric oxide synthase 3, endothelial 
cell Mm.258415 Mm00435217_m1 FAM 

Ocln Occludin Mm.4807 Mm00500912_m1 FAM 

Tjp1 Tight Junction Protein 1 (ZO-1) Mm.4342 Mm01320638_m1 FAM 
 
 
 
 
 
 
 
 
 

 

3.3  RESULTS AND DISCUSSION 

3.3.1. Inhibition strategies preserve BEC integrity post-OGD-R 

Cortical BECs were isolated from wild-type (WT) mice following dissection, digestion and 

selection (Figure 48A). This protocol was developed and extensively characterized by Dr. Leon 

Tai and his research group. These BECs are not used beyond passage 2 to maintain phenotype, 

and grown on a fibronectin, laminin and collagen matrix to maintain adhesion and ensure purity. 

Using the Keyence microscope, it was demonstrated that WT BECs morphology changes after 

OGD-R induced stress (Figure 48B).  
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Figure 48. WT BECs are susceptible to OGD-R insult. 
(A) Schematic representing the procedure to isolate BECs from WT mice. (B) BECs isolated 
from WT mice were treated with 0-4 hours of OGD-R, fixed and stained with cell tracker red, 
and imaged on the Keyence microscope.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

2

4

Time of OGDR (hr)

Mouse
(sex, type) dissect brain excise specific 

region of interest Add enzyme Add selection 
medium

A.

B.



	

	

129 

Similar to the SH-SY5Y neuronal cells, BECs showed an inversely proportional 

relationship with cell viability and increasing length of OGD-R (0, 1, 2, 4, and 6 hours of OGD-

R, Figure 49A). Significant loss in cell viability was first observed at two hours OGD-R (85.7 ± 

2.6%). Moreover, the lipid peroxidation products 4-hydroxynonenal (HNE) and oxo-2-nonenal 

(ONE) also exerted dose-dependent loss in cell viability validating that the BECs isolated are 

susceptible to OS (Figure 49B and C). Furthermore, while SH-SY5Y human neuronal cells 

seemingly plateaued with LPP and OGD treatment, primary WT BECs were exceptionally 

sensitive to the same insults. 

As BECs exhibited similar susceptibility to two hours OGD-R as neuronal cells, it was 

assumed that if the CCH hypothesis was prevalent, CCH inhibitors would sufficiently attenuate 

BEC-cell death. Thus, we treated BECs induced with two hours OGD-R with 10µM and 1µM 

CCH inhibitors at the ‘ischemia’ treatment paradigm. Using sulforaphane as a control, the selective 

and nonselective calpain-1 inhibitors were able to dose-dependently mitigate the loss in cellular 

confluence (Figure 49D). Treatment of 10µM with compound 5 or NYC-438 restored BEC 

confluence to 95.1 ± 2.3% and 93.4 ± 3.1%, respectively, while CA-074 did not.  
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Figure 49. Inhibition strategies ameliorate BECs susceptibility to oxidative stress. 
 (A) Cell viability quantified by immunofluorescence of BECs and SH-SY5Y cells treated with 
OGD-R for 0, 1, 2, 4 or 6 hours. (B and C) Cell viability quantified by MTS release of BECs 
and SH-SY5Y cells after 24 hour treatment of the lipid peroxidation products 4-hydroxy-2-
nonenal (HNE, B) or 2-oxononenal (ONE, C) at various concentrations. (D). Cell viability 
quantified by immunofluorescence of BECs following 2 hours OGD-R with co-treatment of 
sulforaphane or inhibitors (1 and 10µM ). (E) LDH release of BECs following 0, 0.5, 1 or 2 
hours of OGD-R. (F). LDH release of BECs following 2 hours of OGD-R with co-treatment of 
sulforaphane or inhibitors. Data represents mean ± SEM of at least n=3 in 3 separate isolations 
analyzed by one-way ANOVA with Dunnett's or Tukey's multi-comparison analysis or one 
sample t and Wilcoxon test. *p<.05, **p<.01, **p<.001 v. nontreated control  
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We confirmed these results using the LDH assay which utilizes a chemical readout of cell 

death. This was selected as a less subjective method of qualitative analysis. LDH results showed a 

similar trend: increasing lengths of OGD-R produced a proportional increase in LDH release 

(Figure 49E).  Treatment of 10µM of all inhibitors significantly reduced the LDH release 

(nontreated: 28.1 ± 3.3%; 5: 14.5 ± 4.1%; NYC-438: 14.5 ± 2.5%; CA-074: 19.4 ± 2.3%, Figure 

49F). However, at 1µM only 5 and NYC-438 significantly reduced LDH release.  

Previous experiments determined that there were no sex differences between BECs isolated 

from female versus male mice (Figure 50). Thus, in the previous experiments, BECs were isolated 

from both male and female mice. 

 
 
 
 
 
 
 
 

 
Figure 50. WT BECs isolated separately from male and female mice exhibit no significant 
differences. 
(A) Quantification of confluence of WT BECs isolated from male and female mice at varying 
times of OGD-R determined using Keyence software (B) LDH release of WT BECs isolated from 
male and female mice at varying times of OGD-R. Data represents mean ± SEM of at least n=3 
duplicates of cell passages. 
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Multiple reports have revealed that there is substantial decrease in the expression of tight 

junction proteins (TJs) in post-mortem brain tissue of ADRD patients.399, 400 Thus, studies were 

expanded to determine if CCH inhibitors could protect against this loss. We focused our efforts on 

two TJs: zona occludens 1 (ZO-1) and occludin.  ZO-1 is a scaffold protein that anchors TJs to the 

actin cytoskeleton while occludin is a plasma-membrane protein. Immunoblots revealed levels of 

ZO-1 and occludin were significantly reduced after 2 hours OGD-R (88.3 ± 0.02% and 83.2 ± 

.03% respectively, Figure 51A-D).  Co-treatment with 10µM inhibitors ameliorated the loss in 

ZO-1 and occludin with significance reached with 5 and NYC-438 (Figure 51E and F).  To ensure 

the specific inhibitory efficacy in BECs, SBDP 150kDa and 145kDa were examined. All 

compounds reduced SBDP 150kDa (Figure 51G), but only 5 and NYC-438, the calpain-1 

inhibitors, significantly reduced SBDP 145kDa levels (Figure 51H).  
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Figure 51. Inhibition strategies mitigate loss of tight junction proteins.  
(A - D) Representative immunoblots of BECs treated with 1 hour OGD-R and nontreated control 
probed with ZO-1 Ab (A) and Occludin Ab (B) and associated quantitative analysis (C and D, 
respectively). (E - H) Quantitative analysis of BECs treated with 10µM inhibitors followed by  1 
hour OGD-R and nontreated controls probed with ZO-1 (E), Occludin (F) or Spectrin (SBDP 
150kDa and 145 kDa analyzed in G and H, respectively). All protein was normalized to the 
housekeeping protein, β-actin. Data represents mean ± SEM of at least n=3 separate isolations 
analyzed by one sample t and Wilcoxon tests or one-way ANOVA with Dunnett's or Tukey's multi-
comparison analysis. Equal protein amounts were loaded in all lanes of immunoblots. ***p<.001 
v. nontreated control. #p<.05, #p<.01, #p<.001 #p<.05 v. OGD-R treated. 
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3.3.2. Reduced Resilience in ALDH2-/- is Reversed by CCH Inhibitors 

Our findings were further enhanced to looking at BECs isolated from the ALDH2-/- mouse 

model to further delineate mechanistic effects of CCH inhibition strategies. Aldehyde 

dehydrogenase 2 (Aldh2) is a major detoxifier of LPPs in the brain and is heavily implicated in 

the pathologies of ADRD, ischemia and TBI.21990 Previous studies found Ab treatment increased 

endothelial cell dysfunction, an effect that was reversed with an ALDH2 activator.401 It was 

assumed that the ALDH2-/- mice would have more susceptible BECs, and therefore a weakened 

BBB.  

We began by testing our compounds’ impact on morphology and confluence, not as a 

measure of functionality, but as a first initial screen before moving to LDH, a qualitative 

measurement (Figure 52). ALDH2-/- BECs appeared to have less coverage than WT BECs after 

treatment. Moreover, the ALDH2-/-  BECs looked more elongated post-treatment, while the WT 

BECs appeared to maintain their morphology despite the loss in coverage.  
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Figure 52. Morphological changes between WT and ALDH2-/- BECs 1 hour post-OGD-R 
BECs were isolated from WT and ALDH2-/- mice, subjected to 1 hour OGD-R, then imaged on the 
Celligo imager.   
 
 
 
 
 

 

Next, we qualitatively compared WT and ALDH2-/- BECs after varying lengths of OGD-R, 

specifically examining confluence and LDH release.  ALDH2-/- BECs exhibited significantly lower 

confluence than WT post-OGD-R (1 hour: 72.1 ± 4.0% v. 89.1 ± 4.7, Figure 53A and B). The 

exacerbated response in ALDH2-/- BECs was also seen in LDH release (0.5 hours: 16.7 ± 1.0% v 

3.2 ± 1.6%, 1 hours: 27.9 ± 12.5% v 11.3 ± 1.7%, 2 hours: 35.5 ± 3.2% v. 28.1 ± 3.3%, Figure 

53C). Co-treatment with 10µM inhibitors failed to improve confluence. LDH release was 

significantly reduced with 5 and NYC-438 after 1 hour OGD-R in the ALDH2-/- BECs (5: 8.6 ± 

.8%, NYC-438: 9.6 ± .5%, Figure 53D).  
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Figure 53. Reduced resilience in ALDH2-/- BECs is reversed by CCH inhibitors.  
(A and B) Representative image (A) and quantitative analysis of confluence (%, B) analyzed by 
immunofluorescence of WT and ALDH2-/- BECs treated with 0, 30, 60 and 120 minutes of OGD-
R. (C) LDH release of WT and ALDH2-/- BECs following 0, .5, 1, 2 hours of OGD-R. (D) LDH 
release of ALDH2-/- BECs following 1 hours of OGD-R with co-treatment of  1µM sulforaphane 
or 10µM inhibitors. (E and F) Quantitative analysis of ALDH2-/- BECs treated with 1 hour OGD-
R and nontreated control probed with ZO-1 Ab (E) and Occludin Ab (F). (G – J) Quantitative 
analysis of BECs treated with 10µM inhibitors followed by  1 hour OGD-R and nontreated controls 
probed with ZO-1 (E), Occludin (F). Data represents mean ± SEM of at least n=3 separate 
isolations analyzed by one-way ANOVA with Dunnett's or Tukey's multi-comparison analysis . 
*p<.05, **p<.01, **p<.001 v. nontreated control. #p<.05, #p<.01, #p<.001 #p<.05 v. OGD-R treated 
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Moreover, ALDH2-/- BECs exhibited significantly reduced levels in the tight junction 

proteins ZO-1 (0.79 ± 0.4% v 0.88 ± 0.2%) and occludin (0.64 ± 0.4% v 0.83 ± 0.3%) compared 

to WT following 1 hour OGD-R (Figure 53E and F). Levels of ZO-1 and occludin were improved 

with co-treatment of 5 (1.0 ± 0.6% and 1.1 ± .09%, respectively) and NYC-438 (1.1 ± .08% and 

.91 ± .12%, Figure 53G and H respectively). Surprisingly, CA-074 significantly improved levels 

of ZO-1 (1.3 ± 0.1%), but not occludin. Specific inhibitory efficacy of the compounds in the 

ALDH2-/- BECs were confirmed, with 5 and NYC-438 significantly reducing SBDP 150kDa, and 

just 5 reducing SBDP 145kDa (Figure 54).  

 
 
 
 
 

 

 
Figure 54. CCH inhibitors reduce SBDP 150kDa and 145kDa in ALDH2-/-  BECs. 
(A and B) Quantitative analysis of ALDH2-/- BECs treated with 1 hour OGD-R and nontreated 
control probed with Spectrin (SBDP 150 (A) or 145kDa (B), respectively). Data represents mean 
± SEM of at least n=3 separate isolations analyzed by one-way ANOVA with Dunnett's or Tukey's 
multi-comparison analysis . *p<.05, **p<.01, **p<.001 v. nontreated control. #p<.05, #p<.01, 
#p<.001 #p<.05 v. OGD-R treated.  
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These studies demonstrated the ability of selective and nonselective calpain-1 inhibitors to 

preserve both WT and ALDH2-/- BEC viability and mitigate the loss in TJs following ischemia-

reperfusion injury, and support the hypothesis that the CCH extends to BEC-dysfunction. 

Intriguingly, calpain-1 inhibitors (5 and NYC-438) maintained efficacy in all in vitro studies, while 

cathepsin B selective inhibitor displayed variable efficacy. This suggested inhibition of calpain-1 

is required for protecting BECs against CCH-mediated damage. Thus, moving into in vivo studies, 

we decided to we characterized selective v. nonselective calpain-1 inhibition and forgo cathepsin 

B inhibitor (CA-074) studies.   

Again, studies were performed to ensure no sex differences were observed with the BECs 

isolated from ALDH2-/- mice. There was no difference in susceptibility to OGD-R (Figure 55A and 

B). Moreover, there were no significant changes in levels of tight junction proteins of male and 

female for both WT and ALDH2-/- BECs (Figure 55C and D).  
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Figure 55. ALDH2-/- BECs isolated from male and female mice are equally susceptible to 
OGD-R injury 
(A) Quantification of confluence of WT BECs isolated from male and female mice at varying 
times of OGD-R determined using Keyence software  (B) LDH release of WT BECs isolated from 
male and female mice at varying times of OGD-R. (C and D). Quantification of western blots 
probed with ZO-1 and Occludin Abs following 1 hour OGD-R. Data represents mean ± SEM of 
at least n=3 duplicates of cell passages. 

 
 
 
 
 

3.3.3. Exacerbated Damage in ApoE4 vs. ApoE3 female BECs 

We further decided test the susceptibility of BECs in a more relevant genetic-based AD 

animal model. It is well known that the largest known genetic risk factor for AD is the 

apolipoprotein E containing the e4 allele (APOE4).402 The APOE gene is involved in lipid 

homeostasis by mediating lipid transport.403 The human APOE gene exists in three alleles: e2, e3 
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and e4, with has a global frequency of 8.4%, 77.9% and 13.7%, respectively.404 However, the 

occurrence of the e4 allele in AD patients is roughly 40%. APOE e4 confers an increased risk of 

AD, as one or both alleles carry a startling 47% and 91% AD frequency, respectively.338  

Evidence from Dr. Tai’s lab suggests that ApoE4-Tg mice have a weakened BBB 

compared to ApoE3-Tg mice,405-407 and thus we decided to test their susceptibility to OGD-R 

induced damage. BECs were isolated from female EFAD mice with either ApoE3-Tg and ApoE4-

Tg separately and subjected to varying lengths of OGD-R injury. ApoE3 and Apoe4 BECs 

exhibited no significant difference in cell viability when subjected to OGDR for 0.5, 1, or 2 hours 

(Figure 56). However, following 4 hours of OGD-R, ApoE4 BECs were significantly less 

confluent than ApoE3 BECs. This suggests that the ApoE4 allele, the largest genetic 

known risk factor for AD, confers reduced resilience against oxidative stress injury. 
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Figure 56. Exacerbated susceptibility of BECs isolated from APOE4-Tg mice v. APOE3-Tg. 
Confluence of BECs isolated from female APOE4-Tg mice and APOE3-Tg mice at 0-4 hours of 
OGD-R quantified by Keyence Software. Data represent mean ± SEM of at least n=5 of 2 
isolations.  
 
 
 
 
 

3.3.4 ALDH2-/- mice with mTBI exhibit BBB-Dysfunction  

Chapter 2 demonstrated that the ALDH2-/- mice exhibit exacerbated damage to mild insult, 

as evidenced by the sharp cytokine activation and increase in GFAP, GFAP-BDP and SBDP 

145kDa.269 In this chapter, we sought to determine if underlying oxidative stress or mTBI would 

lead to exacerbated vulnerability to cerebrovascular damage in vivo. 

Utilizing the mTBI model discussed in chapter 2, WT and ALDH2-/- mice underwent a 

closed-head weight drop on the right hemisphere. Sodium fluorescein (NaFl) was injected via i.p. 

24 hours post-mTBI and allowed to circulate for 30 minutes before sacrifice, with contralateral 

and ipsilateral hemispheres collected. NaFl is a commonly used method to determine permeability 
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of the blood brain barrier.408 We utilized this method as a first screen to characterize mTBI and 

OS effect on BBB functionality.  Injection of 5 mg/kg of 2% NaFl administered 30 minutes prior 

to sacrifice is an adequate dose to visibly change the internal milieu of mice to a  yellow, highly 

fluorescent color (Figure 57). 

 
 
 
 
 
 
 
 
 
 

 

Figure 57. Sodium fluorescein is a highly fluorescent tracer 
Photographic representation of the internal milieu of a mouse without (left) or with (right) 5 
mg/mL 2% NaFl allowed to sacrifice for 30 minutes prior to sacrifice.  
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Quantification of NaFl extravasation into the brain revealed a sharp increase induced by 

mTBI in the WT mice in the ipsilateral hemisphere (ipsilateral: WT = 1.0 ± 0.13 µg/uL, WT + 

mTBI = 1.46 ± 0.20 µg/uL; contralateral: WT = 1.0 ± 0.11 µg/uL, WT + mTBI = 0.91 ± 0.11 

µg/uL, Figure 58). Moreover, OS alone increased NaFl extravasation (ALDH2-/-  ipsilateral: 1.67 

± 0.33 µg/uL; ALDH2-/- contralateral: 1.56 ± 0.22 µg/uL). The combination of underlying 

oxidative stress with mTBI exacerbated the NaFl extravasation in only the right hemisphere, the 

side of insult (ALDH2-/-  + mTBI – ipsilateral: 2.1 ± 0.21 µg/uL, contralateral: 1.47 ± 0.09 µg/uL).  

 
 
 
 
 
 
 

 

 
Figure 58. Elevated sodium fluorescein extravasation in the right hemisphere of ALDH2-/- 
mice 24 hours post-mTBI.  
Quantitative analysis of sodium fluorescein (NaFl, 2% in diH2O) extravasation measured 24 hours 
post-mTBI in the contralateral and ipsilateral (left and right, respectively) hemisphere. Data 
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represents mean ± SEM of n=7-10 animals analyzed by One-Way ANOVA with Dunnett's or 
Tukey's multi-comparison analysis. 
 
 

As significant changes in NaFl extravasation were only observed in the ipsilateral 

hemisphere, we continued by observing the changes in proteins associated with BBB breakdown 

(ZO-1, occludin, claudin-5, MMP-9 and eNOS) in the ipsilateral hemisphere via immunoblot. 

While mTBI and ALDH2-/- alone had no effect on ZO-1 or occludin, the synergy of the two insults 

produced significantly reduced protein levels 24 hours post-mTBI (ZO-1: WT = 1.0 ± 0.06, WT + 

mTBI = 0.93 ± 0.08, ALDH2-/- = 0.96 ± 0.1, ALDH2-/- + mTBI = 0.65 ± .06; Occludin: WT = 1.0 

± 0.05, WT + mTBI = 0.87 ± 0.8,  ALDH2-/-  = 1.06 ± 0.7, ALDH2-/-+ mTBI = 0.74 ± .04, Figure 

59B and C).  Levels of claudin-5, an integral membrane protein found significantly decreased in 

ADRD and other neurodegenerative disorders, remained unchanged in all conditions (Figure 

59D).399 We next looked at MMP-9, a versatile zinc-containing endopeptidase that is suggested to 

digest tight junctions and basement membrane proteins when significantly increased in TBI and 

ADRD.368-370 It was unsurprising that active MMP-9/total MMP-9 levels were significantly 

increased with mTBI and oxidative stress alone; however, the interaction of ALDH2-/- and mTBI 

did not significantly increase these levels (WT: 1.0 ± 0.1; WT + mTBI: 1.5 ± 0.1; ALDH2-/-: 1.6 ± 

0.2; ALDH2-/- + mTBI: 1.6 ± 0.2, Figure 59E). 

We next looked at endothelial nitric oxide synthase (eNOS), the catalyst of nitric oxide 

(NO) in endothelial cells. NO is vital for the regulation of vascular homeostasis and healthy 

cognitive function in the central nervous system (CNS).259 However, in NDs like ADRD and TBI, 

levels of NO are significantly decreased.409 Indeed, in our model, mTBI  alone decreased levels of 

eNOS (WT: 1.0 ± 0.2, WT + mTBI: 0.82 ± 0.12, Figure 59F).  Moreover, heightened OS can 

significantly decrease eNOS, leading to impaired cerebral blood flow regulation, vascular 

inflammation and weakened synaptic plasticity.409 Thus a significant decrease in expression of 
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eNOS in the ALDH2-/- alone was unsurprising (ALDH2-/-: 0.60 ± 0.23). Interaction of oxidative 

stress and mTBI considerably exacerbated the loss of expression (ALDH2-/- + mTBI: 0.30 ± 0.17). 
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Figure 59 Underlying oxidative stress exacerbates the loss of BBB-associated proteins post-
mTBI. 
Representative (A) and associated quantitative analysis of immunoblots of WT and ALDH2-/-  24 
hours post-mTBI or null probed with ZO-1  (B), Occludin (C) Claudin-5 (D), MMP-9 (E) or eNOS 
(F) Ab 24 hours post-mTBI. Data represents mean ± SEM of n=7-10 animals analyzed by One-
Way ANOVA with Dunnett's or Tukey's multi-comparison analysis. All protein was normalized to 
the housekeeping protein, β-actin. 50µg of protein was loaded in each well. *p<.05, **p<.001 vs. 
WT null control 
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3.3.5 Calpain-Cathepsin Inhibition Attenuates BBB-Dysfunction 

We focused our efforts on understanding if selective or nonselective calpain-1 inhibition 

would attenuate the loss in TJs. Utilizing the same post-treatment paradigm as in Chapter 2, 

ALDH2-/- mice were administered 10mg/kg of 3, 5, NYC-438, NYC-438e, or vehicle via i.p. 1 hour 

post-TBI, then sacrificed with hemispheres collected 24 hours post-mTBI. Compounds 5 and 

NYC-438 significantly attenuated the loss of ZO-1 (5: 1.3  ± 0.1, NYC-438:  1.7 ± 0.3, Figure 60) 

while 3 and NYC-438e increased but not significantly. Furthermore, 3, 5, and NYC-438e mitigated 

the loss in occludin (3: 1.3 ± 0.3, 5:1.3 ± 0.2, NYC-438: 1.4 ± 0.1) levels (Figure 60). Moreover, 

though claudin-5 levels were unaltered with mTBI, 5, NYC-438 , and NYC-438e unambiguously 

increased expression of claudin-5 (5: 2.5 ± 0.2, NYC-438: 2.0 ± 0.2, NYC-438e: 1.7 ± 0.2). 

Intriguingly, while all inhibitors reduced MMP-9 activity, only 5 mitigated levels with significance 

(0.7 ± 0.05). 

All inhibitors attenuated eNOS-deficiency without evidence for a preferable targeting 

strategy (3: 0.6 ±  0.1, 5: 1.25 ± 0.04, NYC-438: 1.23 ± 0.23 NYC-438e: 1.3 ± 0.03). eNOS 

operates via the  eNOS/NO/sGC/cGMP/CREB pathway. 371 Previous studies from Dr. Arancio 

Ottavio’s lab found nonselective calpain-1 inhibitors (E-64 and BDA-410) significantly restored 

pCREB levels in hippocampal neurons from APP/PS1 mice.114  They hypothesized that Ab 

increased calpain hyperactivation which in turn hampered phosphorylation of CREB. Our studies 

suggest that pCREB levels may be increased upstream via restoration of eNOS levels and 

explain the restoration of scopolamine-induced cognitive deficits observed in Chapter 2 ( 

Figure 32).  
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Figure 60. CCH inhibitors attenuate loss of BBB-associated proteins 24 Hours post-mTBI in 
ALDH2-/- mice 
(A-D) Quantitative analysis of immunoblots of ipsilateral hemispheres of WT and ALDH2-/- 24 
hours post-mTBI or null treated with 10mg/kg via i.p of 5 or NYC-438 and probed with ZO-1  (A), 
Occludin (B), Claudin-5 (C), MMP-9 (active/total, D) and eNOS (E) Ab. Data represents mean ± 
SEM of n=4-10 animals analyzed by One-Way ANOVA with Dunnett's or Tukey's multi-
comparison analysis. All protein was normalized to the housekeeping protein, β-actin. 50µg of 
protein was loaded in each well. *p<.05, **p<.01, ***p<.001 v. WT null control, #p<.05, # # p<.01, 
# # # p<.001 v. ALDH2-/- + mTBI. 
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As calpain-1 and cathepsin B are vital proteins at normal physiological concentrations, 

studies were expanded to characterize the effects of inhibition on all mouse models (WT, WT + 

mTBI, ALDH2-/-, ALDH2-/- + mTBI). All groups were treated with 10mg/kg 5, NYC-438, or 

vehicle control via i.p. 1 hour post-mTBI. 24 hours later, mice were sacrificed with ipsilateral 

hemispheres collected and TJ levels were analyzed via immunoblot. A previous study found 

calpain inhibitor III, a nonselective calpain/cathepsin B inhibitor, attenuated IL-1b-induced loss 

of ZO-1; it was unclear if specific inhibition of calpain-1 was exuding the protective effects.362 

Other groups also report cathepsin B inhibition can preserve ZO-1 levels through an indirect 

mechanism.366, 410 Our studies found that NYC-438 significantly and profoundly increased ZO-1 

levels in all conditions, while 5 increased levels but without significance (Figure 61A). This data, 

along with earlier data showing CA-074  moderately attenuates ZO-1 levels in the WT BECs and 

significantly attenuates levels in ALDH2-/- BECs (Figure 51E and F, respectively), indicate ZO-1 

may be a substrate of cathepsin B. Occludin levels did not significantly change in the WT, WT + 

mTBI, or ALDH2-/- groups (Figure 61B). However, it is important to note that 5 did moderately 

reduce levels in all three conditions indicating calpain-1 may be important for regulation of 

occludin levels. Levels of claudin-5 were significantly increased in most conditions by both 5 and 

NYC-438, indicating protective activity may be specifically due to calpain-1 inhibition (Figure 

61C).   
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As eNOS is well-characterized as a substrate of calpain-1, we examined these levels both 

as a control and to understand if cathepsin B had a role in eNOS activity. 5 significantly increased 

levels of eNOS in all conditions while NYC-438 significantly increased eNOS levels only in the 

ALDH2-/- groups (Figure 61D). These results confirm that eNOS is indeed a substrate of calpain-

1. As NYC-438 treatment was not significantly different than 5, it may be suggested that cathepsin 

B inhibition does not play a role in eNOS activity.  

 
 
 
 
 
 
 
 
 
 

 
Figure 61. TJs are substrates of cysteine proteases 
(A-D) Quantitative analysis of immunoblots of ipsilateral hemispheres of WT and ALDH2-/- 24 
hours post-mTBI or null treated with 10mg/kg via i.p of 5 or NYC-438 and probed with ZO- 1 (A), 
Occludin (B), Claudin-5 (C) and eNOS (D Data represents mean ± SEM of n=7-10 animals 
analyzed by One-Way ANOVA with or Tukey's multi-comparison analysis. All protein was 
normalized to the housekeeping protein, β-actin. 50µg of protein was loaded in each well. *p<.05, 
**p<.01, ***p<.001. 
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We decided to take it a step further and examine if the changes we observed were also 

present on a transcriptional level. Intriguingly, ZO-1 was significantly reduced in the ALDH2-/- 

mice with and without mTBI (Figure 62A). NYC-438 was able to significantly attenuate this 

decrease while 5 did not (ALDH2-/- + mTBI: 0.67 ± 0.13, 5: 0.71 ± 0.1, NYC-438: 0.86 ± 0.06). 

Moreover, occludin levels were only significantly decreased in the ALDH2-/- mice with mTBI 

indicating oxidative stress alone does not significantly decrease occludin transcription (Figure 

62B). NYC-438 and 5 both improved levels of occludin mRNA, but only NYC-438 was significant 

able to restore to baseline levels (ALDH2-/- + mTBI: 0.76 ± 0.15, 5: 0.86 ± 0.2, NYC-438: 0.96 ± 

0.16). Similar to protein levels, claudin-5 mRNA declined non-significantly only in the mice with 

mTBI (Figure 62C). Again, only NYC-438 was able to significantly attenuate levels of claudin-5 

mRNA beyond baseline (ALDH2-/- + mTBI: 0.86 ± 0.18, 5: 0.84 ± 0.21, NYC-438: 1.14 ± 0.23). 

Similar to previous literature, eNOS mRNA was significantly reduced in the mTBI animals (Figure 

62D)411. This decrease was not seen in the ALDH2-/- alone indicating underlying oxidative stress 

does not significantly impact eNOS expression. Intriguingly, both 5 and NYC-438 were able to 

significantly increase expression of eNOS (ALDH2-/- + mTBI: 0.83 ± 0.11, 5: 1.04 ± 0.2, NYC-

438: 1.06 ± 0.18).  
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Figure 62. Treatment of NYC-438, not 5, attenuates decreased expression of TJs in ALDH2-

/- mice with mTBI. 
(A-D) mRNA levels of ZO-1 (A) Occludin (B), Claudin-5 (C), and eNOS (D) quantified by rt-
qPCR. Data represents mean ± SEM of n=5-6 animals analyzed by One-Way ANOVA with or 
Tukey's multi-comparison analysis. All protein was normalized to the housekeeping protein, β-
actin. 50µg of protein was loaded in each well. *p<.05, **p<.01, **p<.001 v. nontreated control. 
#p<.05, #p<.01, #p<.001 #p<.05 v. ALDH2-/- + mTBI 
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3.4  CONCLUSION 

Recent studies have implicated BBB-dysfunction as an early feature in ADRD disease 

progression.396 However, it has not been determined if this is a causative or consequential step of 

ADRD. Furthermore, there exists a significant lapse on studies focusing on the BBB, and in 

particular BECs. This research strongly advocates for understanding the therapeutic impact of 

ADRD pre-clinical strategies beyond neuroprotection.  

Isolating primary cells directly from mouse models allowed us the ability to contrast effects 

of genetic states that mimic disorders to further define functional effects. BECs incorporating AD 

contributors (OS via the ALDH2-/- mouse model and APOE4 via the transgenic mice) had enhanced 

susceptibility to OGD-R insult. This further confirms and supports the necessity to test preclinical 

strategies on mitigating BBB damage, in particular BEC-dysfunction.   

The ALDH2-/- + mTBI provided a subtle and applicable in vivo model to characterize 

efficacy of novel therapies in attenuating BBB-dysfunction. Moreover, it afforded an opportunity 

to disseminate the individual contributions of the individual “hits” (OS and mTBI) alone. While 

both “hits” are sufficient to induce subtle dysfunction of various BBB properties, the synergy 

produced significant BBB-dysfunction. This validates the theory that the combination of multiple 

hits (environmental, chemical, genetic, physical etc.) leads to exacerbated damage.   

It was determined from the in vitro assays that inhibiting calpain-1 (whether selectively or 

nonselectively) is required for protecting BECs against OS-mediated damage, as the selective 

cathepsin B inhibitor had varying efficacy. However, in vivo studies provided no clear preference 

on selective or nonselective inhibition as they both attenuated BEC-dysfunction and mitigated the 

loss of essential BBB-associated proteins. Regardless, the results suggest that the CCH extends to 

the BBB, and may even be the causative step in neurodegeneration and exacerbation of secondary 

sequelae.  
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Examining eNOS levels provided valuable information. Just a single treatment of 

inhibition strategies administered 1 hour post-mTBI profoundly restored eNOS levels. This 

complemented previous literature that reported a significant increase in phosphorylated CREB 

following calpain-1 inhibition. We conclude that eNOS may be the upstream target for calpain-

inhibitory efficacy in models of cognitive decline.  

Brain ischemia and TBI induce acute BBB-dysfunction and OS, whereas chronic OS and 

BBB dysfunction contribute to MCI and ADRD. These findings suggest OS potentiates BBB-

dysfunction, in particular BEC-dysfunction, via CCH, which can be mitigated by pharmacological 

CCH inhibition.   
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4. CONCLUSIONS 

The path to ADRD therapeutics is long and strenuous. Currently, no therapies exist that 

stops, reverses or prevents disease progression. In tandem, numerous longitudinal clinical-

pathological studies have disproven the idea that neuropathology directly correlates with cognitive 

decline and exposed the varying susceptibilities of individuals. Translational researchers have thus 

been forced to reevaluate ADRD as a complex, multifactorial set of diseases. The work presented 

here sought to contribute to ADRD drug discovery through target elucidation, mechanistic 

inclusion of the BBB (in particular BECs) in addition to neurons, and the characterization of a 

novel and relevant in vivo preclinical model with attenuated neural resilience.   

Given the high clinical failure rates of AD therapeutics, it is apparent that alternative, new 

targets are urgently needed for drug discovery. However, there have also been countless validated 

targets with significant efficacy in preclinical studies that were abandoned prior to essential proof-

of-concept clinical trials. The efficacy of small molecule CCH inhibitors in the numerous in vitro 

and in vivo studies presented here clearly demonstrate that calpain-1 and cathepsin B are valid 

targets for ADRD drug discovery. However, our studies did not provide sufficient evidence that 

selective calpain-1 inhibitors are superior to nonselective calpain-1 inhibitors, thus, the question 

remains: is selectivity compulsory for therapeutic success?  

Moreover, we demonstrated that many purported selective calpain-1 inhibitors are actually 

more nonselective than reported in the literature (E-64d, BDA-410, CAPN1XI). Thus, literature 

must be carefully critiqued to determine what drives the observed efficacy. We acknowledge that 

efficacy in our studies may be controlled by another cysteine protease (deubiquitinases, caspases, 

etc). Thus, future studies should incorporate additional screens to fully characterize the small 

molecule inhibition profiles.   



	

	

156 

This research was at the crossroads of basic science and drug discovery (Figure 63); we 

sought to extend the understanding of CCH in ADRD while simultaneously providing a platform 

for target-based drug discovery. The enzyme assays provided a screen to establish small molecule 

inhibition profiles while the use of clinical biomarkers (SBDP, GFAP-BDP) afforded the ability 

to monitor specific inhibitory efficacy both in vitro and in vivo. For target-based drug discovery, 

it’s imperative to confirm a target but translational scientists must go beyond and fully understand 

the pathway. This is necessary for when a small molecule reaches the clinic as drug-drug 

interactions can be more carefully monitored. Moreover, if resistance occurs, extensive pathway 

elucidation can lead development of second-line therapy. By expanding the CCH to the BBB, we 

further validated and categorized the CCH as a common, potentially wide-spread mechanism in 

ADRD. 
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Figure 63. Schematic of the drug discovery process 
Traditionally, basic science leads directly to the drug discovery. Successful development of a drug 
candidate can lead to regulatory studies, clinical trials, then eventual FDA-approval.  
 
 
 
 
 
 It is overwhelmingly acknowledged that for a neurodegenerative disease, protecting 

against neuronal death is a major a benefit for therapeutic strategies. However, given the 

multifaceted nature of ADRD, it is necessary to move beyond just neurons, and fully characterize 

mechanisms and/or targeting strategies on other features that are hypothesized to drive disease 

progression. In fact, a major issue in the ADRD therapeutic realm is the overwhelming possibility 

that we may be targeting the disease too late. Thus, by focusing on mitigating early features of 

ADRD progression, we may be able to target early-stage disease before the years of severe 

disability.  



	

	

158 

This research, among other literature reports, demonstrated that targeting the CCH is 

neuroprotective. However, this work is one of the first to demonstrate that CCH protect against 

BBB-dysfunction, as well as specific BEC-dysfunction, through numerous in vitro and in vivo, 

and in various treatment paradigms (Figure 64). Thus, we speculate that the CCH may be a primary 

driving force in neurovascular degeneration, and even wider, in ADRD.  Calpain-1 inhibitors may 

be the causative step in not only neuroprotection, but also prevention of secondary sequelae post-

neurotrauma.  

 
 

 

 

 

Figure 64. Efficacy of calpain-1 inhibitors in in vitro and in vivo models 
The studies in this thesis utilized both in vitro and in vivo studies to reveal the multifactorial effect 
of CCH inhibitors.  
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 A single administration of calpain-1 inhibitors profoundly restored levels of TJ proteins, a 

BEC-specific feature, both in vitro and in vivo. This suggested that BBB-permeability may be 

restored in the “2-hit” mice; however, more studies including calpain-1 inhibitors’ effect on TEER 

and NaFl extravasation are required. Furthermore, in the in vivo studies, other essential BBB-

associated proteins were significantly restored. This indicates that calpain-1 inhibition may be 

modifying BEC functionality beyond simple protection of BBB leakiness. Overall, these findings 

further incriminate calpain-1 hyper-activation as an upstream, early contributor to neurovascular 

damage.  

This thesis also contributed to the further characterization of a preclinical in vivo model. 

Over the last 20 years, several novel transgenic murine models for age-related dementias have 

been developed. However, the majority encompass genetic mutations associated with fAD. While 

these are undoubtedly required, there exists a significant lack of models encompassing attenuated 

neural reserve.  

This work demonstrated that ALDH2-/- mice have significantly attenuated BEC-dysfunction. 

Moreover, the ALDH2-/- exhibit significant BBB-dysfunction and provide an attractive model to 

test preclinical strategies both in vitro and in vitro. The “2-hit” mouse model of underlying OS and 

neurotrauma is a highly relevant, significant addition to the preclinical in vivo models.  

To conclude, understanding cysteine proteases’ imbalance plays a key role in further 

understanding the mechanism behind these devastating diseases. Proteases offer a viable drug 

target, providing varying avenues and approaches for possible therapies. Current preclinical 

research benefits neuroprotective and pro-cognitive agents that are successful in pre-clinical, 

pathologic hallmark-based animal models. However, with little clinical success, recharacterization 

of our preclinical strategies is imperative. Our studies support a role for oxidative stress and mTBI 
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in exacerbating CCH-mediated BBB damage and endorses further research into their 

pharmacological inhibition.  
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APPENDICES 

The work presented below is select data that supports the results but is either superfluous or did 

not fit with the story above. Some of this work is preliminary and requires further replicates to 

confirm. Appendix I contains the statement of authors rights from Elsevier publishing group. 

Appendix J contains animal approval forms.  

 
APPENDIX A: Neuroprotective Profiles of All Inhibitors  
 
 
 
 
 

 
Figure 65. Neuroprotective profiles of all inhibitors 
For the sake of simplicity, only some of this data was presented in the main thesis text. Data 
represent at least one replicate, Mean ± SEM  
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APPENDIX B: Optimization of TBARS Assay to Monitor LPPs In Vitro and In Vivo 
 

The TBARS (Thiobarbituric Acid Reactive Substances) assay is a method to detect LPPs 

in a sample (cell or tissue homogenate).412 We optimized the assay to be run in house. However, 

it was not used for any studies in this thesis.   

 
 
 
 

 

 
Figure 66. Optimization of the TBARS assay.  
SHSY-5Y cells were treated with 0-25µM HNE or ONE for 24 hours, and quantified for LPPs 
using an MDA standard curve.  
 
 
 
 
 
Methodology: TBAR solution (0.375% w/v thiobarbituric acid, 15% v/v trichloroacetic acid, and 

25% v/v 1M HCl) was added to cell lysates (2:1) then heated for 15 minutes at 96-100 degrees 

Celsius. Samples were subsequently equilibrated to room temperature, and centrifuged at 9,000g 

for 10 minutes. Absorbance measurements at 530nm were measured using the SynergyH4 Hybrid 

Microplate reader, and standardized using an MDA standard curve (0-50uM MDA). 
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APPENDIX C: Validation of LPP-mediated BEC-degeneration  
 
 LDH release confirmed that HNE and ONE induce concentration-dependent cell death of 

BECs. This data was superfluous and not needed in the main body of this dissertation.  

 
 
 
 
 

 
Figure 67. HNE and ONE induce concentration-dependent increase in LDH release in 
BECs.  
Cell death quantified by LDH release of BECs following 24 hour treatment of the lipid 
peroxidation products HNE or ONE at various concentrations. Data represents mean ± SEM of 
at least n=3 in 3 separate isolations  
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APPENDIX D: Characterization of BID (BH3 interacting-domain death agonist) levels on 
BECs following OGD-R 
 

ALDH2-/- BECs were more susceptible to an increase in BID (a pro-apoptotic protein) 

following OGD-R. Reports indicate cathepsin B inhibitors mitigate increases in BID.413 CA-074 

mitigated the levels which demonstrated specific inhibitory efficacy and that cathepsin B is 

contributing to the exacerbated BID levels.   

 
 
 
 
 
 
 

 
Figure 68. Examining BID (BH3 interacting-domain death agonist) on BECs following 
OGD-R  
Quantification of western blots of BECs co-treated with 10µM inhibitors and 1 hour OGD-R, 
probed with BID Ab. All protein was normalized to the housekeeping protein, actin. Equal protein 
amounts were loaded in all lanes of immunoblots. Data represent at least n=5, Mean ± SEM 
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APPENDIX E: Characterization of UCHL1 and ALDH2 levels following one or two mTBIs  
 

UCHL1 (Ubiquitin C-Terminal Hydrolase) is a deubiquitinating enzyme, and found 

elevated following TBI.414 Levels of UCHL1 were elevated in the ipsilateral hemispheres of WT 

and ALDH2-/- mice 24 hours after the administration of two back-to-back mTBIs. These levels were 

restored to baseline after 1 week and sustained up to a month.  

 
 
 
 
 

 

Figure 69. Changes in UCHL1 following 1 or 2 mTBIs 
Quantitative analysis of ipsilateral hemispheres of WT and ALDH2-/- mice hit with one or two 
mTBIs back-to-back (2X), and sacrificed either 24 hours, 1 week, 2 weeks or 1 month post-
neurotrauma. Data represent at least n=3, Mean ± SEM 
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Levels of Aldh2 were elevated following 24 hours post-mTBI, and significantly reduced 

post 1-week, then restored to baseline levels following one month. Intriguingly after two mTBIs 

(back-to-back), Aldh2 levels were elevated over 2-fold, then reduced back to baseline following 

one month. 

 
 
 
 
 

 

 
Figure 70. Levels of Aldh2 following one or two mTBIs 
Quantitative analysis of ipsilateral hemispheres of WT mice with one or two (2x) mTBIs probed 
with Aldh2 Ab. Mice were sacrified and analyzed at 0, 24 hours, 1 week, and 1 month post-trauma.  
Data represent at least one replicate, Mean ± SEM 
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 Following the significant protein changes observed with one or two mTBIs 24 hours post-

trauma, mRNA levels of ALDH2 were analyzed. A single mTBI did not elicit significant increase 

in ALDH2. However, two mTBIs administered back-to-back induced significant elevation in 

levels. This further validates that the mTBI model is subtle, and that multiple hits exacerbate the 

neuro-response.  

 

 

 

 

 

 

Figure 71. Gene expression of ALDH2 24 hours following one or two mTBIs 
Quantitative mRNA analysis of WT mice following one or two mTBIs and sacrificed 24 hours 
post-trauma. Data represent at least n=5, Mean ± SEM 
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APPENDIX F: Calpain-1 Inhibitors minimally attenuate iNOS (inducible NOS) mRNA 
levels in ALDH2-/- following mTBI.  
 
 iNOS (inducible NOS) is a known substrate of calpain.415 We theorized levels would be 

significantly restores following treatment. However, both selective and nonselective inhibitors 

only minimally attenuated iNOS levels following mTBI in ALDH2-/- mice.  

 

 

 
 
 
 
 

 

Figure 72. 5 and NYC-438 minimally attenuate mRNA expression of iNOS in ALDH2-/- mice 
following mTBI. 
Quantitative mRNA analysis of iNOS levels in ipsilateral hemispheres of WT  and ALDH2-/- mice 
with or without mTBI, treated with 10mg/kg 5 or NYC-438 and sacrificed 24 hours post-trauma. 
Data represent at least n=5, Mean ± SEM 
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APPENDIX G: Inhibitors do not cause HepG2 spheroidal death.  
 
 HepG2 liver cells were grown in 3D cell culture and utilized in this study to identify off-

target effects and toxicity. No significant antiproliferative activity was observed.  

 
 
 
 
 
 
 

 
Figure 73. CCH inhibitors do not induce HepG2 spheroidal death 
Cell viability of HepG2 spheroids following 4 days of treatment. Data represent at least n=5, Mean 
± SEM 
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APPENDIX H: LAMP2 Levels Restored with Cathepsin B Inhibitors 
 
 LAMP2 (lysosomal-associated membrane glycoprotein 2) is a protein on the lysosomal 

membrane, and used as a marker for non-permeabilized lysosomes. Following ionomycin 

treatment in HT22 cells, LAMP2 levels were slightly decreased. Treatment with cathepsin B 

inhibitors, not selective calpain-1 inhibitors, significantly and profoundly increased levels over 

baseline.  

 
 
 
 
 
 

 
Figure 74. Cathepsin B inhibitors attenuate LAMP2 levels 
Quantification of western blots of HT22 cells co-treated with 10µM inhibitors and 20µM 
ionomycin for 40 minutes and probed with LAMP2 Ab. All protein was normalized to the 
housekeeping protein, actin. Equal protein amounts were loaded in all lanes of immunoblots. Data 
represent at least n=5, Mean ± SEM 
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APPENDIX I: Elsevier Statement of Author Rights 
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APPENDIX J. Animal Protocol Approval Forms. 
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fluorescent probe for a novel ruthenium-centered antineoplastic drug, NAMI-A.  

• Advisor: Professor James Hoobler, Ph.D. 
 
FELLOWSHIPS, HONORS & AWARDS     
Best Oral Presentation, Chicago Neurovascular Meeting            2020 
Predoctoral Fellow, ADRD Training Program (T32AG057468 PI: Orly Lazarov)            2018 - 2020 
Alzheimer’s Drug Discovery Foundation Young Investigator Scholarship          2019 
Chancellor’s Student Service and Leadership Award             2019 
AbbVie Award for Excellence in Research, COPRD 2018             2018 
W.E. van Doren Scholar                2017 
Professor Ludwig Bauer Scholarship              2016 
Paul M. Duel Memorial Scholarship              2013 
 
PUBLICATIONS 

1. Knopp, R.; Jastinah, A.; Dubrovskyi, O.; Gaisina, I.; Izar, I.; Tai, L.;Thatcher, G.R.J. Calpain Inhibition 
Attenuates BBB-Dysfunction in ALDH2-/- mice with mTBI. In Preparation 

2. Jastinah, A.; Gaisina, I.; Knopp, R.; Thatcher, G.R.J. Synthesis of α-Ketoamide-based Stereoselective  
            
            
Calpain-1 Inhibitors as Neuroprotective Agents. In Submission 
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3. Knopp, R..; Lee, S.H.; Hollas, M;, Neomuceno, E.; Gonzalez, D.; Tam, K.T.; Aamir, D.; Wang, Y,; Pierce, 
E.; BenAissa, M.; Thatcher, G.R.J. Interaction of oxidative stress and neurotrauma causes significant and 
persistent behavioral and pro-inflammatory effects in a tractable model of mild traumatic brain injury. Redox 
Biology, 2020, 32, 101486  

4. Taha, T. Y.; Aboukhatwa, S. M.; Knopp, R..; Ikegaki, N.; Abdelkarim, H.; Neerasa, J.; Lu, Y.; Neelarapu, 
R.; Hanigan, T. W.; Thatcher, G. R. J. R.; et al. Design, Synthesis, and Biological Evaluation of 
Tetrahydroisoquinoline-Based Histone Deacetylase 8 Selective Inhibitors. ACS Med Chem Lett, 2017, 8, 
824–829. 

5. Kent, C.; Bryja, M.; Gustafson, J.; Kawarski, M.; Lenti, G; Pierce, E.; Knopp, R.; Ceja, V.; Pati, B.; Walters, 
E.; Karver, C. Variation of the aryl substituent on the piperazine ring within the 4-(piperazin-1-yl)-2.6-
di(pyrrolindin-1-yl)pyramidine scaffold unveils potent, noncompetive inhibitors of the inflammatory 
caspases. Bioorg Med Chem Lett 2016, 26 (26), 5476-80. 

 
CONFERENCE PRESENTATIONS  
ORAL PRESENTATIONS  

Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2020, June). Nonselective Calpain 
Inhibition Attenuates Neuroinflammation in an Oxidative Stress-Based mTBI mouse Model. Anatomy & Cell 
Biology Seminar Series, Chicago, IL 
Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2020, February). Nonselective 
Calpain/Cathepsin Inhibition Attenuates Neuroinflammation in an Oxidative Stress-Based mTBI Model. 
Chicago  Neurovascular Meeting, Chicago, IL 
Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2019, October). Evidence for 
Attenuation of BBB-dysfunction via Calpain-cathepsin Inhibition Strategies Relevant to TBI and AD. Society 
for Neuroscience, Nanosymposium, Chicago, IL 
Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2019, April). Evidence for 
Attenuation of BBB-dysfunction via Calpain-cathepsin Inhibition Strategies Relevant to TBI and AD. G.H. 
Miller Research Day. Anatomy and Cell Biology Department. University of Illinois at Chicago. Chicago, IL 

 
POSTER PRESENTATIONS 

Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2019, September). Calpain-1 
Inhibition in ADRD & TBI: Evidence for Attenuation of BBB-Dysfunction. Alzheimer’s Drug Discovery 
Foundation International Conference, Jersey City, NJ.  
Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2019, July). Calpain-1 Inhibition 
in ADRD & TBI: Evidence for Attenuation of BBB-Dysfunction. Alzheimer’s Association International 
Conference, Los Angeles, CA.  
Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2019, April). Cysteine Proteases 
in Neurodegeneration: Evaluating the Therapeutic Efficacy of Selective vs. Dual Calpain 1 and Cathepsin B 
Inhibitors. Meeting-in-Miniature on Medicinal Chemistry, MIKI, Lawrence, KS. 
Knopp, R., Jastaniah A, Dubrovskyi, O., Lee, Sue., Tai, L, Thatcher, G. (2019, March). Cysteine Proteases 
in Neurodegeneration: Evaluating the Therapeutic Efficacy of Selective vs. Dual Calpain 1 and Cathepsin B 
Inhibitors. The 14th International Conference on Alzheimer’s & Parkinson’s Diseases, Lisbon, Portugal. 
Knopp, R., Ben Aissa, M., Lee, S., Jastaniah A, Izar, R., Thatcher, G. (2018, July). Selective Calpain-1 
Versus Calpain/Cathepsin-B Dual Inhibition As A Therapeutic Approach to Neurodegeneration. Alzheimer’s 
Association International Conference, Chicago, IL. 
Knopp, R., Ben Aissa, M. Jastinah, A., Lee, S.,Izar, R., Thatcher, G. (2018, June). Selective Calpain-1 
Versus Calpain/Cathepsin-B Dual Inhibition As A Therapeutic Approach to Neurodegeneration. 
International Conference on Molecular Neurodegeneration, Stockholm, Sweden. 
Knopp, R., Ben Aissa, M. Jastinah, A., Lee, S.,Izar, R., Thatcher, G. (2018, February). Selective Calpain-1 
Versus Calpain/Cathepsin-B Dual Inhibition As A Therapeutic Approach to Neurodegeneration. Brain 
Research Foundation’s 2018 Neuroscience Day, Northwestern University, Chicago, IL.  
Knopp, R., Ben Aissa, M. Jastinah, A., Izar, R., Thatcher, G. (2017, October). Evaluating Calpain-1 and 
Cathepsin B as Therapeutic Targets for Neurodeneration. Chicago Biomedical Consortium, Chicago, IL. 
Knopp, R., Ben Aissa, M., Jastinah, A., Pierce, E., Thatcher, G. (2017, April). Investigating the Role of 
Cysteine Protease Inhibition as a Therapeutic Target in Neurodegeneration. Meeting-in-Miniature on 
Medicinal Chemistry, MIKI, Minneapolis, MN. 
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Knopp, R., Lee, S., Thatcher, G. (2017, February). Inhibition of Lipid Peroxidation In Vitro as a Model for 
Neuroprotection in Alzheimer’s Disease and Related Dementia. College of Pharmacy Research Day, 
University of Illinois at Chicago, Chicago, IL. 

 
UNIVERSITY SERVICE  
President, Graduate Student Council                  2018-2019 
Co-Chair Graduate Student Council                  2017-2018 
MIKI 2018 Organizing Committee                                2017-2018 
Your Future in Science Seminar Series, Committee Member                            2017-2020 
Webster-Sibilsky Lectureship Chair                   2016-2017 
Willamette Emergency Medical Service                               2011-2014 
 
TEACHING & ADVISING     
Teaching Assistantships, University of Illinois at Chicago, Chicago, IL. 
 PHAR 408: Principles of Drug Action and Therapeutics VIII                       2018-2019 

PHAR 423: Biomedicinal Chemistry           2017 
 PHAR 422: Fundamentals of Drug Action           2016 
 PHAR 353: Fundamentals of Drug Action II           2016 
 PHAR 353: Experimental III – IPPE                       2015 
Organic Chemistry Class Tutor – Willamette University, Salem, OR.             2013-2014 
 
COMMUNITY ENGAGEMENTS     
Ronald McDonald House near Lurie Children’s, Ongoing Monthly Volunteer          2016-current 
Judge at Chicago Public Schools Science Fair                              2017, 2018 
 
 


