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Abstract
Introduction: Oxidative distress is a potent inducer and modulator of pro-neurodegenerative
processes, although the exact mechanisms that underlie these changes remain controversial. Based
on the pathomorphological features, all neurodegenerative disorders commonly express a set of
so-called hallmarks of neurodegeneration, i.e., accumulation of protein aggregates, cytoskeleton
impairments, decreased mitochondrial metabolism, etc. Numerous attempts to tackle these
traditional targets did not yield any clinically efficient treatment of neurodegenerative disorders.
Therefore, there is an urgent need for a profound investigation into the pathophysiology of
neurodegeneration that might lead to the development of novel strategies in diagnostics,
prevention, and treatment. The involvement of oxidative distress in neurodegenerative disorders
is well-documented by increased levels of oxidized proteins, lipids, and nucleic acids in neural
tissues. Thioredoxin-1 (Trx-1) is a thiol antioxidant protein responsible for the reduction of
disulfide bonds in oxidized proteins. Altered Trx-1 activity is reported in various
neurodegenerative disorders. However, the knowledge about the role of Trx-1 system in the
prevention of neurodegenerative processes remains limited. /n vitro reports from our lab and others
have demonstrated that downregulation of Trx-1 disrupts several vital cellular processes in
neurons, including alteration of nuclear integrity. Trx-1 is involved in the prevention of nuclear
lamina invagination, a newly identified mechanism typical for several neurodegenerative diseases
known as laminopathy. The events consequent to nuclear lamina damage are currently the area of
active investigation in neurodegeneration research. Functional, morphological, aand molecular
changes associated with Trx-1 downregulations in neurons remain to be studied in animal models.
Hypothesis: Trx-1 neuronal depletion is sufficient for induction of neurodegenerative-associated

pathophysiology.



Methods: Trx-1 neuron-specific knockout mice (Trx-nKO) were generated using Cre-Lox
recombination. Synapsin-1 Cre-driver was used to achieve Trx-1 depletion in all mature neurons.
I then performed phenotypical (mean survival, body weight, hindlimb circumference
measurements), behavioural (hindlimb clasping test, rotarod challenge, sensory-motor, novel
object recognition, and Y-maze tests), morphological (MRI), histological (immunofluorescence
and H&E staining), and molecular (western blotting and enzymatic activity assay) assessments on
4- and 8-week-old animals.

Results: Neuron-specific knockout of Trx-1 in mice results in severe phenotypical abnormalities
as evidenced by significantly shortened lifespan, decreased body weight and muscular volume.
These mice have dramatic motor deficits with no significant change in cognitive functions.
Morphologically, the knockouts have significantly reduced brain and spinal cord size as well as
prominent deterioration in white matter organization. Thus, these animals have significantly
reduced corpus callosum thickness and lower number and diameter of axons in spinal cord and
sciatic nerve. These findings coincided with a significant reduction in myelin content and
perinuclear accumulation of axon-specific proteins. Molecular and histological characterization
revealed significantly increased incidence of nuclear lamina damage in cortices and lumbar spinal
cords of the knockouts. These mice also demonstrated a significant increase in c-Jun kinase (JNK)-
medicated Tau phosphorylation and TAR DNA-binding protein (TDP-43) mislocatization and
phosphorylation, pathological hallmarks typical for several neurodegenerative disorders. Altered
neuronal homeostasis triggered glial responses in cortex and spinal cord of the mutants. There was
a significant increase in the density of astroglia however, no significant signs of pro-inflammatory

activation in the microglia population.



Conclusion: This study pioneered the characterization of novel neuron-specific Trx-1 knockout in
rodents. It demonstrates the significance of Trx-1 antioxidant system for neuronal homeostasis as
evidenced by severe phenotypical, behavioural, morphological, and molecular abnormalities
identified in Trx-nKO mice. Detailed examination of molecular players involved in activation of
pro-neurodegenerative changes is beneficial for designing novel tools for diagnostics, prevention,

and treatment of neurodegeneration.
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1. Introduction

1.1 The burden of neurodegenerative diseases

Neurodegenerative diseases are the spectrum of neurological and psychiatric disorders caused by
progressive loss of structure and functions of neuronal cells through a process known as
neurodegeneration!. Based on the clinical presentation, neurodegenerative diseases of Central
Nervous System (CNS) are classified as extrapyramidal and pyramidal movement disorders
(Huntington’s disease (HD), Parkinson’s disease (PD) and Parkinsonism, Amyotrophic lateral
sclerosis (ALS), Multiple sclerosis, etc.) and cognitive or behavioural disorders (Alzheimer’s
disease (AD), Dementia with Lewy bodies deposition, frontotemporal dementia (FTD), stroke-
related cognitive dysfunction, epilepsy-associated cognitive decline, etc.)?.

Neurodegenerative diseases are among the top causes of disability in developed countries. To
illustrate, AD and other dementias are ranked third in the list of disorders associated with
significant limitations in professional and social activity with 1100 DALYs per 100 000 of the
population (WHO, 2023). Major advances in the treatment of several prevalent infectious and non-
infectious diseases led to a significant increase in life expectancy across populations in the world?.
Global aging, being one of the leading risk factors of neurodegeneration, resulted in a dramatic
increase in the prevalence of these disorders in developed countries®. For instance, in Canada, the
DALY index for neurodegenerative diseases experienced a dramatic increase of more than 150%
within the 20-year period between 1990 and 2010*. Neurodegeneration is also among the leading
causes of premature death in developed countries having raised from 22" rank in 1990 (0.9% of

total deaths) to 7 rank in 2010 (3.2% of death; 247% increase)*.
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The problem of neurodegeneration is not limited to healthcare systems or personal impact on the
patients with neurodegeneration, their families, and caregivers, but it also has a significant negative
influence on the global economy. A US Government report indicated the expenditure of over 655
billion USD on both direct medical and non-medical (from lost productivity and uncompensated

caregiving hours) expenses associated with neurodegenerative disorders>.

1.2 Pathophysiology of neurodegenerative diseases

Neurodegenerative diseases are identified by the loss of neurons in specific regions or neuronal
subtypes CNS°®. Considering the limited ability of endogenous neural stem cells to replace the
damaged and lost neurons, loss of functions in these diseases is permanent and results in life-
lasting disabilities”. The CNS regions and subtypes of neurons affected in the most common

neurodegenerative disorders are summarized in Figure 1.1.

ALS: MNC, SC, BS

-«

X

e

PD: OB, DMV, SNpc
Dopaminergic neurons

AD: LC, EC, HP,
FC,TC
Pyramidal neurons
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Figure 1.1 CNS regions and subtypes of neurons affected in common neurodegenerative
disorders

Early affected regions in various neurodegenerative diseases are indicated with different colors.
Amyotrophic Lateral Sclerosis (ALS): motor neurons in motor neocortex (MNC), spinal cord
(SC), brain stem (BS); Huntington’s disease (HD): medium spiny GABAergic neurons (MSN) in
striatum (ST); Frontotemporal dementia (FTD): large bipolar spindle-shaped von Economo
neurons in anterior cingulate cortex (ACC) and frontal insula (FI); Alzheimer’s disease (AD):
pyramidal neurons in locus coeruleus (LC), hippocampus (HP), entorhinal cortex (EC), frontal
cortex (FC), and temporal cortex (TC); Parkinson’s disease (PD): dopaminergic neurons in
olfactory bulb (OB), dorsal motor nucleus of the vagus (DMV), substantia nigra pars compacta
(SNpc).

Decades of research have revealed genetic biochemical and morphological alterations involved in
neurodegeneration. Despite the variety of clinical presentations, neurodegenerative disorders are
united with common molecular and histological impairments called ‘“hallmarks of
neurodegeneration”. Table 1.1 provides a summary of typical markers of neuronal degeneration

in most common neurodegenerative diseases.

Table 1.1 Molecular hallmarks of neurodegenerative diseases

Marker AD ALS PD HD
Protein deposits | Extracellular and | Bunina bodies!! | Lewy bodies'? Aggregated
intercellular huntingtin!?
Amyloid plaques’,
Neurofibrillary
tangles!?

Aggregating pTau'®, Amyloid- | TDP-43'°, pTau'®, Alpha- huntingtin®4,

proteins Beta-42°, TDP- SOD1Y, FUS!8, synuclein??, PolyQ?*

4314 p62', pTau?
neurofilaments?-2!
Mpyelination Decrease in Decrease in Decrease in Decrease in
status myelin content®® | myelin content?’” | myelin content®® | myelin content®’

Autophagy Impaired?° Impaired?! Impaired?? Impaired*?
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Apoptosis Activated* Activated?’ Activated3® Activated?’

AD — Alzheimer’s disease, ALS — Amyotrophic Lateral Sclerosis, PD — Parkinson’s disease, HD
— Huntington’s disease; pTau — phosphorylated Tau, TDP-43 — TAR-DNA-binding protein 43,
SOD1 — Superoxide dismutase 1, FUS - Fused in Sarcoma RNA-binding protein, p62 —
Sequestosome 1, PolyQ — Polyglutamine.

1.3 The role of reactive oxygen species (ROS) in neurodegeneration

Oxygen is vital for all aerobic organisms but can potentially disrupt cellular homeostasis®®. The
harmful effects of oxygen are associated with the damage done by ROS?*°. As their name suggests,
ROS are highly reactive molecules /radicals that originate from diatomic oxygen e.g., peroxides,
superoxide, singlet oxygen, nitric oxide (NOX), hydroxyl radical, etc*®. Unpaired electron couple
in their structure makes them highly reactive*®. Thus, ROS are known to interact with a multitude
of biomolecules, e.g., proteins, lipids, and nucleic acids causing their oxidation®. There are both
exogenous and endogenous sources of ROS*, Exogenous stimulation of ROS production occurs
upon exposure to several agents, e.g., heavy metals*!, tobacco*?, microplastics*’, xenobiotics* or
ionizing radiation*. Endogenous ROS production is an intrinsic component of normal metabolism
in mitochondria® and peroxisomes*’. Historically, ROS have been associated with a detrimental
impact on cellular metabolism*®. However, extensive research has shown that aerobic organisms
have evolved to take advantage of ROS by incorporating them into essential signalling pathways™.
Hydrogen peroxide (H202) and superoxide radicals are the major ROS in normal physiologic
conditions®. They are indispensable for the regulation of cell proliferation®®, differentiation!,
migration>? and apoptosis>>. Consequently, the complete abolishment of ROS generation is as
detrimental to the cell as their overproduction®. To avoid an excessive production of ROS and

subsequent damage to structural and regulatory biomolecules, cells have developed a highly
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elaborate and complex antioxidant system™. This system is composed of vitamins, redox proteins,
and enzymes>®. Of particular interest to my project, antioxidant thiol proteins are especially
important in maintaining ROS levels and in rejuvenating oxidized proteins®. This is mediated by
electron donation from Cysteine residues in the active site of these proteins®’. Mechanistically,
these proteins neutralize the toxic products of protein, lipid, and DNA oxidation, e.g., peroxides,
aldehydes, alcohols, ketones, cholesterol oxide, etc®®. The adequate capacity of the antioxidant
system maintains the equilibrium between oxidized and reduced biomolecules. This state is called
redox balance®®. Depletion of antioxidant capacity or overproduction of ROS results in a
breakdown of redox balance otherwise known as oxidative distress>®.

Neuronal cells have naturally higher ROS production and lower antioxidant capacity compared to
other cell types, e.g., astrocytes®. This feature underlies high susceptibility of the CNS to oxidative
damage and neuronal cell death. A decline in cellular antioxidant capacity during aging further
enhances oxidative damage in neurons and highlights oxidative distress as a key component of
several neurodegenerative disorders, e.g., AD, PD, ALS, HD, etc®*. An expanding body of
literature indicates that excessive ROS production in CNS induces several key features of
neurodegeneration such as accumulation of misfolded proteins, increase in intracellular free Ca*",
release of excitatory amino acids, interruption of pro-survival autophagy and induction of

apoptosis®®-6!,

1.4 The evidence of oxidative distress in common neurodegenerative diseases

The main pathohistological features of AD are the accumulation of misfolded protein Amyloid-

beta and intraneuronal neurofibrillary tangles composed of hyperphosphorylated cytoskeletal
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protein Tau®2. Oxidative distress is believed to have a more prominent role in the pathogenesis of
AD compared to other neurodegenerative diseases®’.

Overproduction of ROS in AD results in increased levels of DNA oxidation products as evidenced
by increased 8-hydroxydeoxyguanosine in the nucleus and mitochondria®*%°, Enhanced protein
oxidation is detected by an increased content of carbonylated proteins in post-mortem brain
samples of patients with AD®. Additionally, high levels of oxidized, glycated and nitrated proteins
are commonly detected in senile plaques®”-%%, helical filaments®® and cerebrospinal fluid (CSF)%®
from patients with AD. Mounting evidence suggests the presence of a vicious circle in the
pathogenesis of AD where oxidative stress leads to enhanced Amyloid-beta production and Tau
hyperphosphorylation, and, conversely, accumulation of structurally damaged proteins leads to the
overproduction of ROS®.

Protein oxidation by free radicals affects enzymatic pathways critical to neuron and glial
metabolism. For instance, glutamine synthase, a redox-sensitive enzyme involved in the turnover
of the excitatory neurotransmitter glutamate, is found to be oxidized in AD brain”. Loss of
glutamine synthase activity in neural tissue results in alterations in glutamine metabolism and
enhanced excitotoxicity, a well-known player in the pathophysiology of AD’. Another redox-
sensitive enzyme commonly inactivated in AD is creatinine kinase’!. Oxidation-dependent loss of
creatinine kinase activity underlies brain hypometabolism in AD patients’!.
Hyperphosphorylation of Tau protein, a hallmark of AD pathology, is also shown to be oxidation-
dependent and therefore accumulation of neurofibrillary tangles is also rooted in oxidative
distress®. Thus, Tau oxidation is linked to oxidation through microtubule-associated protein kinase

pathway’? and through activation of JNK”?.
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Amyloid-beta, another marker of AD pathology, is classified as metalloprotein. It is able to bind
to transition metals due to the presence of three histidine and one tyrosine residue in its hydrophilic
N-terminal’™. Pro-oxidative milieu facilitates enhanced binding of soluble Amyloid-beta with Cu?*
and Fe** ions’. Upon interaction with these metals, soluble Amyloid-beta aggregates and forms
toxic oligomers, polymers, and ultimately senile plaques’.

Along with the activation of ROS-producing pathways, mounting evidence suggests a drastic
reduction in the antioxidant capacity to be an indispensable component of AD pathogenesis. Thus,
significant downregulation of glutathione (GSH)”°, thioredoxin (Trx)’¢, peroxiredoxin (Prx)”’,
catalase’® and superoxide dismutase (SOD)’” was identified in post-mortem brain samples from

subjects with AD.

An excessive production of ROS associated with depletion of antioxidant capacity represents a
crucial pathophysiological feature of ALS?®. Mounting evidence has demonstrated increased
oxidation of lipids, proteins and DNA in post-mortem neural tissue®!**, CSF 3+%  plasma®®, and
urine® collected from human subjects with ALS. However, there is no consensus on whether
oxidative distress is the primary cause or the secondary consequence of this disorder”. Mutations
in Superoxide dismutase 1 (SOD-1), an antioxidant enzyme that converts superoxide radicals into
hydrogen peroxide, accounts for approximately 20% of ALS cases’'. SOD-1 plays an important
role in antioxidant protection, energy metabolism, and cell respiration®?. To date, more than 180
mutations in the coding region of SOD-1 gene as well as several mutations located in non-coding
regions were identified in patients with ALS®!%3, The outcome of these mutations is generally

heterogeneous including loss®®, maintenance® and gain86-%°

of activity compared to wild-type
SOD-1. Interestingly, SOD-1 knockout in rodents does not mimic the ALS phenotype®.

Additionally, there is no correlation between SOD-1 activity and the severity of the clinical
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presentation of ALS in humans®®. Therefore, it has been suggested that SOD-1 mutations are linked
to the gain of toxic function rather than to the alteration of enzymatic activity®’. In the majority of
cases, mutant SOD-1 is prone to aberrant aggregation in the cytoplasm and is believed to disrupt
ubiquitin/proteasome function, mitochondrial metabolism and mitophagy®®®?. Protein misfolding
in ALS is viewed as a consequence of redox dysregulation'®. This specifically involves
discrepancies in the thiol-reducing system that facilitates the reduction of Cysteine residues in
protein molecules (e.g., Trx and GSH systems)!?!. In mutant SOD-1 molecules, disulfide bonds
involve Cys6 and Cys111 and lead to pathological aggregation of the misfolded protein monomers
in the cytoplasm!'%2. Discrepancies in the GSH system are the common finding in post-mortem
samples from humans with ALS!?. Consequently, several studies demonstrated decreased GSH
peroxidase activity and GSH content in spinal cord and cerebral cortex of ALS patients!?+105,
Further evidence for the involvement of oxidative distress has been shown by decreased GSH
peroxidase activity in erythrocytes that positively correlates with disease progression in subjects
with ALS and, hence is proposed as a promising prognostic marker!%. Mutations in Trx reductase-
1 (TrxR1), another key enzyme in thiol reduction, are also linked to the pathogenesis of familial
ALS!'97. Such mutations are associated with an early age onset (decreased by 8 years compared to
average)'?’.

Similar to SOD-1, TDP-43 is another key component of protein aggregates in ALS. Cysteine
oxidation and aberrant disulfide cross-linking have been linked to the pathophysiology of ALS'%,
In TDP-43 disulfide bond formation occurs within Cys173, 175, 198, and 244 of the RNA-
recognition motifs'?>!1%  Induced by dysregulation of the redox conditions, such aberrant linkage
leads to misfolding and subcellular mislocalization of TDP-43!%8, Cytoplasmic accumulation of

TDP-43 is viewed as a key event in the pathophysiology of ALS and is believed to have a negative
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108 First, via loss of its transcriptional control in the

impact on cellular homeostasis in two ways
nucleus for more than 3000 genes including genes relevant to neurodegeneration!®®, and secondly,
via gain of toxic function since misfolded TDP-43 aggregates exhibit toxic properties!®®. Taken
together, similar to other neurodegenerative disorders, redox imbalance in ALS potentiates protein
oxidation, misfolding and aggregation and vice versa, protein aggregation propels oxidative
distress!®l.

The previous sections highlight the importance of cellular redox balance for normal cellular
function. GSH and Trx systems are the major cellular thiols that are responsible for maintaining
cellular proteins in their reduced state to ensure proper regulation of cellular signalling!!!. GSH

has been extensively studied in CNS!'*!!5 and will not be discussed here; my thesis will

specifically focus on the role of Trx-1 in neurons.

1.5 Trx system

Trxs are small antioxidant proteins with similar structures and functions''®. The name
“thioredoxin” originated from the molecular mechanism that underlies their redox function. Thus,
two Cysteines in active site of the Trx molecule facilitate reduction of a single S-S group in their
target proteins®’, resulting in Trx oxidation. The oxidized Trx must be then reduced by Thioredoxin

reductase (TrxR1 or TrxR2), a specific FAD-containing enzyme, using electrons from NADPH

116
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Functionally, Trxs either play the role of electron donor for catalytic cycles of biosynthetic
enzymes (e.g., ribonucleases, methionine sulfoxide and sulphate reductases) or regulate the intra-

and intermolecular disulfide bonds in their protein targets in different conditions (Figure 1.2)!'!".
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Figure 1.2 The principle of function of the Trx system

Thioredoxins (Trx) donate Hydrogen to resolve difulfide bonds (S-S) in protein Cysteines (Cys).
Oxidized Trx is reduced by Thioredoxin reductases (TrxR) with the help of Reduced Nicotinamide
Adenine Dinucleotide Phosphate (NADPH). Thioredoxin-1 (Trx-1) is typically localized in
cytoplasm but can also undergo nuclear translocation, membrane binding or secretion.
Thioredoxin-2 (Trx-2) and Thioredoxin reductase-2 (TrxR2) are localized in mitochondria.

The importance of protein disulfide reduction in overall cellular homeostasis is based on the

abundance of cysteine-containing proteins in the mammalian proteome!!. For instance, several
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regulatory proteins form reducible disulfide bonds and are subjected to Trx-1 mediated reduction,

e.g., insulin, human choriogonadotropin, several blood coagulation factors, and fibrinogen!!®.

1.5.1 Isoforms of mammalian Trx

To date, three isoforms of Trx have been identified in mammals: Trx-1, Trx-2, and Trx-3. Trx-1
and Trx-2 are encoded by two separate genes (Txnl and Txn2 respectively), while the Trx-3 protein

is a result of genetic duplication of the Txnl gene!!”

. While Trx isotypes have a relatively similar
structure with conserved disulfide active site sequence (Trp-Cys-Gly-Pro-Cys)!?°, subcellular and
tissue-specific localization are the factors that determine their specific functions. Thus, Trx

isoforms could be divided into two subgroups: a) Trxs which are ubiquitously expressed in all cell

types (Trx-1 and Trx-2); b) Trx expressed specifically in testes (Trx-3)!3.

Human Txnl gene is located on chromosome 9!%!. Its expression is under the control of a
ubiquitous promoter and also under an inducible promoter known as antioxidant response element
(ARE)!%. Stress-induced activation of Txnl transcription is mediated by several transcription
factors, i.e., nuclear erythroid 2-related factor (Nrf-2), cAMP response element-binding protein

(CREB) or TATA-binding protein (TBP)!23:124,

Trx-1 protein is located in the cytoplasm of all cells and tissues. Aside from its typical localization,
this Trx isoform is known to translocate to the nucleus in response to oxidative or nitrosative
stress!?> or to be secreted extracellulary!?6. Both Trx-1 and its truncated form (Trx-80) are secreted

by immune cells (e.g., monocytes, lymphocytes, and neutrophils). This is proven to have a role in
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cell-to-cell communication and facilitation of chemotaxis!?’. This mechanism is specifically
important in infection and inflammation as well as in neoplastic changes in the hematopoietic
system!28,

The involvement of Trx-1 in vital cellular processes is discussed in the following sections.

1.5.2  The structure of Trx-1

Thioredoxin-1 (Trx-1) is the most studied isoform which was first isolated from E. coli in 19642,
Before that, it was reported under different names as a hydrogen donor for enzymes reducing
methionine sulfoxide and sulphate by NADPH in yeasts'3°.

The Trx-1 system is a redox system conserved across all botanic and animal species. Trx-1 crystal
structure was described for yeasts (Saccharomyces cerevisiae, Schizosaccharomyces pombe)
plants (Arabidopsis thaliana), bacteria (E. coli, M. tuberculosis), protozoa (T. vaginalis, P.
falciparum, Dictyostelium discoideum), nematodes (Caenorhabditis elegans), and mammals
(Rattus norvegicus, Mus musculus, Bos taurus, Equus caballus, Ovis aries, Sus scrofa, Homo

sapiens)!!®

. Despite being first discovered and described in yeasts, the structure and role of Trx-1
are now well-established in mammalian cells. The active site of Trx-1 molecule is conserved
across all the species described to date and includes the following amino acid sequence: Trp-Cys-
Gly-Pro-Cys!?. Cys32 and Cys35 are traditionally associated with Trx-1 antioxidant function!!,
Interestingly, mammalian Trx-1 has a slightly different structure compared to other species'?. In
addition to Cys32 and Cys35 located in its active site, it contains three other Cysteine residues

(Cys62, Cys69, and Cys73)'?. To date, there is no clear opinion regarding the function of these

additional cysteines, however, it has been shown that oxidation of cysteines localized outside of
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the active site leads to loss of Trx-1 enzymatic activity>’. While both Cys62 and Cys69 undergo

131-133

only S-nitrosylation , Cys73 is a multi-modification site that undergoes dimerization'3?,

134135 gluthathionylation!*¢ or 4-hydroxy-2-nonenal modification'*’. These structural

nitrosylation
features make Trx-1 molecule more susceptible to stress-induced posttranslational modifications
compared to Trx-2 isoform. While Trx-1 molecule contains three Cysteines located outside of the
active site (4.8% Cys of total amino acid sequence), Trx-2 has only one Cysteine (Cys37) located

outside of the active motif (1.8% Cys of total amino acid sequence)'?%!38, Structural and functional

features of Trx isoforms are listed in Table 1.2.
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Table 1.2 Characterization of Trx isoforms

Trx-1 Trx-2 Trx-3
Tissue Ubiquitous'® Ubiquitous'®® Male germ
specificity cells™®
Subcellular | Cytoplasm® Mitochondria3® Golgi
localization | Nucleus®® apparatus
Extracellular matrix'4°
Structure 10 20 10 20 | Similar to Trx-1
(human) MVKQIESKTA FQEALDAAGD MAQRLLLRRF LASVISRKPS
Active centre
0 40 30 40
KLVVVDFSAT | WCGPCKMIKP QGQWPPLTSR ALQTPOESPG
50 60 50 60
FFHSLSEKYS NVIFLEVDVD GLTVTPNPAR TIYTTRISLT
70 80 70 80
DEoDVASERE VKEMPTEQFF TFNIQDGPDF QDRVVNSETP
Active centre
90 100 90 100
KKGQKVGEFS GANKEKLEAT VVVDFHAQWC GPCKILGPRL
110 120
INELV EKMVAKQHGK VVMAKVDIDD
130 140
HTDLAIEYEV SAVPTVLAMK
150 160
NGDVVDKEFVG IKDEDQLEAF
LKKLIG

Cysteines located within the active center of Thioredoxin-1 (Trx-1), Thioredoxin-2 (Trx-2), and
Thioredoxin-3 (Trx-3) are highlighted with yellow, Cysteines outside of the active centre are
highlighted with Cyan.

1.5.3  General functions of Trx-1

Trx-1 is a structurally and functionally unique protein with multiple roles in cellular homeostasis.
Due to its reducing capacity for Cysteine residues, it plays the role of redox switch in numerous
vital cellular processes, i.e., cell proliferation, differentiation and migration, apoptosis, autophagy,
inflammation, and metabolism!!’. The Trx-1/TrxR1 system was described in the 1960’s and is
currently a hot research topic due to the development of novel tools and techniques in the field of

redox biology. Redox regulation of Trx-1 is mediated by its fast and transient protein-protein
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interaction!'®. This rapid interaction enables Trx-1 to act like a concert conductor of the cellular
protein orchestra.
In this chapter, I will discuss Trx-1 target proteins and the signalling pathways affected by such

regulation.

1.5.3.1 Regulation of Cell Proliferation

Historically, the first role identified for Trx-1 in the cell was the donation of hydrogen/electron to
ribonucleotide reductases (RNRs), enzymes that catalyze the conversion of ribonucleotides to
deoxyribonucleotides for DNA synthesis!''®. For each conversion, the reduction of ribonucleotide

142 Restoration of

is coupled with the formation of disulfide in the active site of RNR molecule
RNR conformation is reliant on an external thiol-dependant oxidant system, i.e., Trx-1/TrxR 1%,
These findings put Trx-1 inhibition as a prospective cancer treatment as uncontrolled cell

14 However, Trx-1 is not an exclusive

proliferation is the key feature of neoplastic processes
reducing agent for RNR as it can also accept electrons from Glutaredoxin (Grx)'#4’, which is
another dithiol donor. Accordingly, downregulation of the Trx-1/TrxR1 system does not result in
a significant decrease in DNA synthesis and overall cell proliferation!*¢. The GSH (GSH)/Grx

system can reduce oxidized Trx-1 in the absence of TrxR1!47.

1.5.3.2 Antioxidant activity

Prxs are cellular peroxidases ubiquitously expressed in all cell types!*®. Similarly to Trxs, their
role was first identified in yeasts and further confirmed in other systems including mammals'.

The primary function of Prxs is the reduction of peroxides, for instance, H>Oz, peroxynitrite or
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lipid hydroperoxides'#. In these reactions, Prxs require Trx-1 as a hydrogen donor and therefore
establish a redox cascade that directs the electrons from NADPH to TrxR1 to Trx-1 to Prxs and,
finally, to effector peroxide!>®. For most of the Prxs, Trx-1 is the main but not the only donor of

Hydrogen!4®

. Thus, it is speculated that the loss of Trx-1 might be partially equal to the loss of Prx
system and result in ROS overproduction, specifically via increase in protein and lipid

peroxidation'!’

Methionine and Cysteine are the two most susceptible to oxidation amino acids'!. Similarly to
Cysteine-rich proteins, the function of Methionine-rich proteins significantly depends on the

capacity of antioxidant system!>?

. There are three types of methionine reductases, i.e., Methionine
sulforeductase A (MsrA), Methionine sulforeductase B (MsrB), and free methionine-R-sulfoxide
reductase!>®. MsrA and MsrB are mechanistically linked to the Trx-1/TrxR1 system. Both of these
reductases require hydrogen donated by Trx-1 to regenerate their redox-active catalytic center and

regain their activity!>*

. The physiological importance of this mechanism is dictated by the
abundance of methionine-rich regulatory proteins in the mammalian proteome. For instance,
Methionine oxidation/reduction is crucial for the activity of a-proteinase inhibitor!'®,
Ca’"'calmodulin-dependent protein kinase'>°, TDP-43'57. However, the Trx-1/TrxR1 system is not
the sole contributor to the reduction of MsrA and MsrB. Other thiol enzymes such as Thionein!>*

and Grx are involved in the reduction of these enzymes and might be compensatory in Trx-1

deficient systems!8,
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1.5.3.3 Regulation of apoptosis

Apoptosis is the classic form of programmed cell death, which is an indispensable component of

159

normal development and elimination of defective cells’>”. This is identified by nuclear

condensation and fragmentation'®. Apoptotic cell death often does not involve the activation of

161

immune cells'®'. However, hyperactivation of apoptosis is also a player in several pathologic

162-166 167,168

processes, e.g., neurodegeneration , cardiomyopathies , viral infections!®®, autoimmune
disorders!7%-172, Activation of apoptosis occurs through either extrinsic or intrinsic pathways'®. In
the extrinsic pathway, pro-apoptotic changes in the cell are triggered by the extracellular
environment, e.g., Tumor Necrosis Factor Alpha (TNF- &) secreted by immunocompetent cells!'”>.
The intrinsic pathway is otherwise known as mitochondrial as its activation occurs through primary
damage to mitochondria'>®. Thus, loss of mitochondrial integrity results in release of Cytochrome
C that triggers further pro-apoptotic cascade in cytoplasm'®. Regardless of the initiation
mechanism, downstream events are typically associated with activation of caspases, the executors
of apoptosis, and subsequent cleavage of structural and regulatory components of the cell'*.

The growing body of evidence has also linked oxidative distress to initiation and execution of

apoptosis!7#!7>, Trx-1 is reported to be involved in the regulation of apoptosis via controlling the

redox status of several molecules.

Trx-1 is linked to the activation of effector caspases. For instance, pharmacological inhibition of
Trx-1 but not GSH system in SH-SYS5Y cells (human neuroblastoma cells) induces activation of
caspase-6'7°, In this work, restoration of the reduced Trx-1 pool was sufficient to prevent apoptotic

cell death. Additionally, Trx-1 is reported to interact with a key determinant of apoptosis, caspase-
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3. Thus, in Jurkat cells, transnitrosylation between Trx-1 and caspase-3 molecules prevents

activation of apoptosis!””-!78,

Another role of Trx-1 in redox regulation of apoptosis is mediated via reduction/oxidation of
upstream pro-apoptotic molecules such as Apoptosis signalling kinase 1 (ASK-1)!"°. Under normal
conditions, Trx-1 prevents the initiation of pro-apoptotic signalling via binding to ASK-1'"4, In
case of Trx-1oxidation by ROS or after pharmacological/genetic downregulation of Trx-1 activity,
ASK-1 is released from the bond!”*. Activated ASK-1 then conducts pro-apoptotic signals via p38

Mitogen-activated protein kinase (MAPK) or JNK!7,

Mammalian STE-20-like kinase-1 (MST1) is a ubiquitously expressed serine-threonine kinase
involved in the regulation of cell proliferation, morphogenesis, senescence, and apoptosis. In
response to different stressors including oxidative damage, MST-1 is activated by caspase-3
mediated cleavage of the autoinhibitory segment!8’. Upon activation, MST-1 translocates to the
nucleus and induces apoptotic chromatin condensation and DNA fragmentation by
phosphorylation of Histone H2AX!8!, Alternatively, MST-1 is activated via phosphorylation of
Thr183 and Thr187 and itself becomes a caspase activator!®2. Thus, MST-1 can play a role as both
an upstream or downstream kinase in apoptosis. Additionally, similar to most STE-20 group
kinases, it can facilitate its pro-apoptotic effects via MAPK and JNK!83, The potential role of Trx-
1 in oxidative stress-induced activation of MST-1, is attributed to its ability to physically associate
with this kinase and therefore prevent its phosphorylation, cleavage or homodimerization!'®*, The
bond between Trx-1 and MST-1 is lost upon the introduction of potent oxidative agents such as

H>0,'#*. This is viewed as a potential trigger to MST-1 mediated activation of apoptosis.
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1.5.3.4 Regulation of autophagy

Autophagy is a vital cellular mechanism required for the elimination of old or defective organelles,
normal or damaged proteins, and other biomolecules'®®. This process allows proper degradation
and recycling of biomaterial inside the cell'®®. The role of autophagy was first demonstrated in
starving cells, which catabolize their structural and regulatory components via autophagy in order
to produce the energy required for cell survival'8¢. Autophagy is also crucial for normal embryonic
development and implantation including elimination of paternal mitochondria from the zygote for
maternal cytoplasmic inheritance!®”. Interruption of autophagy is reported in aging and is
associated with the accumulation of damaged or dysfunctional cells in various organisms'®®,
Consequently, autophagy deficits are implicated in a variety of age-dependent disorders, e.g.,

neurodegeneration'®, diabetes mellites (type 2)'*°, and cataract formation'®!

. As an example, in
AD, accumulation of misfolded Amyloid-beta and hyperphosphorylated Tau (pTau) is attributed
to deficits in autophagy!'®?. It has been demonstrated that abnormalities in autophagy machinery

precede the formation of these pathologic aggregates!'®>!%3

. However, autophagy is not a strictly
pro-survival mechanism and hyperstimulation of autophagy results in complete cell elimination, a
cell-death mechanism called type II programmed cell death!®,

Mechanistically, the process of autophagy is tightly associated with lysosomal metabolism!86. In
short, a portion of cytoplasm including organelles and proteins is isolated with a newly formed
membrane called phagophore that results in information of double-membrane vesicle otherwise
known as autophagosome. The latter then fuses with lysosome and forms autolysosome which
undergoes hydrolytic digestion!®>. Initiation of autophagy is dependent on the activity of the

6

mammalian target of rapamycin (mTOR) kinase'’® or 5' adenosine monophosphate-activated
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protein (AMPK) kinase!®’. These kinases have opposite effects on autophagy, with AMPK being
a positive!®” and mTOR a negative regulator!s, Master-regulator kinases trigger the downstream

198 To date, there have

signalling cascade of proteins encoded by autophagy-related (ATG) genes
been identified thirty-six ATG proteins, eighteen of which are considered core autophagy

machinery!®.

Autophagy is modified in response to various stimuli, e.g., growth factors, hypoxia!® or oxidative
stress?®’, Ans similar to other signalling pathways, several protein-regulators of autophagy are
redox-sensitive molecules and therefore are subjects of redox signalling?®!. Trx-1 is implicated in
the regulation of autophagy due to its ability to reduce disulfide bonds between oxidized Cysteine
residues in proteins.

One such redox-regulated autophagy modulator is mTOR. Exposure to H>O results in mTOR
oxidation at Cys1483 and results in the loss of its activity??2. Oka et al. showed that knockout of
Trx-1 in cardiomyocytes has a similar effect?*>2%, This group is the first to describe the direct

interaction between Trx-1 and mTOR that is required for regulation of autophagy.

Normal progression of autophagy also requires interaction of Trx-1 with ATG-72%*, ATG-7 is an
important component of the pathway that contributes to autophagosome biogenesis!®>. Under
oxidative conditions, ATG-7 undergoes transnitrosylation by Cys402 through the transfer of NO
group from Trx-1 Cys73 with simultaneous dithiol-disulfide exchange?’*. This interaction is
crucial for the restoration of ATG-7 enzymatic activity and therefore plays an important role in

204

pro-survival autophagy in ischemic myocardium="*. Evidence of Trx1 involvement in autophagy

regulation has also been shown in human lens epithelial cells by induction of pro-survival
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autophagy as shown by increased autophagy turnover (LC III B/A ratio)?**’. An ATG-4 interaction
with Trx-1 has also been reported in yeast which is crucial for autophagy progression2°6297. ATG-
4 activity is regulated by the oxidation/reduction of Cys338 and Cys394. Perez-Perez et al. showed
that the disulfide bond formed upon oxidation of these Cysteines is a subject of reduction by Trx-

12%7. The role of this interaction in mammalian systems remains to be investigated.

1.5.3.5 Cytoskeleton organization

Cytoskeleton is an intracellular multicomponent structure that determines cell shape and internal

208 In addition to mechanical support, it is involved in vital cellular functions,

compartmentation
e.g., cell division or movement?”. Structurally, the eukaryotic cytoskeleton is a coordination
between several classes of filamentous proteins: microtubules, intermediate filaments and
microfilaments (Figure 1.3)?%%. The ratio of these components as well as subtypes of proteins may
vary across different cell types which is determined by functions specific to particular cell types,
e.g., neurofilaments in neurons!”3219,

Microtubules are the largest elements of cytoskeleton that consist of protofilaments organized in
hollow cylinders?!!. Microtubules facilitate the transport of organelles, e.g., mitochondria, across
the cell compartments via interaction with specific transport proteins called dynein and kinesin?!2.
The stability of microtubule structure is modulated by Tau proteins?!'3. This is specifically relevant

to cells with processes, e.g., neurons?!#. Thus, the expression of Tau proteins is significantly higher

in neural tissues compared to other organs®!?,
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Intermediate filaments are rope-like structures characterized by high resistance to tension and
compression®!®. They work in tandem with microtubules and provide support by reducing the
mechanical impact on rigid and fragile tubulin structures®’>. Intermediate filaments are a
heterogenous class of proteins with a number of cell type-specific variants, e.g., glial fibrillary

216

acidic protein in astrocytes?'®, neurofilaments light, medium and heavy in neurons?!, keratin in

epithelial cells?'’, and vimentin in mesenchymal cells?'®

. Another subtype of intermediate
filaments are nuclear Lamins, proteins involved in the maintenance of the three-dimensional

structure of nucleus.?!® The roles of neuronal nuclear lamina and the involvement of Trx-1 in its

protection is discussed along with other nuclear functions of Trx-1.

Microfilaments, also known as actin filaments, are assembled from linear polymers of G-actin,
one of the most abundantly expressed proteins in eukaryotic cell??’. These components of the

cytoskeleton are flexible and relatively strong?%s.

Microfilaments are involved in cellular
movement and contractility and hence are highly organized in muscle cells, however in non-muscle

cells, actin filaments are less organized and myosin expression is significantly lower??!.
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Figure 1.3 A simplified schematic of the axonal cytoskeleton

The axonal core is composed of a bundle of microtubules which are cross-linked by a variety of
microtubule-associated proteins which includes Tau and sometimes neurofilaments. This core is
surrounded by neurofilaments. The outermost layer has an array of periodically spaced rings
composed of F-actin filaments. The actin rings are interconnected by o/B-spectrin tetramers, which
are aligned along the axonal axis. F-actin is also localized outside of the acting rings. Image
composed of stock templates available at Servier Free Medical Art (https://smart.servier.com/).
Cytoskeletal proteins are sensitive to changes in the redox state. Several studies have shown that
redox balance affects cytoskeletal dynamics both in vitro and in vivo and directly modifies cell
morphology?*%?%3, For instance, porcupine cornea epithelial cells show signs of microtubule
disintegration even after brief exposure to H>0,?%. In this experiment, microtubule disassembly
led to prominent changes in cell shape as well as loss of apical barrier junctions and overall barrier

integrity of monolayer®?

. However, complete inhibition of ROS is almost as detrimental to
cytoskeleton as their overproduction. Thus, suppression of ROS production via pharmacological

inhibition of NOX leads to aberrant actin polymerization with consequent retardation of axon

sprouting and cell polarization in neurons??*. Mechanistically, redox regulation of the cytoskeleton
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is mediated via Cysteine thiol groups in cytoskeletal proteins. After interaction with ROS, these
sites can undergo reversible glutathionylation, nitrosylation and disulfide bond formation®* or

222

even irreversible carbonylation and sulfenic acid formation*~. While irreversible changes to

cytoskeleton organization are permanent, other modifications can be reversed through Trx?26-228,

Grx?* and Prx systems?°,

Trx-1/TrxR1 system is implicated in redox regulation of the cytoskeleton through interaction with
several proteins.

For instance, Trx-1 contributes to the maintenance of microfilament stability by reducing Cys62
in Actin molecule?}!. This physical interaction is crucial for cytoskeleton protection under pro-
oxidative conditions. For instance, Wang et al. showed that Trx-1 is capable of maintaining Actin
in the reduced state even under severe oxidative distress induced by H>0,?*'. Loss of this
interaction resulted in disorganization of the actin cytoskeletal system, and decreased cell viability
due to apoptosis activation?*!,

The role of the Trx-1/TrxR1 system in the redox regulation of microtubules was also demonstrated
by Landino et al>?®. This group reported that peroxynitrite-induced disulfides in porcine brain
tubulin can be repaired by the Trx-1/TrxR1 system (recombinant human Trx-1 (rhTrx-1), rat liver
TrxR1 and NAPDH)??°. The thiol-disulfide exchange between Trx-1 and Tubulin molecules was
confirmed by western blotting??6. Reduction of Tubulin by Trx-1/TrxR1 system restored normal
Tubulin polymerization activity that was lost after peroxynitrite treatment. This suggests that the
Trx-1 system is involved in cytoskeleton repair after ROS-induced microtubule disintegration.

However, this mechanism remains to be explored using in vitro and in vivo systems.
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1.5.3.6 Interaction with transcription factors

In basal conditions the highest concentrations of Trx-1 are found in the cytoplasm. However,
several stressors including oxidative distress, UV radiation, cytokines and lipopolysaccharides
induce Trx-1 translocation to the nucleus in vitro and in vivo>%?32233 1t is considered a part of the
general pro-survival strategy aimed to prioritize the preservation of redox equilibrium in the
nucleus by translocating antioxidant molecules from cytoplasm?**. Accordingly, it has been
demonstrated that oxidative stress triggered by nutrient depletion affects cytoplasmic and
mitochondrial components more than nuclear?*4. In this condition, cells sacrifice cytoplasmic
antioxidant defence to protect the genetic information required to recover organelles and
biomolecules damaged by ROS!2%:233,

Interestingly, nuclear Trx-1 is functionally autonomous from cytoplasmic Trx-1. While the
cytoplasmic function of Trx-1 is mainly mediated via Cysteine reduction in oxidized proteins, its
nuclear function is tightly associated with transcription factors, e.g, Redox factor -1 (Ref-1),
hypoxia-induced factor-lo. (HIF-1a), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF- kB), p53, Activator protein (AP-1), Nrf-2, glucocorticoid and estrogen receptors, and

0thers56’234’236'239.

Nrf-2 is a transcription factor that participates in complex regulatory networks of metabolism,
inflammation, autophagy, mitochondrial homeostasis, and proteostasis®*’. In basal conditions, Nrf-
2 has predominantly cytoplasmic localization where it exists in association with Kelch-like-ECH-
associated protein 1 (KEAP1) and Cullin 3 proteins?*!. These two proteins are responsible for

prevention of nuclear translocation of Nrf-2. They mediate ubiquitination of Nrf-2 molecule, its
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subsequent proteasomal degradation and recycling?*?. Thus, in normal conditions, half-life of Nrf-

2 is only 20 min?*

. However, oxidative stress disrupts the association between Nrf-2 and KEAP1
by oxidation of critical Cysteine residues in KEAP1 molecule’**. Non-bound Nrf-2 then
accumulates in the cytoplasm and translocates to the nucleus. Inside the nucleus, it targets specific
to ARE in the upstream promoter region of several pro-survival genes and initiates their
transcription?*2, Numerous studies have linked nuclear translocation of Nrf-2 with upregulation of

antioxidant proteins (i.e., Trx, Grx, and Prx families), energy metabolism, NADPH synthesis, cell

detoxification mechanisms and protein turnover (e.g., p62)''%.

As discussed, Cysteine oxidation is crucial for the regulation of Nrf-2 activity. The dominant role
in the maintainance of Nrf-2/KEAP1 association belongs to the GSH family of antioxidants®*°.
Downregulation of this redox system has the most significant effect on KEAP1 oxidation ( by
Cys257, Cys 273, Cys 288, and Cys 287) and subsequent release of Nrf-2243, Trx-1 in its turn is
crucial for the proper DNA binding of Nrf-2. Thus, it prevents oxidation of critical cysteine residue
(Cys506) in DNA-binding domain of Nrf-2>4°, Hansen et al. demonstrated that loss of Trx-1
activity is associated with lower expression of ARE proteins while overexpression of Trx-1 has

opposite effects as evidenced by enhanced transcription of target genes?#.

Nuclear Trx-1 is involved in the regulation of AP-1 function via reduction of Cysteine residues
crucial for its DNA-binding properties?*®. Overexpression of Trx-1 in COS-7 cells results in
potentiation of AP-1 transcriptional activity, while introduction of redox-inactive Trx-1 has an

opposite effect?4S.
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AP-1 is a transcription factor assembled through heterodimerization of c-Fos and c-Jun
subunits?*7-248, Similar to other transcription factors, AP-1 is involved in the regulation of various
intracellular processes from cell growth and differentiation to apoptosis>*°. AP-1 assembly requires
phosphorylation of c-Jun protein by JINK?#7, JNK in its turn functions as a sensor to various stimuli,
e.g., oxidative stress, heat, ionizing radiation, DNA damage, cytokines as well as growth factors®*,
Activation of this pathway is reported to have different outcomes for cell survival and metabolism.
Thus, an increase in c-Fos and c-Jun expression along with the enhanced transcriptional activity

of AP-1 dependent genes is observed in apoptosis®>!

. However, the AP-1 function is indispensable
for cell proliferation and growth. For instance, AP-1 activity is upregulated upon stimulation with
growth factors, e.g., Transforming growth factors alpha and beta®2. In such conditions, AP-1

upregulates the expression of proliferative markers associated with cell cycle regulation, e.g.,

Cyclin D1 and E2F?32:253,

Another function of the JNK/AP-1 pathway is regulation of cytoskeleton stability. For instance,
both c-Jun and JNK are shown to be activated by microtubule disarray?>#23. Upon activation, JINK
can modify the properties of cytoskeleton components via transcriptional regulation,
phosphorylation of Tau, intermediate filaments, and tubulins?*%*7, JNK-mediated Tau
phosphorylation at Ser 202/Thr205, Ser 396, and Ser 422 is an early event in Tauopathy, e.g.,
AD?8260 A study by Ruff et al. used a knockout approach to show the roles of cJun and JNK in
axonal regeneration?$!. Thus, lack of either cJun or JNK activity in motoneurons resulted in
delayed axonal regeneration after axotomy with a significantly decreased number of neurons

reconnected with their targets?s!. Consequently, this translated into reduced functional recovery
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and significantly decreased signal conductivity?$!. Taken together, INK/AP-1 axis participates in

the sensing of cytoskeletal alterations and provides support in its stabilization after injury.

1.5.3.7 The role of Trx-1 in maintenance of nuclear lamina integrity

Our lab recently reported the involvement of Trx1 in nuclear integrity!’®. Nuclear lamina is a
protein network at the interface of the nuclear envelope and chromatin$2263, Nuclear lamina is

262 To date two types of

composed of polymerized type V intermediate filaments called Lamins
Lamins have been identified: type A and type B?*264, Type A includes Lamins A and C which are
the products of alternative splicing of a single gene called Lamin A2'°. Due to their similar origin
and functions, these two Lamins are often described as a complex named Lamin A/C?%>26¢, In

contrast, type B Lamins, Lamins B1 and B2 are encoded by different genes?3-2¢7,

Previous studies showed that the composition of nuclear lamina differs in a cell-type specific

manner2%3-267

. Thus, type B Lamins are expressed in most cell types independently of their
differentiation stage, while type A Lamins are restricted to mature cells?’. Neuronal tissue is
almost devoid of Lamin A while both neurons and astrocytes express Lamin C2%. Type B Lamins
are abundantly expressed in neuronal tissues including neurons, astrocytes, microglial cells, and

268

mature and immature oligodendrocytes=®. It has been shown, that Lamin B1 stability is more

important for neuronal nuclear lamina integrity compared to other Lamins?%’.

The structure of nuclear lamina dictates its functions. For instance, its mesh-like structure permits

the placement of nuclear pores and proteins that link nucleoplasm with cytoplasm?”, e.g., Nesprins
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and SAD1/UNC-84 homology (SUN) proteins that associate nuclear lamina with microfilaments

and microtubules?’!-274

or nuclear envelope transmembrane proteins that penetrate through nuclear
lamina to interact with chromatin?’>-"7, Lastly, nuclear lamina provides chromatin docking sites

required for proper chromatin arrangement during different stages of the cell cycle?’*?’>. Figure

1.4 highlights the structural and functional features of nuclear lamina.

F-actin
Dynein \ Plectin Intermediate

Microtubulefs{ i —— filaments

Nuclear pore
complex

Nespﬁn4’///

?Chromatin
4 Nuclear lamina

+'@§ Transcription factors
}) ) 42 \V/ Nuclear envelope

Figure 1.4. Schematic overview of nuclear envelope proteins involved in
cytoskeleton/nucleoskeleton coupling

Interaction of cytoskeletal elements (actin filaments, intermediate filaments, microtubules) with
nuclear lamina is mediated via Nesprin proteins on the outer nuclear membrane. SUN domain
proteins on the internal nuclear membrane connect Nesprins with nuclear lamina. Additional
proteins such as Linker of Nucleoskeleton and Cytoskeleton (LINC) complex proteins and lamins
are involved in anchoring the nuclei and transmitting forces between the nucleus and cytoskeleton.
Image composed of stock templates available at Servier Free Medical Art
(https://smart.servier.com/).

The plethora of nuclear lamina functions determines its importance for cellular homeostasis,

t278’279 280,281
3

including embryonic developmen and differentiation DNA replication and

1-282,283

repaitr 280,284,285

, cell migration as well as apoptosis!’®286. Nuclear lamina disorganization
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consequential to mutations of Lamins has been recognized as the main pathological feature of
several hereditary diseases called laminopathies such as Emery—Dreifuss muscular dystrophy?®7,
restrictive dermopathy?%®, Charcot-Marie-Tooth disease type 2B?*°, Autosomal dominant
leukodystrophy?®®, Autosomal and premature ageing disorder (Progeria)®®>?°!. Additionally,

laminopathy is involved in the pathophysiology of AD?%2%3, PD?*4, cancers?342%-2%7 ageing??%-301,

etc.

The role of Trx-1 system in maintenance of nuclear lamina integrity was previously shown by
Islam et.al'’®. This work highlights the antiapoptotic properties of Trx-1. Specifically, it shows that
Trx-1 is indispensable for the prevention of Caspase-6 activation'’®. Nuclear Lamins are the
subjects of Caspase-6 mediated cleavage, which results in nuclear lamina damage and subsequent
imbalance in its functions, e.g., gene expression or transport between cytoplasm and
nucleoplasm!”®, Trx-1 depletion and Caspase-6-mediated nuclear lamina damage are also found in
post-mortem samples from AD patients as well as a classic mouse model of this neurodegenerative
disorder, 3xTg mice>>,

The regulatory functions of Trx-1 are listed in Table 1.3.

Table 1.3 Trx-1 mediated redox regulation

Subcellular

localization

Cell Function

Target

Cell type

Reference

Cytoplasm

Antioxidative
defence

Oxidized
proteins

All

Bertini et
al.’?” Ueno
et al.?2, Liju

et al.303,

Hwang et

al.3% Akterin
et al.3%,

Nakamura et

al.’*° Tao et
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al."32 Arner

et al.1®
Mv1Lu (Mink Lung
Epithelial Cells),
L929 (mouse Saitoh et
gy fibroblast cell line) al.308
and 293 (mouse
fibroblast cell line)
. MEF (murine
A XSS MST-1 embrionic chas ot
fibroblasts) '
Casn-6 SH-SY5Y (human Islam et
b neuroblastoma cells) al.'7®
Jurkat (immortalized .
Casp-3 human T- M'ghﬁg =
lymphocytes) ]
mTOR Rat cardiomyocytes | Oka et al.3%7
ATG7 Rat cardiomyocytes Nag:lr. %?n =
Yeast
A h
utophagy ATG4 Saccharomyces P:%éet
cerevisiae )
HLE-B3 (human lens 205
o lRe epithelial cells) o el
Actin SH-SY5Y (human Wang et
neuroblastoma cells) al.?%
Tubulin Purified porcine Landino et
tubulin al.??¢
Cytoskeleton Embryonic DRG ,
organization CRMP-2 neurons from Mog’l‘i‘éa =
Sprague-Dawley rats ]
PC-12 (adrenal
NGF phaeochromocytoma | Bai et al.3%
cells)
Neuroblastic
Signalling neoplasms, and
transduction AN ETe FUTEN neuroblastoma cells Sartelet et
lines al.310

-45 -



Trx-1
Overexpressing/

Monocyte
Inflammation chemoattractant AEHRHTI EA.hy Chefﬂ 1et
rotein-1 (MCP-1) 92§ and bovm.e al.
P aortic endothelial
cells
Immunomodulatory Regulatory T- Tregs (regulatory T- Mouqlzaﬁkakos
cells lymphocytes) et al.
L929 (mouse
e eoan” | Chenet
NFic-B, AP-1,and | o hcer cells) COS-7 Al
Ref-1 . Schenk et
(African green 41,236
monkey kidney )
Gene regulation fibroblast-like cells)
. Naranjo-
HIF-10 Hela (cervical Suarez et
cancer cells) 312
al.
Oct-4 Suleg gt Guo et al.3®
Nucleus cells
HDAC4 Cardiac myocytes | Ago et al.3'4
DNA-bindning NRE-2 HelLa (cervical Hanszeir; et
cancer cells) al.
COS7 and CV-1
(African green
Glucocorticoid monkey kidney Makino et
Transportation to receptor fibroblast-like cells), Siess
nucleus Hela (cervical
cancer cells)
Estrogen receptor MIBIRT (Joitss Rao et al.31®
cancer cells)
HUVEC (human
Cell Complement - , . e
membrane Immunomodulatory deposition umblllc_al vein King et al.
endothelial cells)
Bertini et
Extracellular . . human monocytes, 2,020
matrix Chemokine-like Chemoattraction PMNSs, leucocytes Nordberg et
a|_317

1.5.4 Neuron-specific functions of Trx-1
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Aside from the previously discussed general cytoprotective effects of the Trx-1 system, it has
specific functions in specialized cells. The neuron-specific functions of Trx-1 have been
demonstrated in several in vitro and in vivo studies. This chapter focuses on the regulation of

functions specific to neuronal cells by Trx-1.

1.5.4.1 The role of Trx-1 in neuronal differentiation

The regulatory role of Trx-1 has been shown through potentiating the effect of the nerve growth
factor (NGF) which is crucial for neuronal development, survival, and function?!8. In cholinergic
neurons, NGF additionally enhances Trx-1 mRNA and protein expression via CREB causing
nuclear translocation of Trx-1 with subsequent transcriptional effects mediated through Nrf-2 and

AP-131,

Administration of exogenous Trx-1 is also beneficial in cases of neurodegenerative, ischemic, and

320-322 Tian

chronic stress conditions, promoting neuronal regeneration and speeding up recovery
et al. investigated the role of Trx-1 in ischemia-induced hippocampal neurogenesis by subjecting
adult mice to bilateral common carotid artery occlusion and rhTrx-1 administration before
reperfusion’??, The rhTrx-1 treated mice had enhanced neuronal proliferation and differentiation
in their dentate gyrus. Functionally, thTrx-1 treated animals recovered faster compared to non-
treated controls as shown by their better performance in the Morris water maze and probe trail test.
The authors associated the pro-neurogenic effect of Trx-1 with the activation of extracellular

signal-regulated kinases 1 and 2 (ERK 1/2) pathway as demonstrated by enhanced ERK 1/2

phosphorylation after rhTrx-1 administration?2,
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Another study showed the role of Trx-1 in recovery from chronic stress*?!. They subjected adult
mice to 14 consecutive days of restraint stress. Neural progenitor cells (NPCs) isolated from the
dentate gyrus of these animals were treated with thTrx-1. Such treatment increased the number of
proliferating cells as well as the total count of Tuj+ neurons indicating increased neurogenesis.
Mechanistically, these changes were linked to an increase in phospho-ERK1/2, and nuclear (-
catenin. Interestingly, the treatment also increased the expression of f2-adrenergic receptors (32-
AR). The possible role of Trx-1 and B2-AR interaction was investigated by the introduction of
butaxamine, a selective $2-AR inhibitor, into the rhTrx-1-treated NPC culture. Such conditions
abolished rhTrx-1-induced hippocampal neurogenesis suggesting the physiological effect of this

interaction in chronic stress recovery.3?!

1.5.4.2 Trx-1 in axonogenesis and regeneration

Axon sprouting, elongation and establishing synaptic connections are crucial events in the
establishment of neuronal functions. In addition to its functions in modulation of cytoskeletal
proteins, Trx-1 is shown to have a specific role in regulation of axonal development and

regeneration.

Trx-1 is involved in regulation of axon elongation through redox control over Semaforin 3A (Sema

3A)/Collapsin response mediator 2 (CRMP2) pathway. Sema 3A is a signalling molecule involved

in the inhibition of axonal growth by repulsive guidance of growth cones®?.
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Trx-1 is also shown to participate in NGF-mediated stimulation of neurite outgrowth. Bai et al.
investigated the impact of Trx-1 on neurite outgrowth in PC12 cells*®. In this work, the
downregulation of Trx-1 activity resulted in the abolishment of NGF signalling and consequent

suppression of neurite elongation in these cells®®.

An indispensable role for Trx-1 in axonal regeneration has been suggested in an ex-vivo model of
axotomized DRG neurons with peripheral nerve attached. Inhibition of Trx-1 retrograde axonal
transport using Cyclopentenone prostaglandins administration in medium halted axonal growth
from the transected nerve*?*. This study highlights the indispensable role of Trx-1 in the regulation
of axonal regeneration in traumatic condition324,

Further evidence of Trx-1 protective role for axons in inflammatory conditions is suggested by its
ability to prevent optic nerve degeneration in a model of intravitreal administration of TNF-a. The
degenerative effect of TNF-o was mitigated by rhTrx-1 through inhibition of inflammatory

cytokines such as IL-1b32,

1.5.4.3 Trx-1 functions in synaptic terminals

Signal transmission is a unique feature of neuronal cells facilitated in synaptic terminals of axons
and dendrites. Synapse homeostasis is impaired in various neurological disorders including

epilepsy, autism spectrum disorder, schizophrenia, bipolar disorder, and dementia®2®.

To date, the role of the Trx-1/TrxR1 system in synaptic function remains to be the subject of

detailed investigation. Available data suggest the possible implication of this antioxidant system
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in the regulation of synaptic function ant the neuromuscular junction. Stemme et al. and LoPachin
et al. showed evidence of anterograde and retrograde axonal transport of Trx-1 and TrxRl1 in
stressed rat sciatic nerves®?’328, According to the authors, this transport may be important for thiol
reactions required for modulation of synaptic functions, e.g., membrane pore formation via
regulation of redox state in Cysteines that modulate regulatory proteins®?®. These findings are
indirectly supported by the evidence of high sensitivity of synaptic processes to modifications in
nucleophilic sulthydryl groups by different electrophilic neurotoxicants, e.g., methylmercury or

acrylamide®?’.

Pirazzini et al. discovered that both Trx-1 and TrxR1 are present on synaptic vesicles*?®. Their
work suggested that the Trx-1/TrxR1 thiol reduction system is involved in the reduction of
interchain disulfides in botulinum toxin serotypes A, C, and E. Inhibition of Trx-1/TrxR1 system
prevented paralysis of impulse transmission in neuromuscular junction upon exposure to
botulinum toxin. This study proposed inhibitors of the Trx-1/TrxR1 system as effective and non-
toxic candidates for preventive and therapeutic medication for human botulism®?°. The

involvement of Trx-1 in the redox regulation of other synaptic proteins remains to be investigated.

1.5.4.4 Dysregulation of Trx-1 system in neurological diseases

The evidence of dysregulation of Trx-1 system in neurological disease is shown by numerous

studies. The findings are summarized in Table 1.4.
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Table 1.5.4.4 The status of Trx-1 in neurological diseases

Neurological Sample type Cell type Trx-1 Reference
disease expression
Brain (post- Neurons (frontal ! Lovell et al.”s,
mortem) cortex, Akterin et al.3%
hippocampus,
amygdala)
Alzheimer’s
disease Brain (post- Astrocytes in 0 Asahina et al.3*°
mortem) white matter
Blood and CNS from AD patients 0 Arodin et al.*!
Amyotrophic Spinal cord (post-mortem) T (mRNA) Malaspina et
lateral sclerosis al.3?
Multiple Blood and CSF from MS patients 0 Pennisi et al.33?
sclerosis
Huntington’s Blood from HD ! Sanchez-Lopez
disease patients Erythrocytes et al.33
Schizophrenia Plasma 0 Zhang et al.3>,
Schizophrenia Owe-Larsson et
a] 336
Autism spectrum | Blood from Blood from ASD Zhang et al.?¥’
disorder ASD patients patients 1
Bipolar disorder Blood from patients with BD Genc et al.>*
(maniac phase) l

1 - upregulated, | - downregulated

The role of Trx-1 is most studied in context of AD. In post-mortem brain samples of AD patients,

decrease in Trx-1 content coincides with accumulation of Amyloid-B aggregates’®?33-33% Decrease

in Trx-1 expression in these samples is observed in brain regions primarily affected in AD, i.e.,

CAL1 of hippocampus and frontal cortex**. SH-SY5Y cells treated with Amyloid-B exhibit early

time-dependent oxidation of Trx-1 molecule, while overexpression of Trx-1 rescues these cultures
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from Amyloid-B toxicity’®*°, Guo et al. showed that overexpression of Trx-1 in diabetic mice with
AD-like pathology reverses activation of hippocampal neurodegeneration and apoptosis as well as
improves spatial learning and memory®*!. Data from our laboratory demonstrates that
downregulation of Trx-1 in SH-SYSY cells leads to activation of caspase-6 mediated nuclear

lamina cleavage!’¢, a common finding is post-mortem AD samples?*>2%3,

Less is known about the role of Trx-1 system in the etiology and pathogenesis of ALS. Mitchell et
al. discovered mutations of TrxR1 gene in several cases of familial ALS. These mutations were
associated with early-onset and more severe course of the disease!?’. This study highlights the
importance of Trx-1 system and thiol-redox regulation in the pathogenesis of ALS. However, the

matter of mutations in Trx-1 gene and their relation to ALS pathology remains to be investigated.

1.6 Hypothesis and Research objectives

Rationale: Impaired redox regulation is a well-established component of neurodegenerative
diseases. Neurons are comparatively more sensitive to oxidative stress. Neuronal homeostasis
heavily relies on cellular antioxidant systems. Dysregulation of Trx-1 system is a common finding
in post-mortem samples of various neurologic disorders. Reports from several research groups
including ours have demonstrated the detrimental neurodegeneration-relevant effect of Trx-1
depletion in neuronal cells. Despite extensive in vitro data that proves the importance of Trx-1

system for neuronal homeostasis, there is no animal model of neuron-specific Trx-1 knockout.
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The overall goal of my M.Sc. thesis is to explore the effect of neuron-specific Trx-1 depletion in
rodents and to investigate whether the outcomes of this mutation have neurodegeneration-specific

features.

Hypothesis: Trx-1 neuronal depletion is sufficient for induction of neurodegenerative changes

associated with these diseases.

Specific research aims:

Aim 1) Characterization of molecular and histological changes associated with Trx-1 depletion in

neurons.

Aim 2) To investigate the histopathological changes associated with neuronal Trx-1 depletion in

glial cells.

2. Materials and Methods

2.1 Generation and maintenance of Trx-nKQO mice colony

Generation of Trx-nKO mice was performed by Dr. Peter F Vitiello’s laboratory (University of
Oklahoma, Oklahoma City, USA).

To generate mice with conditional neuron-specific deletion of Trx-1, gRNA sequences were
selected based on the distance to the modification site and predicted off-target profile. gRNAs were
designed to  insert loxP  sequences into = Trx-1 at  intron 1 (5°-

ACTCACGCTGGAGGCCAACATGG-3’) and downstream of the 3> UTR (5’-
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GAAATACAATGTCCCACTCCAGG-3’) with the PAM sequence underlined. A surveyor assay
(Transgenomic North America, Omaha NE) using N2A cells transfected with Trx-1 gRNAs cloned
into the Cas-9 co-expression vector pBT-U6-Cas9-2A-GFP confirmed NHEJ frequencies of 14.8%
and 22% for Trx1 5’ and 3’ gRNAs respectively. Homology-directed repair occurred following the
injection of guide RNA molecules and qualified Cas-9 mRNA into the cytoplasm of C57Bl/6
embryos which were implanted into surrogate CD1 mice (Applied StemCell, Milpitas CA). Floxed
Trx-1 mice (Trx-1 fl/fl) were bred with Synl-CreP* (strain 003966) mice with C57BL/6J
background obtained from The Jackson Laboratory (Bar Harbor ME) which express Cre
recombinase under the expression of the rat Synapsin 1 (Syn-1) promoter for neuron-targeted
recombination®*?. Syn-1 is a neuronal phosphoprotein located on the cytoplasmic surface of
synaptic vesicles*®. Syn-1 expression is restricted to neuronal cells and is identified in excitatory
and inhibitory neurons in CNS and PNS, as well as bipolar and horizontal cells in retina***. It is
also detected in neuroendocrine cells of the gastrointestinal tract and Leydig cells in testes®**. Syn-

1 expression in CNS is detectable at E123%.

The Syn-CreP° mice were crossed with Trx-1" to produce Trx-17WTSyn-CreP®® female mice. The
latter was crossed back with Trx-1"% Syn-Cre™e male to generate Trx-17" Syn-CreP*s animal
(further referred as Trx-nKO). Usage of Syn-CreP® male breeders was avoided to prevent Cre
recombination in testes**®. Trx-17WTSyn-Cre™e littermates were used as controls in all the

experiments.

Mice were maintained under standard housing conditions with a 12-hour light/dark cycle. Water

and food were provided ad libitum. All the experiments were conducted under the protocols
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approved by the Sanford Research Institutional Animal Care and Use Committee (protocol number
142-03-21E) and the University of Manitoba Animal Care Committee (protocol number 19-036).
Sanford Research has an Animal Welfare Assurance on file with the Office of Laboratory Animal
Welfare (A-4568-01) and is a licensed research facility under the authority of the United States
Department of Agriculture (46-R-0011). All animal experiments at the University of Manitoba
Animal Care Facility were performed in accordance with the Canadian Council on Animal Care
guidelines and policies.

Animal subjects were deeply anesthetized with Isoflurane (20% v/v Isoflurane in propylene glycol)
and euthanized by cervical dislocation at defined time points or when morbidity parameters were

apparent (acute loss of body condition, impairment of mobility influencing feeding/drinking).

The significantly reduced lifespan of Trx-nKO mice (mean lifespan of 58 days) dictated the time
points for our studies. Thus, we used 4 weeks (adolescents) and 8 weeks old (young adult) mice
for our experimental purposes (behavioral and physical assessments, western blotting,
immunohistochemistry (IHC), and enzymatic assays. The investigator was blind to the genotype

of animals.

2.2 Genotyping procedures

DNA digestion was performed by boiling ear punches in lysis buffer (25mM NaOH, pH 12) for 1
hour and subsequent addition of neutralization buffer (40mM Tris-HCI, pH 5). Next, 5ul of
obtained genomic DNA was mixed with 20ul of MasterMix (2.5 pl of ThermoPol Reaction buffer

(New England BioLabs #B9004S), 0.5ul of dNTP mix (New England BioLabs #N0447S), 0.5ul

-55-



of forward primer, 0.5ul of reverse primer (manufactured by IDT), 0.125ul of TagDNA
Polymerase (New England BioLabs #MO0267L), 15.875 of ul RNAse-free water) in
DNAse/RNAse free PCR tubes. In this study two sets of primers were used: 1) for Trx-1 flox
genotyping: mTrx-1 3’LoxP forward sequence (CCA CTT TAT GTG GTT GCT TTG GA; Tm:
55.9°C) and mTrx-1 3’LoxP reverse sequence (TCT GGG GCC AAA GGT TCA AAT CCC A;
Tm: 62.8°C); 2) for Syn-Cre genotyping: Syn-Cre forward sequence (GCC TGC ATT ACC GGT
CGATGC AAC GA; Tm: 65°C) and Syn-Cre reverse sequence (GTG GCA GAT GGC GCG GCA
ACA CCATT; Tm: 67.8°C). The samples were then subjected to PCR in Thermocycler (Bio-Rad
MyCycler 563BR) with the following settings: cover: 103°C; volume: 25ul; 35 thermocycles
(95°C for 3 min, 95°C for 15s, 62°C for the 30s, 72°C for 45°C, 72°C for 5 min) and final dwell
temperature 4°C (forever). Following the PCR, 4ul of 6x DNA loading dye (ThermoFisher
#R0611) was added to each tube and 20l of each sample was loaded in 3% agarose (ThermoFisher
#BP160-500) gel with RedSafe™ Nucleic Acid Staining Solution (Intron Biotechnology #21141),
Sul of 100 bp DNA ladder (Gene Dire X #DMO001-R500) were loaded for reference. The gel was
electrophoresed in Horizontal Electrophoresis System (BioRad) in TAE buffer (pH 8.3). Trx-1 flox
bands were detected at 473 and 513 bp for Trx-1 wild-type and Trx-1 flox respectively. Syn-Cre

band was observed at 726 bp.

2.3 Trx-nKO phenotype characterization

To provide a complete assessment of the Trx-nKO phenotype, we investigated several

morphological parameters.
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2.3.1 Body weight

Body weight was monitored weekly starting from week 6. The results are reported for males and
females combined with no regard to sex-dependent differences in body weight.

2.3.2 Hindlimb circumference

To examine the differences in muscle mass, I measured the circumference of two hindlimb
segments. Femoral circumference was measured at the point equally distanced from femoral and
knee joints perpendicularly to the femur axis. Tibial circumference was measured at the point

equally distanced from the knee and ankle joint perpendicularly to the tibial axis®*’.

2.3.3 Racine scale for seizure activity assessment

348 Animals were observed daily from

Seizure activity was assessed using modified Racine scoring
4 weeks of age till death (approximately 8-9 weeks). The most severe seizure episode was used
for scoring (Table 2.1).

Table 2.1 Modified Racine scale for seizure scoring

Grade Behavioral stage
1 Stiffness and rigid posture
2 Head nodding
3 Partial forelimb clonus

5 Falling, forelimb clonus, jumping (general motor convulsions)

2.4 Tissue collection and processing
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Mice were deeply anesthetized in a glass drop jar with Isoflurane (20% v/v Isoflurane in propylene
glycol). When used for IHC, mice were perfused transcardially with cold phosphate-buffered
saline (PBS) (pH 7.4) followed by cold 4% paraformaldehyde. Brains, spinal cords, and sciatic
nerves were further dissected and immersed in 4% paraformaldehyde at 4°C overnight and then
cryoprotected by gradually increasing concentrations of sucrose (10% and 20% respectively).
Tissues were then embedded in OCT and stored at -80°C for further use. Tissue blocks were
serially sectioned (thickness 20 pum) using a cryotome (Leica CM 3050 S) and mounted on
Superfrost Plus microscope slides (FisherBrand). Obtained slides were either immediately used
for staining or stored at -80°C.

For Lamin B1 staining, not fixed tissues were directly embedded in OCT, snap-frozen on dry ice,
serially sectioned, and post-fixed in ice-cold 100% Methanol (12 min for brains, 8 min for spinal

cords) followed by permeabilization in cold Acetone (3 brief dips).

Protein extraction for western blot was performed on snap-frozen brain tissue using lysis buffer
containing 50mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% v/v NP-40, 1x Halt™
Protease and Phosphatase inhibitor (ThermoFisher #78442). Tissues were first mechanically
homogenized with a handheld tissue homogenizer and then sonicated (3 x 10s) on ice. Samples
were then centrifuged at 16,200 g for 30 min at 4°C. Supernatants were subjected to protein
estimation by Bradford protein assay (bovine serum albumin (BSA) was used as standard) and
immediately used for the preparation of western blot samples. Western blot samples of equal
protein concentration were prepared with the addition of Laemli loading buffer and subsequent

denaturation at 95°C for 10 min.
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For cell fractionation, brain cortex tissue was first mechanically homogenized in cytosolic buffer
(20mM HEPES (pH 7.4), 250mM sucrose, 10mM KCI, 1.5mM EDTA, ImM EGTA, 1x Halt™
Protease and Phosphatase inhibitor (ThermoFisher #78442) and then centrifuged at 1000g for 30
min at 4°C. The supernatant was collected as the cytosolic fraction. Pellet was further washed with
cytosolic buffer and centrifuged at 1000g two times to remove residing cytoplasmic proteins. Next,
the pellet was resuspended in RIPA buffer (50mM Tris HCI (pH 8.0), 150mM NaCl, ImM EGTA,
1% NP-40, 0.1% SDS, 1% Triton X-100, 5% glycerol, 1x Halt™ Protease and Phosphatase
inhibitor (ThermoFisher #78442) and then sonicated (3 x 10s) followed by 1-hour centrifugation
at 21,000 g at 4°C. Obtained supernatants were collected as the nuclear fraction. Both protein

fractions were then subjected to Bradford assay and boiled for 10 min after the addition of Laemli

buffer.

2.5 Immunohistochemistry

Sections (thickness 20 pum; block advance 100 um) were defrosted at room temperature for 5 min
and then rehydrated with phosphate-buffered saline for 1 min. Next, sections were permeabilized
and blocked in 0.3% Triton X-100, 10% v/v normal goat serum, 0.5% BSA, and 0.3% glycine in
phosphate-buffered saline for 2 hours at room temperature in a humidified chamber. Sections were
incubated with primary antibody (Table 2.3) solution diluted in PBS containing 0.01% Triton X-
100, 5% goat serum, and 0.01% BSA overnight at 4°C. The following day, sections were washed
in PBS three times and incubated with Alexa-Fluor-tagged secondary antibodies in PBS containing

1% goat serum for 2 hours. The sections were then washed with PBS three times and incubated

-59-



with DAPI (1:50,000 in PBS) for 8 minutes for nuclear counterstain. Lastly, the slides were

coverslipped with Mowiol and dried in dark chambers overnight at room temperature.

To perform spinal cord diameter measurements, 20 pum sections distanced 200pum from each other
obtained from the lumbar spinal cord (starting from the level of L1) were stained with hematoxylin
and eosin according to routine staining procedures. Sections were first fixed in 50% ethanol and
then stained in fresh hematoxylin solution for 3 min followed by 10 min wash in double distilled
water. Next, they were immersed in eosin for 1 min and washed with 95% and 100% ethanol two
times each. Sections were then cleared in two changes of Xylene and coverslipped with Permount.

Slides were dried in a fume hood overnight at room temperature.

FluoroJade C staining was performed using the kit supplied by Biosensis. Double labelling was
done in accordance with the protocol provided by the manufacturer. The sections were first stained
with NeuN primary and AlexaFluor 568 secondary antibodies as described previously. Next, the
slides were dried in the oven (at 55°C for 40 min) and incubated with FluoroJade C solution
(1:10,000) for 20 min. The slides were then washed with double distilled water three times and
stained with DAPI (1:50,000 in PBS) for 10 min. Slides were then dried on a slide warmer at 50-
60°C for at least 5 min, cleared by brief immersion (3 min) in xylene in the dark, and coverslipped

with Permount.

2.6 Image acquisition and quantitative analysis
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Images were acquired with Carl Zeiss LSM 7.0 confocal laser scanning microscope, Carl Zeiss
Axio Observer 2.1 and Carl Zeiss Axio Imager M2 LED, and Leica Aperio VERSA digital slide
scanner (Buffalo Grove IL) fluorescence microscopes using 2.5x, 10x, 20x, 40x and 63x (oil)
objectives. Identical acquisition parameters were used for all sections within a single set of
experiments. The region of interest was first localized using low magnification and then images
were acquired using high magnification (40x or 63x, oil). Image analysis was performed on 3-4

serial sections per animal.

Spinal cord diameter was measured with ZEN Blue software using the circumference tool.

Measurements from equal distances from L1 were compared between Trx-nKO and Cntl mice.

Corpus Callosum thickness was measured in two specific areas, i.e., body and lateral parts. For
this purpose, obtained image of the corpus callosum was divided into 4 equal parts. Measurements
from the median (body) and equally distanced lines from the left and right hemispheres were taken

for further analysis (Figure 2.1).
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Figure 2.1 Quantification of corpus callosum thickness

ImagelJ program (Cell Counter plugin by Kurt De Vos, University of Sheffield) was used for cell
type quantifications. The number of cells in 1 mm? was counted and the average per mouse was

represented.

Axon Ferret diameter was measured using the ImageJ program as described by Dolapchieva et
al’®. First, an equal Threshold was applied to the images to remove the background. Then we used
the “Analyze particles” tool in Image] to estimate the Ferret diameter of axons. The measurement
was performed on 4 sections per animal distanced 100 um from each other, the average per animal

is represented.
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The Myelination index (overlap coefficient between MBP and NFH signals) was estimated using
the ImageJ Colocalization Finder plugin by Christophe Laummonerie and Jerome Mutterer,
CNRS, Strasbourg, France. The colocalization coefficient was measured between the axon-

specific protein NFH and myelin-spicific protein MBP33%-331,

To determine the degree of nuclear lamina invaginations, we created a scale based on analysis of
over 100 nuclei imaged from both Trx-nKO and Cntl cortex sections. The scale included 4 degrees
of nuclear lamina damage: 0 — no obvious changes in nuclear lamina structure; 1 — minor
invaginations that do not affect circularity of nuclear lamina; 2 — medium invaginations less than
%2 of nuclear diameter in length that moderately affect nuclear circularity; 3 deep nuclear
invaginations, folds, ruptures more that % of nuclear diameter in length, deformed nuclei (Table
2.2). The high-magnification confocal images acquired from similar areas of the brain cortex and

spinal cord grey were used for quantification in accordance with the scale described above.
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Table 2.2 Nuclear lamina structure scale

0 - no invagination

1 — minor invagination(s)

2 — medium invagination(s)

3 - severe invagination(s)

,_8‘\

Circular shape
No visible folds

Circular shape
No deep folds

Minor loss of circularity
Folds no more than
diameter of nuclei
Multiple folds

Long folds that cover the

Major loss of circularity
Folds more than %2
diameter of nuclei
Multiple deep folds
Nuclear lamina rupture

whole surface

TDP-43 intracellular compartmentation was estimated using the Imagel] Colocalization Finder
plugin by Christophe Laummonerie and Jerome Mutterer, CNRS, Strasbourg, France. The

colocalization coefficient was measured between the TDP-43 signal and the nucleus (DAPI).

2.7 Western Blot

The same volume of samples was loaded in SDS-PAGE gel (15% gel for Trx-1; 13% gel for MBP,
Ibal; 12% gel for pTDP-43, INK 1/2, pJNK 1/2, AT8, AT180, pTau (Ser 296); 10% gel for MAG,
GFAP), electrophoresed (BioRad MiniProtean Tetra System) and transferred into methanol-
activated PVDF membrane using semi-dry quick-transfer method (BioRad Trans-Blot Turbo
690BR; BioRad Trans-Blot Turbo RTA Mini 0.2 um PVDF Transfer Kit #170472). Membranes

were blocked by 5% skim milk or 5% BSA (for detection of phosphorylated proteins) in TBST for
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1-2 hours and incubated in primary antibodies (Table 2.3) diluted in 1% skim milk or 1% BSA
respectively overnight at 4°C with constant agitation. The following day, membranes were washed
with TBST 3 times 6 minutes each and incubated with secondary HRP-conjugated antibody diluted
in 1% skim milk for 2 hours with constant agitation at room temperature. After washes, ECL
(BioRad Clarity Western ECL Substrate #1705061) was used to detect the protein band signal
through Micro-Chemi 4.2 (DNR Bio-Imaging Systems). The membranes were then incubated with
GAPDH HRP-conjugated antibody (loading control) for 3 hours at room temperature. ImageJ was
used for semi-quantitative analysis of protein bands.

To detect protein carbonylation in cortex tissue, we used the OxiBlot kit supplied by Cell Biolabs,
INC (#STA-308). in accordance with the manufacturer’s recommendations. Regular western blot
samples were subjected to electrophoresis in 13% SDS-PAGE gel. After the regular gel transfer
procedure, the membrane was immersed in 100% methanol for 15s and then dried for 5 min at
room temperature. Next, the membrane was equilibrated in TBS containing 20% Methanol for 5
min followed by a 5 min wash in 2N HCI solution. The membrane was then incubated with
Dinitrophenylhydrazine (DNP) (diluted in 2N HCI) for exactly 5 min, washed with 2N HCI 3 times
(5 min each), and blocked in 5% skim milk for 1 hour. Subsequent steps included incubation with
primary anti-DNP antibody, secondary HRP-conjugated antibody, and image acquisition as

described above.
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Table 2.3. List of antibodies used in experiments

Procedure Antigen Source Manufacturer Catalog number | Concentration
GFAP Mouse Sigma Aldrich G3893 1:1000
Lamin A/C Mouse Santa Cruz SC-376248 1:1000
MAG Mouse Santa Cruz SC-166849 1:1000
MBP Rabbit Sigma Aldrich G3893 1:1000
pTDP-43 Rabbit Proteintech 80007-1-RR 1:1000
Trx-1 (mouse-specific) Mouse IMCO ATRX-06 1:1000
5 TrxR1 Mouse Santa Cruz SC-28321 1:1000
el Iba1 Rabbit | FUJIFILM Wako Pure Chemical Corporation 019-19741 1:1000
c TNF-a Rabbit Cell Signalling Technology 3707 1:1000
'q“, JNK 1/2 Mouse Santa Cruz SC-7345 1:1000
7y pJNK 1/2 Mouse Santa Cruz SC-6254 1:1000
o AT8 Rabbit Invitrogen MN10208B 1:1000
; AT180 Rabbit Invitrogen MN1040 1:1000
PFH-1 Mouse Santa Cruz SC-32279 1:1000
tTau 46 Mouse Santa Cruz SC-K0518 1:1000
pH2.AX Rabbit Cell Signalling Technology 2577 1:1000
GAPDH HRP-conjugated Mouse Santa Cruz SC-166574 1:4000
Mouse HRP-conjugated Goat Thermofisher Scientific 31430 1:2500
Rabbit HRP-conjugated Goat Cell Signalling Technology 7074S 1:2500
ChAT Goat Sigma Aldrich AB144P 1:200
GFAP Mouse Sigma Aldrich G3893 1:200
Iba1 Rabbit | FUJIFILM Wako Pure Chemical Corporation 019-19741 1:200
Lamin B1 Rabbit Abcam ab16048 1:200
MBP Rat Sigma Millipore MAB386 1:200
NeuN Mouse Sigma Aldrich MAB377 1:200
O NFH Mouse Sigma Aldrich N0142 1:200
T TDP-43 Rabbit Cell Signalling Technology 34488 1:200
- Trx-1 Rabbit Cell Signalling Technology 24298 1:200
Alexa Fluor 647-conjugated anti-rabbit Goat Invitrogen A21244 1:500
Alexa Fluor 647-conjugated anti-mouse Goat Invitrogen A21236 1:500
Alexa Fluor 647-conjugated anti-goat Donkey Invitrogen A21447 1:500
Alexa Fluor 568-conjugated anti-rat Goat Invitrogen A11077 1:500
Alexa Fluor 568-conjugated anti-rabbit Goat Invitrogen A11036 1:500
Alexa Fluor 568-conjugated anti-mouse Goat Invitrogen A11031 1:500

2.8 Trx-1 activity assay

Snap-frozen mouse brain tissues were dissolved in 50mM MES lysis buffer (S0mM MES, 250mM

NaCl, 2mM EDTA), pH 6.5 with Halt™ Protease and Phosphatase inhibitor (ThermoFisher

#78442). Tissues were first mechanically homogenized with a handheld tissue homogenizer and

then sonicated (3 x 10s) on ice. Samples were then centrifuged at 16,200 g for 30 min at 4°C.

Supernatants were subjected to protein estimation by Bradford protein assay (BSA was used as
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standard). Trx1 activity was determined by using the FKTRX-02-V2 kit (IMCO Corporation Ltd

AB) as described by Islam et al.!”¢ following the manufacturer’s protocols.

In brief, 10 pg of protein was incubated with f-NADPH and TrxR at 37 °C for 30 min. Then, 20
ul of Eosin-labeled insulin was added to the reaction mixture and further incubated for 5 min. The
fluorescence was measured kinetically at excitation 520 nm and emission 545 nm wavelengths
using Synergy H1 Hybrid microplate reader (BioTek Instruments, USA). Trx-1 specific activity

was calculated as follows: Trx-1 specific activity = [Absorbance/min(Vmax)]/mg protein.

2.9 Behavioral assessments

Behavior testing was performed during the daytime (10 a.m. — 2 p.m.) under dim light conditions.
Both male and female mice were used in experiments and the ages were as follows: 4 weeks old
mice (adolescents) for hindlimb clasping, RotaRod, sensory-motor, gate, ledge, and Y-Maze tests;
8 weeks old mice (young adults) for hindlimb clasping, RotaRod, sensory-motor, gate, ledge, Y-
Maze and novel object recognition tests. To reduce the impact of stress on behavioral outcomes,
we started with less stressful tests and continued to perform other tests as follows: Y-Maze, NOR,
sensory-motor, gate, ledge, RotaRod, and hindlimb clasping tests. To minimize anxiety-like
behavior, mice were allowed to acclimate to the test room for at least 1 hour before each test.
Indirect low lightning was used during our assessments to prevent the stress of white light in mice.
Temperature and humidity were similar to housing conditions. All mice were previously habituated

to handling by the investigator. The video camera was placed directly overhead of the apparatuses
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to provide an optimal view of exploration. After behavioral assessments, mice were used in other

experiments (IHC, western blotting, etc.).

2.9.1 Hindlimb clasping test

Mouse was gently grasped by the base of the tail and lifted to clear off all surrounding objects.
Hindlimb position was observed for 10s. If the hindlimbs were consistently extended away from
the abdomen, a mouse received a score of 0. Score 1 was assigned if one of the hindlimbs was
retracted toward the abdomen for more than 2 of the time observed. If both hindlimbs were
partially retracted toward the abdomen for more than 2 of the time observed, a mouse received a
score of 2. If the hindlimbs were completely retracted to the abdomen and were touching, a mouse

was assigned a score of 3. Mouse was returned to the home cage after testing.

2.9.2 RotaRod

Mice were removed from their home cage and placed on the rod (diameter 5 cm; with non-slip
coating) rotating with increasing speed from 5 to 40 rpm for 5 min. Each mouse was subjected to
3 trials. The time mouse remained on the rod was recorded for each trial. If a mouse spent 5 min
on RotaRod without falling, it was removed from the apparatus by the investigator and received a
maximum score (300s). The apparatus was cleaned with 70% ethanol and wiped dry after each
mouse. The results are represented with latency to fall (time elapsed on RotaRod averaged for 3

three trials).
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2.9.3  Sensory-motor test (“adhesive removal” test)

Three-four mm square pieces of laboratory tape were applied on either forelimb in random order.
Equal pressure applied to stick a tape was maintained among all the animals tested. Mouse was
then placed in a transparent cage under video registration. The time when the animal first noticed
the tape (touch) was recorded as a sensory component, and the time elapsed from first touch to
complete removal was registered as a motor component. The maximum time allowed for either

component was the 30s. The cage was cleaned with 70% ethanol and wiped dry after each mouse.

2.9.4 Novel object recognition test

Two pairs of mouse-size (or slightly larger) objects with a similar degree of complexity (texture,
color pattern, and brightness) made of non-breakable material were selected. For the main arena,
we used a square chamber (40cm x 40 cm x 40 cm) made from white non-porous plastic. Mice
were trained two days prior to test. On the first training day, mice were allowed to explore the
empty arena for 5 min. On the second training day, two identical objects were placed in opposite
quadrants of the arena. Mouse was returned to the home cage after 5 min of exploration. The test
was performed 4 hours after training. One of the objects was replaced by a novel object of a
different shape and color. Mouse was allowed to freely explore for 10 min. The first 5 min of
recorded exploration were scored, however, if the mouse did not meet the minimum exploration
time of the 20s for both objects, scoring was continued past 5 min until the total exploration time
exceeded 20s. The arena was cleaned with 70% ethanol and wiped dry after each mouse.

Discrimination and preference indexes were calculated as follows: Discrimination index = [(Time
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spent exploring novel object) — (Time spent exploring familiar object)] / [Total exploration time];

Preference index (%) = [(Time spent exploring novel object) / (Total exploration time)] x 100.

2.9.5 Y-Maze

The white non-porous plastic maze consisted of three arms (length 35cm; width 4 cm; height 15
cm). Each of the three arms was extended from the center at 120° angles. To reduce anxiety-like
behavior, mice were habituated to the maze for 5 min 3 days before testing. On the day of the
experiment, mice were removed from their home cage, placed in the middle of the maze, and
allowed to freely explore for 5 min under video registration. The maze was cleaned with 70%
ethanol and wiped dry after each mouse. The spontaneous alternation was calculated as follows:

Spontaneous alternation (%) = [(number of spontaneous alternations) / (total number of arm entries

~2)]x100.

2.10 Mouse magnetic resonance imaging (MRI)

8 weeks old Trx-nKO (n=4) and Cntl (n=3) mice were used for MRI experiments using MRS
PET/MRI Scanner (MR S3000 — MRSPETS802, MR Solutions Ltd.). Experiments were conducted
under general anesthesia (1-2% Isoflurane, 0.8-1.0 L/min O), and mice were restrained. The mice
were placed in an MR-compatible cradle and inserted in an MR probe. The brain was localized
and imaged with a 17-cm bore. T2-weighted images were acquired with the following parameters:
FOV 30 x 30 mm, matrix 256 x 238, slice thickness 0.3 mm, TR 5,000 ms, and TR 45 ms. Two

averages were acquired. Measurements were performed in Weasis v4.03 software using the
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Polygon measurement tool. For better visualization of high-density (e.g., corpus callosum) vs low-

density (e.g., brain ventricles) structures Cardiac filter was applied.

2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 software. Results are represented as
means of ZSEM. Student’s t-test and two-way ANOVA with multiple comparisons and Tukey’s
posthoc corrections were used for comparisons between groups. Statistical significance was
defined as P<0.04.

3. Results

3.1 Confirmation of Trx-1 neuron-specific knockout

Knowing the role of Trx-1 in neuronal homeostasis, I aimed to investigate the functional,

histopathological, and molecular outcomes of neuron-specific Trx-1 knockout in mice.

Developmental depletion of neuronal Trx-1 in mice was performed by Dr. Peter Vitiello (The
University of Oklahoma Health Sciences Center) using Cre-LoxP recombination. Trx-171 was
crossed with Synapsin-1 Cre (Syn-Cre) animal (C57B/L background) as shown in Fig. 3.1A. Trx-
171 Syn-CreP* animal is further referred to as Trx-nKO. Trx-17VT Syn-Cre™ heterozygous mice

were used as controls (Cntl). The representative genotyping procedure is shown in Fig. 3.1B.
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To confirm the Trx-1 knockout, I performed confirmatory western blotting on cortex tissue
homogenates derived from animals of 4 and 8 weeks of age (Fig. 3.1 C & D). Significant decrease
(~60%) in Trx-1 expression was observed at both time points. Residual expression of Trx-1 is
attributed to other cells present in neural tissue (e.g., astrocytes, oligodendrocytes, immune cells,
etc.). Further confirmation of Trx1 deficiency was assessed by measurement of Trx-1-like Insulin
reducing activity, which was also significantly decreased in Trx-nKO cortices at 8 weeks of age
(Fig. 3.1 E). Immunohistochemical examination of Trx-1 expression in Trx-nKO CNS tissues
showed a prominent decrease in Trx-1 signal in cortices, dentate gyri, and lumbar spinal cord grey.
However, there was no statistically significant decrease in CA1l of the hippocampus (Fig. 3.1 F,

G).
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Figure 3.1 Generation and confirmation of Trx-1 neuron-specific knockout in mice

A. Schematic represents the Cre-recombination approach used for the excision of the Trx-1 gene
in neurons.

B. Representative Trx-nKO mice genotyping. For Trx-1 gene, the top band represents floxed allele,
the bottom band stands for wild type Trx-1. Heterozygous (Trx-1 fI/WT) and homozygous (Trx-1
fl/f1) animal subjects are shown. Syn-Cre band represents the presence of Cre recombinase in the

genome.
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C. Confirmatory western blot performed on cortical tissues derived from 4- and 8-week-old
animals depicts Trx-1 protein levels.

D. Semiquantitative densitometry shows a significant reduction in Trx-1 protein content at both
4- and 8- weeks of age. n=4, males and females. Protein level is normalized to loading control
(GAPDH) and expressed in fold change to control. Statistical analysis: Student t-test, the graph
shows Mean +SEM, * and # p<0.04.

E. Trx-1-like activity is significantly reduced in Trx-nKO cortices at 8 weeks. n=5, males and
females. Statistical analysis: Student t-test, the graph shows Mean +SEM. **p<0.01

F. Immunohistochemical characterization of Synapsin-Cre mediated Trx-1 knockout shows
differential efficacy of Trx-1 downregulation across different CNS regions (no prominent
decrease was observed in CA1 of the hippocampus). n=4, males and females, 8 weeks.

G. Quantification performed on images acquired from Trx-nKO and Cntl brains and lumbar
spinal cords shows a significant reduction in Trx-1 signal intensity in Trx-nKO cortices, DG
and spinal cords but not in CA1. Quantification was performed on 3 images acquired from 3
equally distanced sections (block advance 100 um) per animal. The graph depicts the mean signal
intensity in fold change to control. n=4, 8 weeks, males and females. Statistical analysis: Student
t-test, the graph shows Mean £SEM, *p<0.04, **p<0.01, ns - not significant.

3.2 Phenotypical characterization of Trx-nKQO mice

Global Trx-1 knockout results in death at early stages of embryonic development*>2, Rodents with

4 and lung®® have significantly reduced

organ-specific depletion of Trx-1 in heart®>, liver®
lifespan with prominent functional deficits. Similarly, Trx-nKO mice have significantly shortened
lifespan (mean lifespan of 58 days) as depicted in Fig. 3.2A. These animals develop a significant
reduction in body weight by 6 weeks of age (Fig. 3.2 B) and exhibit reduced muscular mass as
evidenced by hindlimb circumference measurements (Fig. 3.2 C). Trx-nKOs are prone to
handling-induced seizures with onset at 7 weeks of age. These seizures first appear as nodding and

partial forelimb clonus and freezing and then develop into generalized convulsions and jumping

(Fig. 3.2 D).
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Figure 3.2 Phenotypical characterization of Trx-nKO mice

A. Trx-nKO mice have a significantly reduced lifespan, median survival of 58 days. n=16,
males and females. Statistical analysis: Log-rank (Mantel-Cox) test.

B. Significant reduction in body weight is observed from week 6 for both sexes. n=16, males
and females. Student t-test, the graph shows Mean +SEM, **p<0.01, ***p<0.001.

C. Significant decrease in the femoral and tibial diameter of the hindlimb is observed at 8
weeks of age. Measurements were performed at the point equally distanced from joins (femoral
and knee or knee and ankle respectively), perpendicularly to the bone axis. n=7, males and females.
Statistical analysis: Student t-test, the graph shows Mean £SEM, ##p<0.01, ***p<0.001.

D. The pie chart depicts the Racine seizure severity scale in Trx-nKO mice. Mice were observed
daily and habituated to handling starting from week 4. Seizure occurrence and type were recorded.
The most severe episode is used for analysis per each animal subject. n=7, males and females.
Racine scale: Grade 1: stiffness and rigid posture; Grade 2: head nodding; Grade 3: partial forelimb
clonus: Grade 4: continuous severe whole-body seizure; Grade 5: falling, forelimb clonus, jumping
(general motor convulsions).
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3.3 Sensory and motor behavioural assessments reveal severe motor deficits in Trx-nKO

mice.

Behavioural assessment highlights the prominent motor dysfunction in these animals. The mice
demonstrate a significantly higher incidence of hindlimb clasping at 4 and 8 weeks of age (Fig 3.3
A). Hindlimb clasping is used as an indication of neurodegeneration and is often observed in other
murine models of neurodegeneration®*®. Motor impairment is also highlighted by poor
performance in the Rotarod test observed at both 4 and 8 weeks of age (Fig. 3.3 B). Discrepancies
in sensory and motor functions of the CNS are illustrated by the increased time required to perform
sensory and motor components of the “sticky tape” sensory-motor test at both time points (Fig.
3.30).

To our surprise, the two-month-old mice showed no significant deficits in cognitive tests as
assessed by novel object recognition (Fig. 3.3 D) and Y-maze behavioural tests (Fig. 3.3 E). The
Trx-nKO animals did not show any differential preference for novel objects and behaved similarly
in the Y-maze test that assesses their willingness to explore new environments. However, the total
number of entries in Y-maze arms was significantly decreased in Trx-nKOs (Fig. 3.3 E) which
might be associated with the observed motor deficits or ataxia and higher susceptibility to stress.
Normal cognitive function of Trx-nKO shown by behavioral testing might be associated with the
heterogenous efficacy of Trx-1 depletion in the hippocampus of these animals (previously shown

in Fig. 3.1 F), the center of memory formation and maintenance.
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Figure 3.3 Behavioral assessments reveal severe motor deficits in Trx-nKO mice

Motor panel:

A. Trx-nKO mice exhibit classic signs of motor dysfunction depicted by the hindlimb clasping
test. n=6 — 4 weeks, males and females; n=7 — 8 weeks, males and females. Statistical analysis:
Student t-test, the graph shows Mean £SEM, *p<0.04, ###p<0.001.

B. Trx-nKO mice fail to perform the Rotarod challenge at both 4 and 8 weeks of age. n=8, males

and females. Statistical analysis: Student t-test, the graph shows Mean +SEM, **p<0.01,
###p<0.001.

C. Both sensory and motor components of the sensory-motor (“sticky tape”) test are affected in
Trx-nKO animals. Significant increase in time elapsed before sensing and complete removal of a
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tape stuck to the animal’s forelimb is observed at both 4 and 8 weeks of age. n=6 — 4 weeks, n=8
— 8 weeks, males and females. Student t-test, the graph shows Mean £SEM, *p<0.04, ##p<0.01.

Cognitive panel:

D. Trx-nKO mice do not show any deviations in short-term memory compared to healthy
littermates as shown by the novel object recognition test (NOR). No significant difference is
observed in the novel object preference index. n=5 — 8 weeks, males and females. Student t-test,
the graph shows Mean +SEM, ns — not significant.

E. No significant difference is observed in patterns of exploratory behavior as evidenced by % of
spontaneous alternations in the Y-maze test. An overall decrease in motor activity is illustrated by
a significantly reduced total number of entries in Y-maze arms at both 4 and 8 weeks of age. n=7
— 4 weeks, n=5 — 8 weeks, males and females. Student t-test, the graph shows Mean £SEM,
*#%p<0.001, ##p<0.01, ns — not significant.

3.4 Trx-1 neuronal knockout results in changes in CNS morphology and cellular

organization

Trx-nKOs demonstrate a slight but significant reduction in whole brain size as evidenced by MRI
measurements (Fig. 3.4 A). Significant differences are also observed in the cerebellum size but not
in the cortex or hippocampus. A significant decrease in Trx-nKO spinal cord diameter is observed
by serial tissue sectioning starting from vertebra L1 with subsequent H&E staining and
quantification (Fig. 3.4 B). I further asked if these changes are associated with a decrease in the
number of neurons. Although, the neuronal count did not reveal a decrease in NeuN-positive
(marker of mature neurons) neurons in cortex (Fig. 3.4 C, D), a significant reduction of
motoneurons was observed in the lumbar spinal cord grey matter (Fig. 3.4 C, E). Western blotting
also did not show any significant decrease in the expression of NenN protein in Trx-nKO cortices
(Fig. 3.4 F, G). Evidence of decreased synaptic density was detected by a significant decrease in
the expression of synaptic marker PSD95 protein by western blotting, indicating possible

neurodegenerative changes in these mice (Fig. 3.4 F, H).

-78 -



Area
(% of control)

Cortex

NeuN DAPI

Cntl

Trx-nKO

5

NeuN+ cells/mm?

Cntl Trx-nKO

s
~ A}
Cntl (
Trenko |94 by
0 600 1200 1800 2400
3000 am * *
—g *
E
%zooo- I+ —* .
‘5 h < T ¥ -
-] e
5 4
M Cntl 3 1000~
B Trx-nKO 5 -~ Cntl
£ - Trx-nKO
w an
v L} T L] L] 1 1 L] L] 1 T L] L] L] T
S S S \@Q -G@ \'@ \@n 0&&@@ ’0@%‘@%&
Distance from L1
Lumbar Spinal Cord
ChAT
AT DAPI o o o o o
™ 4 X X 4
- £ =%= %= g - T
T X © c ¥ e & E X
SESESFSFSEE
NeuN ———r Ll Fa

GAPDH | e i |-

PSD95
GAPDH

(fold change)
> b =

NeuN/GAPDH
=)
@

Cntl Trx-nKO

ek

@
o
<

an
o
<

ChAT+ cells/mm?

=]

. Cntl _frx~nKO

I

PSD95/GAPDH
(fold change)

Cntl Trx-nKO

Figure 3.4 Trx-1 neuronal knockout results in changes in CNS morphology and

cytoarchitectonics

A. Coronal T2-weighted sections acquired with magnetic resonance imaging compare brain
morphology of Trx-nKOs with Cntls. Measurements of the whole brain and specific brain regions
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(cortex, hippocampus, cerebellum) were performed with Weasis DICOM medical viewer. A slight
but significant reduction is detected in the whole brain area and cerebellum. No significant
difference in hippocampal and cortical areas. n=3, 8 weeks, males and females. Statistical
analysis: Student t-test, graph compares the measurements obtained from Trx-nKOs with Cntls,
values are expressed in % of control (Mean ZSEM), * and # p<0.04, ns — not significant.

B. A significant reduction in Trx-nKO spinal cord diameter is observed in the lumbar region.
Serial sectioning starting from the L1 vertebra was performed on PFA-fixed spinal cords. Sections
distanced 200 um from each other were stained with H&E and used for measurements. n=4, 8
weeks, males and females. Statistical analysis: Student t-test, the graph shows Mean +SEM,
*p<0.04.

C. Immunofluorescent staining of the cortex and lumbar spinal cord with neuron-specific markers
(NeuN — mature neurons in the cortex; ChAT — motor neurons in spinal cords).

D. Neuronal count performed on images acquired from the cortex show no significant
difference between Trx-nKOs and Cntls. Quantification was performed on 3 images acquired
from 3 equally distanced images (block advance 100 um) per animal. The graph depicts the
number of NeuN+ cells per 1 mm?. n=4, 8 weeks, males and females. Statistical analysis: Student
t-test, the graph shows Mean £SEM, ns — not significant.

E. Quantification performed on images acquired from lumbar spinal cord grey matter shows
a significant reduction in the number of motoneurons in Trx-nKO. Quantification was
performed on 3 images acquired from 3 equally distanced images (block advance 100 um) per
animal. The graph depicts the number of ChAT+ cells per | mm?. n=4, 8 weeks, males and females.
Statistical analysis: Student t-test, the graph shows Mean £SEM, ns - not significant.

F. Western blot performed on cortex tissue homogenates demonstrate the levels of NeuN (a marker
of mature neurons) and PSD95 (synaptic marker).

G. Semiquantitative densitometry shows no significant difference in NeuN protein content in
cortices between Trx-nKO and Cntl groups. Protein level is normalized to loading control
(GAPDH) and expressed in fold change to control. n=4, 8 weeks, males and females. Statistical
analysis: Student t-test, the graph shows Mean +SEM, ns — not significant.

H. Semiquantitative densitometry shows a significant decrease in PSD9S protein content in
cortices of Trx-nKOs compared to Cntls. Protein level is normalized to loading control
(GAPDH) and expressed in fold change to control. n=4, 8 weeks, males and females. Statistical
analysis: Student t-test, the graph shows Mean +SEM, *p<0.04.

3.5 Trx-1 knockout in neurons is associated with white matter deficits

Axonal dieback is an important component in pathophysiology of degenerative, inflammatory and

357

traumatic neurological diseases™’. In neurodegeneration, axonal damage is often linked to severe
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oxidative distress®’

. This is explained by high susceptibility of cytoskeletal proteins to oxidation
by ROS?*¥. Thus, enhanced oxidation of cytoskeletal proteins in neurons leads to irreversible
modification of their mechanical properties, e.g., changes in rigidity, elasticity, and extent of

olymerization®>®. Knowing the contribution of Trx-1 to disulfide homeostasis in cytoskeletal
poly g Yy

roteins>!, I investigated the impact of Trx-nKO on white matter.
p g p

Filtered T2 weighted coronal sections acquired with MRI showed a significant reduction in corpus
callosum area in Trx-nKOs compared to Cntls (Fig. 3.5 A). Histological assessment of the major
white matter pathways (Fig. 3.5 B) showed profound deficits in axonal morphology and quantity.
Indicating that Trx-nKOs have significantly thinner corpus callosum (Fig. 3.5 C), a significantly
lower number of neurons in dorsal spinal cord white matter (Fig. 3.5 D), with significantly reduced
axon diameter in dorsal spinal cord and sciatic nerve (Fig. 3.5 E). Of note, to assess the
myelination efficiency, the signal intensity of neurofilament was divided by MBP staining and
presented as NFH/MBP ratio*%%!, My assessment suggests no apparent differences in myelination
between the Trx-nKO mice and their wildtype littermates. (Fig. 3.5 F).

Discrepancies in axonal structure in Trx-nKOs are associated with decreased myelin content as
evidenced by quantitative western blotting (Fig. 3.5 G, H, I). Thus, I detected almost a 50%

reduction in myelin basic protein (MBP) and myelin-associated glycoprotein (MAG).
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Figure 3.5 Trx-1 knockout in neurons is associated with white matter deficits

A.

Significant reduction in Trx-nKO corpus callosum area. Filtered (red — low density
(liquid), blue — high density) coronal T2-weighted sections acquired with magnetic
resonance imaging compare brain morphology of Trx-nKOs versus Cntls*>°. Measurements
of the corpus callosum were performed with Weasis DICOM medical viewer. n=3, 8 weeks,
males and females. Statistical analysis: Student t-test, graph compares the measurements
obtained from Trx-nKOs with Cntls, values are expressed in % of control (Mean £+SEM),
*p<0.04, **p<0.01.

Histological assessments of the principal conductive pathways. Neurofilament heavy
(NFH) and Myelin Basic Protein (MBP) was used to stain axons and myelin sheath.
Significant reduction in corpus callosum thickness observed in Trx-nKO animals.
Corpus callosum thickness measurement performed on images acquired with 5x objective.
Quantification was performed on 3 images acquired from 3 equally distanced images
(block advance 100 um) per animal. Per each image, 3 measurements were taken as
follows: body (through the median of the central fissure) and left and right lateral parts
(distanced 400 um from the median). n=4, 8 weeks, males and females. Statistical analysis:
Student t-test, the graph shows Mean SEM, ***p<(.001.

Significantly decreased axonal count in Trx-nKO lumbar spinal cord dorsal white
matter. Measurement performed on images acquired with 20x objective. Quantification
was performed on 3 images acquired from 3 equally distanced images (block advance 100
pum) per animal. Image] was used to quantify the number of axons. Values expressed in
fold change to control. n=4, 8 weeks, males and females. Statistical analysis: Student t-test,
the graph shows Mean +SEM, *p<0.04, ***p<0.001.

Axon Feret diameter measurements performed on Trx-nKO dorsal spinal cord white
matter and sciatic nerves demonstrate a significant decrease. Measurement was
performed on images acquired with 63x objective (oil). Quantification was performed on
3 images acquired from 3 equally distanced images (block advance 100 um) per animal.
Image] was used to quantify the Feret diameter of axons**°. Values expressed in fold
change to control. n=4, 8 weeks, males and females. Statistical analysis: Student t-test, the
graph shows Mean £SEM.

No change in MBP/NFH overlap coefficient was observed in Trx-nKO white matter
compared to Cntls. Measurement was performed on images acquired with 63x objective
(oil). Quantification was performed on 3 images acquired from 3 equally distanced images
(block advance 100 um) per animal. The colocalization finder plugin in ImageJ was used

330351 n=4_ 8 weeks,

to quantify the overlap coefficient between NFH and MBP signals
males and females. Statistical analysis: Student t-test, the graph shows Mean £SEM, ns-

not significant.
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G. Western blotting performed on cortex tissues derived from 4- and 8-weeks old
animals using myelin-specific antigens (myelin basic protein (MBP) and myelin
associated glycoprotein (MAG).

H. Semiquantitative densitometry shows significant reduction in MBP content in
cortices between Trx-nKO and Cntl groups. Protein level is normalized to loading
control (GAPDH) and expressed in fold change to control. n=4 — 4 weeks, n=5 - 8 weeks,
males and females. Statistical analysis: Student t-test, the graph shows Mean +SEM,
*x%p<0.001, #p<0.04.

I. Semiquantitative densitometry shows significant reduction in MAG content in
cortices of Trx-nKO group. Protein level is normalized to loading control (GAPDH) and
expressed in fold change to control. n=3 — 4 weeks, n=5 - 8 weeks, males and females.
Statistical analysis: Student t-test, the graph shows Mean £SEM, *p<0.04, ##p<0.01.

3.6 Trx-1 deficiency in neurons is associated with nuclear lamina damage

Our laboratory has previously shown a specific role of Trx-1 depletion in nuclear lamina
damage!’®.

Trx-nKO mice exhibit a significantly higher incidence of nuclear lamina invaginations in cortices
and spinal cords compared to control littermates (Fig. 3.6 A, B, C). For instance, in the cortex,
more than 25% of nuclei were ruptured or severely damaged (Fig. 3.6 B). The reference scale for

assessment of nuclear lamina damage is shown in Matherials and methods section (Table 2.2).
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Figure 3.6 Trx-1 deficiency in neurons is associated with and nuclear lamina damage

A. Immunofluorescent staining demonstrates nuclear lamina structure in Trx-nKO and Cntl
cortices and spinal cords. Lamin B1 is used as a nuclear lamina marker in neurons.

B. Quantification depicts a higher percentage of moderate and severe damage to nuclear
lamina in Trx-nKO cortices compared to the control. Assessments were performed on
images acquired with 63x objective (oil). 3 images acquired from 3 equally distanced
sections (block advance 100 um) were used per each animal. Each neuronal cell in the field
received a nuclear lamina damage score as follows: Grade 1: circular shape, no visible
folds; Grade 2: Circular shape, single shallow folds, no deep folds; Grade 3: Minor loss of
circularity, folds no more than 2 diameter of nuclei, multiple folds, long folds that cover
the whole visible surface of nuclear lamina; Grade 4: Major loss of circularity, folds larger
than 2 diameter of nuclei, multiple deep folds, nuclear lamina rupture. n=4, 8 weeks, males
and females.
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C. Quantification depicts a higher percentage of moderate and severe damage to nuclear
lamina in Trx-nKO cortices compared to the control. n=4, § weeks, males and females.

3.7 Trx-1 depletion in neurons is associated with increased neurodegeneration

Although the cortex did not show any overall decrease in neuronal numbers, I asked whether Trx-
1 depletion may be associated with neuronal damage. FluoroJade C is a dye used for the detection
of degenerating neurons regardless of the specific mechanism of neurodegeneration®®®. The
number of FluoroJade C-positive neurons was significantly higher in Trx-nKO cortices and spinal
cords compared to Cntls (Fig. 3.7 A, B). Interestingly, the percentage of degenerating neurons in
spinal cord was considerably higher than in the cortex.

A recent study has reported that spontaneous Trx-1 loss-of-function mutations in midbrain neurons

result in epilepsy>®!

. This group showed that ENU-mutagenesis in Trx-1 gene locus (Chr 5:
75,159,000 to 76,708,000) resulted in loss of Trx-1 function and induced a transient model of
epilepsy>®1-3¢2, Our Trx-nKO mice also developed a severe form of epilepsy during the last two
weeks of their lifespan and showed signs of epileptic death. While our animals showed evidence

of neurodegeneration the shortened life span prevented them from developing a full-blown

neurodegenerative phenotype.
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Figure 3.7 Trx-nKO pathology includes elements of neurodegeneration
A. Immunofluorescent staining performed on cortices and lumbar spinal cords detects
FlouroJade C-positive neurons in Trx-nKOs but not Cntls. 3 images acquired from 3
equally distanced sections (block advance 100 pum) were used per each animal. n=4, 8
weeks, males and females.

-87-



B. Quantification performed on images acquired from Trx-nKO and Cntl cortex and
lumbar spinal cord shows a significant increase in FJC+ neurons in Trx-nKOs.
Quantification was performed on 3 images acquired from 3 equally distanced images
(block advance 100 um) per animal. The graph depicts the % of FJC+/NeuN+ out of total
NeuN+ per 1 mm?. n=4, 8 weeks, males and females. Statistical analysis: Student t-test,
the graph shows Mean £SEM, **p<0.01; ***p<0.001.

3.8 Trx-nKOs exhibit increased Tau phosphorylation.

Several studies have described nuclear lamina damage as a downstream event after cytoskeleton
changes*®*364, Tt has also been shown that impaired nuclear lamina structure is associated with
increased Tau phosphorylation and microtubule disassembly®%*-*6>, Our lab showed that Trx-1
depletion/inactivation results in nuclear lamina damage. Additionally, Trx-nKOs have prominent
signs of impaired cytoskeleton organization. Tau phosphorylation can happen secondary to initial
cytoskeletal disorganization®®®. To investigate the relation of these events to a possible increase in
Tau phosphorylation in Trx-nKOs, I investigated the status of Tau in Trx-nKO CNS. Interestingly,
Trx-1 is a known regulator of JNK activity, a stress response kinase which is involved in Tau

258 In neural stem cells, Trx-1 depletion is shown to activate JNK pathway through

phosphorylation
Prx-1/Oct-4 pathway?3!3-*67. JNK activation in these cells inhibits differentiation and promotes
stemness via acceleration of cell proliferation and growth3’.

I, therefore, used western blotting to examine the status of JNK activation. Using both cortex and
hippocampal tissue homogenates, I examined the level of p-JINK/t-JNK. JNK molecules are fully
activated by phosphorylation at a Thr-Glu-Tyr motif, specifically at Thr183 and Tyr1853,
Phosphorylation of JNK was detected using antibody raised against a sequence of JNK molecule

containing Thr183 and Tyr 185. Trx-nKO animals demonstrate significant activation of JNK

pathway in hippocampi as shown in Fig. 3.8. A-E JNK-mediated phosphorylation of Tau protein

- 88 -



(AT8: Ser 199, Ser 202 and Thr 205; PFH1: Ser 396 and Ser 404) has been reported as an early
event of tauopathy in AD*%°. No significant activation of JNK pathway is observed in Trx-nKO
cortex (Fig. 3.8 G). pTau is predominantly localized in perivascular areas and not in neuronal cell
bodies as evidenced by immunofluorescent staining (Fig. 3.8 H). These data suggest that Trx1

depletion may be critical player in induction of neurodegenerative pathology in hippocampus.

Additionally, histone YH2A.X is a known target of JINK-mediated phosphorylation®”°. This event

is typically observed upon oxidative DNA damage’’®. Evidence of DNA oxidation was observed

in hippocampal homogenates in Trx-nKO mice.
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Figure 3.8 Trx-1 knockout in neurons is associated with activation of stress-related kinase
JNK

A. Western blotting shows depicts the levels of pJNK, tJNK and substrates for JNK-mediated
phosphorylation, AT8, PFH-1 AT180, and YH2A.X in Trx-nKO and Cntl hippocampi.

B. Semiquantitative densitometry shows significant increase in JNK activation in Trx-nKO
hippocampi as evidenced by increased pJNK/tJNK ratio. n=5, 8 weeks, males and females.
Protein level expressed in fold change to control. Statistical analysis: Student t-test; the
graph shows Mean £SEM, *p<0.04.
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C. Semiquantitative densitometry demonstrates significant increase in Tau phosphorylation
by Ser 396 (PFH-1) in Trx-nKO hippocampi as shown by PFH-1/tTau ratio. n=4, 8 weeks,
males and females. Protein level in fold change to control. Statistical analysis: Student t-
test; the graph shows Mean £SEM, **p<0.01.

D. Semiquantitative densitometry demonstrates significant increase in Tau phosphorylation
by Ser 199, Ser 202, and Thr 205 (AT8) in Trx-nKO hippocampi as shown by AT8/tTau
ratio. n=5, 8 weeks, males and females. Protein level expressed in fold change to control.
Statistical analysis: Student t-test; the graph shows Mean £SEM, *p<0.04.

E. Semiquantitative densitometry shows no significant difference in Tau phosphorylation by
Thr 231 (AT180) in Trx-nKO hippocampi as shown by AT180/tTau ratio. n=5, 8 weeks,
males and females. Protein level expressed in fold change to control. Statistical analysis:
Student t-test; the graph shows Mean +SEM, ns — not significant.

F. Semiquantitative densitometry shows significant increase in y-H2A.X in Trx-nKO
hippocampi. n=4, 8 weeks, males and females. Protein level is normalized to GAPDH and
expressed in fold change to control. Statistical analysis: Student t-test; the graph shows
Mean £SEM, *p<0.04.

G. Western blotting shows depicts the levels of pJNK, y JINK, AT8, and AT180 in Trx-nKO
and Cntl cortices. No significant difference detected. n=4, 8 weeks, males and females.

3.9 Trx-1 depletion results in disruption of intracellular transport

Nuclear lamina integrity is indispensable for proper nucleus-cytoplasm transport?**, Defects in
nuclear lamina were shown to disrupt nuclear pore function and lead to leakage of nuclear proteins
and DNA%!. To test whether nuclear lamina damage in Trx-nKO is associated with any
disturbances in the exchange between cytoplasm and nucleoplasm, I examined the status of
nucleus-specific proteins.

108 Tn basal conditions, it is predominantly

TDP-43 is a multifunctional transcriptional regulator
localized in the nucleus. Cytoplasmic inclusions containing the TDP-43 are considered a

pathological hallmark of ALS and other neurodegenerative disorders!®®. TDP-43 pathology

impacts neuronal homeostasis via: a) loss of function in the nucleus (loss of control over pre-
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mRNA splicing, nucleocytoplasmic transport, modulation of mRNA stability and translation); b)
gain of function (post-translational TDP-43 modifications in the cytoplasm, e.g., phosphorylation,
cleavage or acetylation, leading to the formation of toxic aggregates)!®®. Interestingly, the peak
expression of this protein in neurons coincides with neuronal differentiation and axonogenesis®’2.
To investigate whether TDP-43 mislocalization is happening in Trx-nKO neurons, I examined the
status of TDP-43 in cortex and spinal cord tissues. Histological assessment showed a significant
decrease in nuclear TDP-43 in neurons compared to the control group (Fig. 3.9 A, B). Western blot
performed on cytoplasmic and nuclear fractions derived from Trx-nKO and Cntl cortices shows a
significant increase in phosphorylated TDP-43 in the cytoplasm compared to Cntl (Fig. 3.9 C, D).
This further indicate the key role of oxidative stress and specifically Trx-1 depletion in

pathophysiology of neurodegenerative diseases.
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Figure 3.9 Trx-1 deficiency in neurons is associated with TDP-43 proteinopathy
A. Immunofluorescent staining of cortices and lumbar spinal cords depicts intracellular

B.

C.

D.

localization of TDP-43 in neurons.

Significant depletion in nuclear TDP-43 is shown by decreased colocalization with
DAPI (nuclear marker). Quantification was performed on images acquired with 63x
objective (oil). 3 images acquired from 3 equally distanced sections (block advance 100
pum) per animal were used. The colocalization finder plugin in ImageJ was used to quantify
Pearson’s colocalization coefficient between TDP-43 and DAPI signals. n=4, 8 weeks,
males and females. Statistical analysis: Student t-test, the graph shows Mean +SEM, * and
# p<0.04.

Western blot performed on cytoplasmic and nuclear fractions derived from cortex tissue
depicts intracellular localization of phosphorylated TDP-43.

Semiquantitative western blot densitometry shows a significant increase in pTDP-43
in the cytoplasm compared to the nucleus in Trx-nKO cortices. Accumulation of pTDP-
43 in Trx-nKO cytoplasm is significantly higher compared to Cntls. n=5, 8 weeks, males
and females. Protein level is normalized to loading control (cytoplasmic fraction —
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GAPDH; nuclear fraction — Lamin A/C) and expressed in fold change to nuclear fraction
of Cntls. Statistical analysis: Two-way ANOVA with multiple comparisons, Tukey’s
posthoc corrections; the graph shows Mean £SEM, * and # p<0.04.

3.10  Trx-1 depletion results in accumulation of neurofilaments and axonal deformation

A recent article by Briese et al. showed that TDP-43 knockdown in motoneurons is detrimental to
axon health®”®>. They have demonstrated that depletion of TDP-43 in primary motoneurons
negatively affects axonal morphology with an apparent decrease in the synthesis of axon-specific
proteins. According to Briese et al., loss of TDP-43 function might be a major contributor to axonal
pathology in ALS®7. Interestingly, the peak expression of this protein in neurons coincides with
neuronal differentiation and axonogenesis®’2.

To investigate whether nuclear TDP-43 depletion in Trx-nKOs is associated with defective axonal
structure, [ stained cortical and spinal cord tissues with Neurofilament Heavy (NFH), an
intermediate filament specific to axons. This protein is typically equally distributed evenly
throughout the axonal length®’*. The antibody detects only phosphorylated form of NFH and has
no reactivity with phosphorylated neurofilaments according to the manufacturer®”. Intriguingly,
in Trx-nKO cortices and spinal cords, NFH is accumulated in the perikaryal area and shows a
prominent reduction of signal in axons (Fig. 3.10). Similar defects are typically found in

motoneurons in post-mortem samples from ALS patients?*-376,

-94 -



NFH - DAPI

Cntl
>
Q
=t
o
(]
Trx-nKO
fd Cntl
O
&)
©
£
o
(/)]
L .
©
e}
g Trx-nKO
-

Figure 3.10 Trx-nKOs exhibit changes in axonal morphology along with decrease in myelin
content

Immunofluorescent staining with axon-specific marker neurofilament heavy (NFH)
highlights impaired axonal morphology in Trx-nKOs. Abnormal perinuclear accumulations of
NFH in Trx-nKO cortices and lumbar spinal cord grey with low expression in axons. Cntls
demonstrate even distribution of NFH across axons.
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3.11  Trx-1 depletion in neurons is associated with increased protein oxidation.

Knowing the role of Trx-1 in the regulation of protein oxidation/reduction, I aimed to identify the
extent of protein oxidation caused by Trx-1 depletion in neurons. Protein carbonylation assay is
an indirect indicator of protein oxidation. Using the OxiBlot™ kit, I observed a significant increase
in the content of carbonylated proteins in cortex (Fig. 3.11 A) but not in hippocampus (Fig. 3.11
B),. No prominent effect on protein oxidation in hippocampus might be related to comparatively

lower Trx-1 knockout efficacy in CAl.
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Figure 3.11 Trx-1 depletion enhances protein oxidation in neurons

A. OxiBlot™ was performed on cortex tissue homogenates as an indirect assessment of protein
oxidation by the extent of protein carbonylation. Semiquantitative densitometry demonstrates a
significant increase in carbonylated proteins (sites of Dinitrophenylhydrazine (DNP) binding)
at 8 weeks of age. n=5, males and females. DNP level is normalized to loading control (GAPDH)
and expressed in fold change to control. Statistical analysis: Student t-test, the graph shows Mean
+SEM, *p<0.04.

B. OxiBlot™ was performed on hippocampus tissue homogenates. Indirect assessment of protein
oxidation by the extent of protein carbonylation. Semiquantitative densitometry showed no
change in protein carbonylation (sites of Dinitrophenylhydrazine (DNP) binding) at 8- weeks of
age. n=5, males and females. DNP level is normalized to loading control (GAPDH) and expressed
in fold change to control.

Statistical analysis: Student t-test, the graph shows Mean £SEM, ns — not significant.
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3.12  Trx-1 depletion in neurons evokes glial responses

Glial cells are responsible for maintaining tissue homeostasis through interaction with neurons,
amongast each other as well as the immune cells. Hence, evidence of glial activation has been
shown in all neurodegenerative diseases. To examine the involvement of astroglia in pathologic
processes in Trx-nKO neuronal tissues, we performed immunofluorescent staining of cortex and
spinal cord sections with GFAP marker. (Fig. 3.12 A). Quantitative analysis revealed a
significantly increased number of astrocytes in Trx-nKO CNS compared to control mice (Fig. 3.12
B). However, these cells have no morphological signs of reactivation (e.g., swollen cell body). At
the protein level, GFAP overexpression in the Trx-nKO brain is observed at both 4 and 8 weeks of

age (Fig. 3.12 C, D).

Microglia activation is an indispensable component of all neurodegenerative and myelin diseases,
e.g., in AD or multiple sclerosis®”’. Taking into account a significant decrease in myelin content, I
investigated the potential involvement of inflammatory pathways in Trx-nKO pathology.
Histological assessment of Trx-nKO cortices did not show significant changes in the number (Fig.
3.12 E, F). or morphology of Ibal+ microglial cells. Quantitative western blotting showed no
significant differences in Ibal protein content as well as in the expression of pro-inflammatory
cytokine TNF-« (Fig. 3.12 G, H). These findings suggest that at the time of tissue extraction (8

weeks) neuroinflammation may not be fully developed.
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Figure 3.12 Trx-1 depletion in neurons evokes glial responses

A.

Immunofluorescent staining performed on the cortex and lumbar spinal cord grey
demonstrates the signs of astrogliosis. Astrocytes are labeled with GFAP.

Quantification of the astroglia population performed on images acquired from the
cortex shows a significant increase in the number of GFAP+ cells in Trx-nKO cortices
and spinal cords. Quantification was performed on 3 images acquired from 3 equally
distanced sections (block advance 100 um) per animal. The graph depicts the number of
GFAP+ cells per 1 mm?. N=4, 8 weeks, males and females. Statistical analysis: Student t-
test, the graph shows Mean £SEM, *p<0.04, ****p<0.0001.

Western blotting was performed on cortex tissue homogenates of 4- and 8-week-old
animals.

Semiquantitative densitometry showed a significant increase in GFAP protein
expression at both 4- and 8- weeks of age. n=4, males and females. Protein level is
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normalized to loading control (GAPDH) and expressed in fold change to control. Statistical
analysis: Student t-test, the graph shows Mean +SEM, * and # p<0.04.

E. Immunofluorescent staining of cortex tissues reveals no morphological signs of
microglia activation as evidenced by Ibal staining.

F. Quantification of the microglia population performed on images acquired from the
cortex show no change in the number of Ibal+ cells in Trx-nKO cortices.
Quantification was performed on 3 images acquired from 3 equally distanced sections
(block advance 100 um) per animal. The graph depicts the number of Ibal+ cells per 1
mm?. N=4, 8 weeks, males and females. Statistical analysis: Student t-test, the graph shows
Mean £SEM, ns — not significant.

G. Western blotting performed on cortex tissue homogenates demonstrate the levels of Ibal
(microglia-specific marker) and TNF- « (a pro-inflammatory cytokine).

H. Semiquantitative densitometry shows no significant difference in Ibal protein content
in cortices between Trx-nKO and Cntl groups. Protein level is normalized to loading
control (GAPDH) and expressed in fold change to control. N=4, 8 weeks, males and
females. Statistical analysis: Student t-test, the graph shows Mean +SEM, ns — not
significant.

4. Discussion

In the current study, I have demonstrated the role of Trx-1 in maintaining neuronal structure and
function and its impact on CNS in an in vivo model of neuron-specific Trx-1 knockout. This gene
deletion is associated with a dramatically reduced lifespan, increased seizure susceptibility, and
prominent sensory and motor deficits. These features of Trx-nKO phenotype were associated with
decreased number of motoneurons in the spinal cord and dramatic deficits in white matter across
various levels of CNS. Detailed examination of molecular and histological features of Trx-nKO
pathology revealed elevated expression of neurodegeneration-specific markers, i.e., nuclear
lamina damage, Tau hyperphosphorylation, TPD-43 mislocalization and phosphorylation.
Additionally, these findings were associated with impaired axonal morphology and reduced myelin
content. Neurodegenerative changes in Trx-nKO neurons were confirmed by increased positive

FluorojadeC staining. This study is the first report of the novel Trx-nKO mouse model. My work
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describes Trx-1 protein as an important contributor to the maintenance of neuronal morphology
and function. This proposes that therapeutic approaches for Trx-1 functional replacement and/or

overexpression might be useful in the prevention and treatment of neurodegeneration.

4.1 Variable efficacy of Syn-Cre recombination underlies the mosaic pattern of Trx-nKO

across the brain regions.

Syn-1 is one of the most frequently used neuron-specific transcriptional promoters used for pan-
neuronal knockouts. Synapsin-1 protein is located at the cytoplasmic surface of synaptic vesicles
in both peripheral and CNS neurons®’®. According to the official strain characterization report,
Syn-Cre expression is limited to mature neurons and spares non-neuronal cells and neuroblasts®”.
The neuron-specific expression of Syn-1 was previously confirmed using IHC and western
blotting®. However, several reports suggest the variability of Syn-Cre expression across different
regions of CNS. and question the reliability of Syn-Cre recombinase as a pan-neuronal knockout
tool. Immunohistology and quantitative PCR performed by Denroche et al. identified robust
efficacy of Syn-1 mediated Cre recombination in the brainstem, cortex, hypothalamus, and spinal
cord, with a lack of significant effect in the hippocampus and olfactory bulb®¥!. More detailed
report on Synl-Cre expression in the hippocampus was provided by Zhang et al**?. According to
this group, the Syn-Cre effectively knocked out the target protein in NeuN-positive DG granular
neurons at postnatal day 7°%2. Significant downregulation of the targeted protein in CA3 was
observed by 14" postnatal day 3%2. Of particular importance to my work, the authors showed that

Cre-recombination in CA1 neurons was not as effective as in DG and CA33%2. He et al. performed

microdissection and western blotting to explore the effects of Syn-Cre mediated recombination®33.
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In this work, CAL tissue lysate showed no change in expression of the target protein compared to
CA3 and DG*. Similar to the previously discussed findings, I observed a differential pattern of
Syn-Cre-mediated Trx-1 knockout across different CNS regions. For instance, I detected a
significant downregulation of this protein in brain cortex, DG of the hippocampus and lumbar
spinal cord, but not in CA1 of the hippocampus. Consequently, the heterogeneous efficacy of Trx-

1 downregulation in the hippocampus may reflect the lack of cognitive deficits in these mice.

4.2 Trx-1 neuron-specific pan-neuronal depletion triggers epileptogenesis

Epileptic activity can originate from different brain regions including hippocampus, frontal,
temporal and olfactory cortex, amygdala, and midbrain®%*. Temporal lobe epilepsy is the most
common form of epilepsy in humans®®®. The pathogenesis of this form includes
trauma/degeneration or other neuropathologic changes in hippocampal neurons®*®. Aberrant
impulses from such neurons underlie the seizure generation and subsequent spreading to
neighbouring temporal cortex?%6.

In Trx-nKOs I have identified several pro-epileptogenic changes in hippocampus and temporal
cortex (e.g., impaired axonal structure*®” and increased astrocyte density®®). Even though, it is
likely that these changes are predisposing these animals to enhanced seizure susceptibility, other
brain regions involved in epileptogenesis (i.e., midbrain and amygdala) must be studied to
determine the origin of seizure activity in Trx-nKO mice. The role of astrocytes in epileptogenesis

and overall neuropathology should be further investigated.
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4.3 Trx-1 is essential for normal nucleo- and cytoskeleton morphology

Mounting evidence has linked damage to nuclear envelope to several neurodegenerative

270

disorders*"". We and others have shown the invagination of nuclear lamina in post-mortem samples

of patients with AD?*22%, It is viewed as a consequence of mechanical impact exerted by

neurofibrillary tangles®®’

. The applied pressure causes substantial morphological changes in
nucleoskeleton and subsequent dysregulation of the chromatin organization®**. Nuclear lamina
invagination has been linked to oxidative distress. Thus, downregulation of Lamin B1 leads to loss
of its interaction with Oct-1, a transcription factor involved in regulation of genes that encode
antioxidant proteins**°. Even though Lamin B1 depletion is a component of normal ageing, it is
reported to be exacerbated in AD3?°. This is one of the possible explanations for oxidative distress
in both conditions. Ultrastructural examination of post-mortem brain samples from patients with
common neurodegenerative diseases, i.e., AD, FTD and HD identified nuclear lamina irregularities
and invaginations®®>. This work highlights nuclear lamina damage as a common
pathomorphological sign of neurodegeneration.

Our laboratory has recently discovered the induction of nuclear lamina damage upon
pharmacologic inhibition of Trx-1 and genetic ablation of TrxR1!7®. These changes were associated
with activation of Caspase 6°°!. Importantly, upregulation of Caspase 6 is observed in early stages
of AD*%!, and its inhibition results in improvement of cognitive functions in 5XFAD mice**2. These

data suggest a mechanistic link between oxidative distress and nuclear lamina damage in the

context of AD.
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Damage to nuclear lamina can also be mediated by mechanical pressure applied by pathologically
rigid elements of the cytoskeleton. Thus, Paonessa et al. showed that cytoplasmic aggregates of
hyperphosphorylated Tau in human neural stem cells caused abnormal microtubule movement and
grossly deformed nuclear lamina*®’. Autosomal-dominant mutations in Tau protein cause an
inherited form of Frontotemporal dementia'®. Cortical neurons derived from patients with this
disorder have high incidence of nuclear lamina damage providing a link between Tau-mediated
nuclear envelope dysfunction and pathogenesis of FTD/ALS*?. Another research group led by
Frost et al. described Tau-mediated nuclear lamina damage as a common pathomorphological
finding in post-mortem brain samples from subjects with AD?%3. In their experimental work,
damage to nucleoskeleton was acquired through aberrant nucleoskeleton/cytoskeleton coupling

that further resulted in heterochromatin relaxation and cell death3®3.

Tau hyperphosphorylation is a common finding in several neurological diseases, e.g., AD?,

393 394

Frontotemporal dementia®”> or Down’s syndrome”*. ROS-mediated oxidation of Tau protein
enhances phosphorylation and ultimately leads to formation of neurofibrillary tangles®®.
Oxidative stress itself activates stress-response kinases that can phosphorylate several amino acid
residues in Tau molecule?*3%, Trx-1 is involved in regulation of the stress response kinase JNK
Y5 commonly hyperactivated in neurodegeneration®*’. INK-specific phosphorylation of Tau protein

(ATS: Ser 199, Ser 202 and Thr 205; PFH1: Ser 396 and Ser 404) has been reported as an early

event of tauopathy in AD®,

Despite lower knockout efficacy, Trx-1 neuronal depletion in hippocampi was sufficient to induce

JNK1/2 pathway activation at 8 weeks of age. This might be due to robust Trx-1 depletion and
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CA3 even in the absence of significant effect on Trx-1 expression in CAl. Observed Tau
hyperphosphorylation in JNK-specific sites highlights the importance of redox regulation in
cytoskeleton stability. This pathological event is associated with increased evidence of nuclear
lamina invaginations in Trx-nKO cortices. Current data available from the literature, suggests that
nuclear lamina damage is mediated by Tau hyperphosphorylation, however, my data shows that
depletion of Trx-1 protein reducing activity is sufficient to induce both Tau hypersphosphorylation
and nuclear damage. The relevance of these findings in neurodegeneration remains to be

examined.

FJC staining detected higher percentage of degenerating neurons in Trx-nKO spinal cords
compared to cortices. This might be explained by robust decrease in the number and thickness of
descending axons. Thus, cortical motoneurons connect monosynaptically with motoneurons in
anterior horn of spinal cord®’. Loss of axonal input from cortical neurons is shown to be
detrimental to motor neurons in spinal cord and to trigger anterograde degeneration via3*®. Such
mechanism is implicated in “dying-forward” hypothesis of ALS pathogenesis*>’. A similar

principle could be applied to enhanced degeneration of spinal cord motor neurons in Trx-nKOs.

4.4 Trx-nKO recapitulates the features of TDP-43 pathology

Nuclear membrane plays an important role in the maintenance of the proper balance between
nucleoplasm and cytoplasm. Aside from providing structural integrity for the nuclear envelope,

264,399

nuclear lamina anchors to the nuclear pore complex . Proper placement of the nuclear pore is

crucial for cytoplasm/nucleoplasm shuttling*®. This is particularly important for nucleoplasm-
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specific proteins, e.g., TDP-43 and FUS*!. Being a transcriptional regulator for over 3,000
proteins, TDP-43 is predominantly localized in the nucleoplasm. However, it is also a crucial
component of the transport of mRNA granules that deliver the mRNAs to the sites of protein
synthesis. Disruption of the nuclear pore transport system is ultimately associated with TDP-43
leakage from the nucleoplasm. It is unknown whether damage to nuclear envelope precedes or
follows the pathological modification of TDP-43. According to Coyne et al., TDP-43 depletion in
nucleoplasm is induced upon induction of damage to nuclear envelope*®?. On the other hand, as
reported by Chou et al., aggregates of mutated TDP-43 can themselves disrupt nuclear pore
function*®. In Tau-mediated Frontotemporal dementia, destabilized microtubules were shown to
induce nuclear invaginations and caused subsequent TDP-43 leakage to the cytoplasm®®*. While
there is no consensus on the origin of TDP-43 leakage, there is an extensive amount of data on
subsequent events in TDP-43 pathology. Thus, TDP-43 mislocalization impacts cellular
homeostasis in two ways: a) through loss of function, i.e., loss of transcriptional control over a
multitude of proteins; b) gain of toxic functions due to post-translational modifications in the
cytoplasm (e.g., phosphorylation, acetylation, cleavage, etc.)!%4!, Experimental data show that
formation of toxic TDP-43 aggregates in the cytoplasm is not the ultimate component of TDP-43-
mediated neuronal damage***. Only nuclear TDP-43 depletion is sufficient to induce ALS-like
pathology**.

Depletion of functional TDP-43 in the cell also has a detrimental effect on the transport of
mRNA*, This process is particularly important for cells with extended processes, e.g., neurons.
In neuronal cells mRNA granules contain mRNAs that encode axonal (e.g., neurofilaments,
tubulins, actin) and synaptic proteins are transported along with TDP-43373, TDP-43 is important

for the stabilization of granules and mediates phase separation and droplet formation**®. Loss of
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TDP-43 is sufficient to impair mRNA transport and is known to cause disruption in axonal synaptic
structure evidenced by decreased axonal length and diameter as well as a lower number of
functional synapses®’>#%. In these models, mRNAs that encode axon-specific proteins cannot be
transported to the designed places of translation along the axonal axis®’?. This leads to aberrant
protein synthesis and accumulation of axonal proteins, e.g., neurofilaments in perinuclear
spaces®”®. Such findings are also typically found in post-mortem samples from patients with

ALs376,407,408

My findings in the Trx-nKO perfectly show the signs of TDP-43 pathology. As such, Trx-nKOs
have significantly reduced levels of TDP-43 in the nucleus and an increase of pTDP-43
accumulation in the cytoplasm. Additionally, Trx-nKOs demonstrate significant impairments in
axonal structure and depletion of axon-specific proteins along the axonal axes with an
accumulation of neurofilaments in perinuclear space. These findings link Trx-nKO to TDP-43-
mediated pathology commonly found in ALS and AD, further suggesting the importance of Trx-1

in neuronal health.

5. Conclusion

In summary, my thesis uncovered novel aspects of redox neurobiology. Although decades of
neurodegeneration research have already proven the key role of oxidative distress in induction and
modulation of pro-neurodegenerative pathways, my project pioneered the characterization of the
novel rodent model of neuron-specific Trx-1 knockout. I demonstrated that developmental neuron-

specific knockout of Trx-1 in mice is associated with functional, morphological and molecular
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abnormalities that are shared with neurodegenerative diseases. The severity of Trx-nKO phenotype
emphasized the importance of Trx-1 antioxidant system in the maintenance of neuronal
homeostasis and prevention of pro-neurodegenerative changes. Further investigation of this
phenotype might open opened an avenue for novel approaches in diagnostics, prevention, and

treatment of neurodegenerative diseases.

6. Limitations and Future Directions

The use of the developmental knockout approach in the study is an important caveat in my studies.
Although Synapsin-1 Cre-recombinase driver is specific to mature neurons, its expression is
observed as early as E12 and is reported to coincide with neuronal maturation. Therefore, it is not
possible to exclude the contribution of developmental changes induced by Trx-1 knockout in this

phenotype.

While general Trx-1 knockout leads to early embryonic lethality, pan-neuronal Trx-1 is associated
with premature death. Multilevel pathology induced by Trx-1 knockout and consequent premature
death at the stage of a young adult is a limiting factor to the development of full-blown
neurodegenerative phenotype. Most neurodegenerative diseases are known to be age-dependent
and are commonly studied on senile rodents. This enables closer recapitulation of
neurodegenerative phenotype. The dramatically reduced lifespan of Trx-nKO mice is the main
limiting factor in the investigation of age-dependent phenotype dynamics and therefore questions
its relevance as a suitable model of neurodegeneration. To generate a more neurodegeneration-

relevant model that can combine the effects of knockout with physiological aging, future

-107 -



investigations should use inducible Cre-recombinase carriers such as Tamoxifen-inducible Cre-

recombinase to include the use of senile animals to induce the mutation.

This work describes the effects of pan-neuronal Trx-1 knockout in cortex, hippocampus and spinal
cord. Despite several neuropathologic findings identified in these regions of CNS, it is not possible
to determine the reason of rapid premature death in these mice. Even though, based on my
behavioural observations, the animals in most cases die from sudden epileptic death after several
consecutive generalized seizures, there is a need to investigate the histopathology of other brain
regions, especially those involved in the regulation of vital functions, e.g., brainstem. This will

enable a better understanding of the cause of such rapid and premature death in Trx-nKO.

Differential efficacy of pan-neuronal Synapsin-1 Cre-recombinase expression is another limiting
factor that disables the investigation of Trx-nKO effects in specific CNS regions. To enable the
region-specific investigation of Trx-1 functions, further research could use stereotaxic injections
of Cre-recombinase viral vector in Trx-1 floxed animals. This approach may yield to generation

of more disease-relevant models.

This work also does not describe the impact of Trx-nKO on other antioxidant systems, e.g., GSH,
Grxs which share functional similarities and are known to be upregulated to compensate for
downregulation of other thiol enzymes. The extent of this protective antioxidant response is not

investigated in my work and remains to be studied.

-108 -



In this work, I showed a significant increase in number of astroglia in several brain regions. This
coincides with increased expression of astrocyte-specific protein GFAP. However, 1 haven’t
investigated the functional role of these cells in Trx-nKO pathology, i.e., whether these astrocytes
have pro-inflammatory or anti-inflammatory phenotypes. In neurodegenerative diseases, impaired
glial metabolism results in excitotoxicity. The glutamate content as well as the proteins involved
in production, metabolism, transportation and reception of this neurotransmitter remains to be
studied. Overall, further investigations are needed to fully describe the functional outcome of glial

activation in Trx-nKO.
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