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ABSTRACT

Study of mechanisms influencing inflammatory and neurodegenerative processes and

their subsequent treatment in models of ALS and spinal cord injury

The mechanisms of neurodegeneration during spinal cord injury (SCI) and amyotrophic
lateral sclerosis (ALS) are complex and poorly understood, which is why it’s troublesome
to counteract them with effective therapies. This thesis explores the pathways of autophagy,
endoplasmic reticulum (ER) stress, and the mammalian target of rapamycin (mTOR)
pathway that regulates these mechanisms in models of both SCI and ALS. Upregulation of
autophagy and the mTOR pathway in an in vivo contusion SCI injury model was confirmed.
The mTOR inhibition led to upregulation of autophagy, reduction of inflammation, and
recovery in acute SCI. Upregulated autophagy was discovered in the SOD19%*4 rat model of
ALS. By treating the ALS rats with human mesenchymal stem cells, prolonged survival of
the animals and preservation of motor neurons (MNs) possibly occurred through modulation
of autophagy. The involvement of the mTOR pathway in the degeneration of MNs was
further explored in the context of astrocytes. Pleckstrin homology like domain family A
member 3 (PHLDA3), a newly discovered repressor of the mTOR pathway, was found to
lead to ER stress if overexpressed in astrocytes and can lead to the death of MNs in vitro.
Finally, the mTOR pathway was shown to be involved in the maturation of a newly
developed model of primary spinal cord neurons. Primary neurons isolated from embryonic
mice mature in vitro and lose their regenerative ability, making the model useful for further
exploration of mechanisms involved in degeneration and regeneration of the spinal cord
neurons. Together these results broaden the knowledge of the complex processes that take

place in the spinal cord during the pathology and treatment of SCI and ALS.
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ABSTRAKT

Studium mechanismi ovliviiujicich zanétlivé a neurodegenerativni procesy a jejich

nasledna 1é¢ba na modelech ALS a miSniho poranéni

Neurodegenerativni mechanismy probihajici béhem poranéni michy (MP) a amyotrofické
lateralni skler6zy (ALS) jsou slozité a nedostate¢né prozkoumané, a proto je problematické
jim Celit t¢innymi terapiemi. Tato prace zkouma drahy autofagie, stresu endoplazmatického
retikula (ER) a dréhu savciho cile rapamycinu (mTOR), kterd tyto mechanismy reguluje, v
modelech MP i1 ALS. Potvrdili jsme zvySenou aktivitu mTOR drahy v in vivo modelu MP.
Inhibice mTOR drahy vedla k upregulaci autofagie, snizeni zanétu a k ¢astecnému zotaveni
pfi akutnim MP. Upregulace autofagie byla objevena na SOD1%°4 potkanim modelu ALS.
Podani lidskych mezenchymalnich kmenovych bunék ALS potkaniim vedlo k prodlouzeni
preziti zvifat a zachovani motorickych neurond, caste¢né prostfednictvim modulace
autofagie. U¢ast mTOR drahy na degeneraci motorickych neuronti byla blize zkoumana z
hlediska astrocytii. Zjistilo se, ze nové objeveny represor mTOR drahy, PHLDA3 (z angl.
pleckstrin homology like domain family A member 3), vede ke stresu ER, je-li nadmérné
exprimovan v astrocytech a mize vést ke smrti motorickych neuronii in vitro. Nakonec jsme
ukézali, ze mTOR draha se podili na zrani nové vyvinutého modelu primarnich neuronii
michy. Primarni neurony izolované z embryondlnich mysi dozravaji in vitro a ztraceji svou
regeneracni schopnost, diky ¢emuz je model uzite¢ny k dalSimu zkouméani mechanismu
zapojenych do degenerace a regenerace neurond michy. Tyto vysledky spolecné rozsituji

poznatky o slozitych procesech, které probihaji v miSe béhem patologie a 1écby MP a ALS.
Kli¢ova slova
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1. INTRODUCTION

Neurodegeneration is a pathological process during which loss of nervous system
function and structure occurs. In principle, neurodegenerative diseases (NDs) are a large
group of disorders with diverse pathologies, involving neurons in particular anatomic
structures. Their etiology is complex, not well understood and their progression is usually
inevitable. and relentless (Przedborski et al., 2003). On the other hand, even though the
causes of edema, hemorrhage, or trauma of the nervous system are known, they similarly

lead to extensive neuronal degeneration, which mechanisms are still not yet fully elucidated.

A major reason it has been so difficult to describe and treat neurodegenerative diseases
and injury of the central nervous system (CNS) is the special and complex characteristics of
neurons. Neurons are postmitotic, which means they do not exhibit cell division after fetal
development and generally cannot be substituted when lost. Furthermore, the morphology
of neurons is also a cause of their vulnerability (Wolfe, 2018). To facilitate the flow of
information coded into electric signals in the nervous system, neurons possess dendrites -
short processes and axons - long processes that can extend over great distances to connect
with other neurons. These connections and their maintenance are crucial for the health of
neurons and if they are disrupted, it can lead to neuronal dysfunction and death (Bell and
Hardingham, 2011). Although neurogenesis and formation of new circuits in adult CNS do
occur (Darian-Smith, 2009; Bergmann et al., 2015) and we do no longer fully agree with the
opinion that the CNS is “fixed and immutable” as was believed in the twentieth century
(Cajal, 1991), regenerative processes that are present are too limited to compensate the
neuronal death that happens as a consequence of injury or disease. It is therefore of utmost
importance to study the cellular mechanisms that lead to neuronal degeneration and how

proposed treatments counteract it.

1.1. Cellular processes involved in neurodegeneration

There are numerous fundamental pathologic mechanisms associated with
progressive neuronal death, that are shared by many NDs, as well as CNS trauma. These
include abnormal protein dynamics and misfolding, accompanied by endoplasmic reticulum
(ER) stress, abnormalities in autophagy, mitochondrial dysfunction, disruption of cellular
and axonal transport, induction of oxidative stress, and neuroinflammatory processes

(Jellinger, 2010).
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1.2. Autophagy

Autophagy is an evolutionary conserved intracellular degradation and trafficking
pathway that takes in various substrates including organelles or cytoplasm contents and
passes them to lysosomes. Double-membrane vesicles used for trafficking substrates in
autophagy are named autophagosomes (AP). These vesicles are formed throughout the cell
of most mammalian cells and are transported via dynein machinery on microtubules towards
lysosomes, with which they fuse, forming autolysosomes (AL). The cargo contained within
the AL can then be degraded by lysosomal proteases. The main role of autophagy is to
maintain cellular homeostasis which requires constant turnover of defective organelles and
proteins. It is essential in protecting the cells against stressors such as starvation, protein
aggregation, infectious agents, defective organelles, and inflammation (Bento et al., 2016).
Basal levels of autophagy are especially crucial for the homeostasis of terminally
differentiated cells such as oligodendrocytes and neurons, as these cells cannot dispose of
aggregate proteins via cell division (Lipinski et al., 2015). This renders neurons dependent
on higher levels of constant, basal autophagy which can make them vulnerable to
deficiencies in autophagy. The lack of efficient clearance of accumulated proteins is a
hallmark of various neurodegenerative diseases (Cai et al., 2016). The exact role of

autophagy in neurons is however, still not elucidated (Maday, 2016).

Autophagy impairment is not the only way how this cellular mechanism is connected
to cell damage. In contrast to its’ cytoprotective roles, unimpaired autophagy has been
extensively connected to the induction of cell death (Noguchi et al., 2020). Its’ relationship
with cell death can have different aspects, as it can coincide with apoptosis or even trigger
it, but it can also induce autophagy-dependent cell death a special mechanism of cell death
that is independent of other known mechanisms (Denton and Kumar, 2019). Autophagy-
dependent cell death has been observed during development, but also in pathophysiological
conditions, especially following cerebral or myocardial ischemia (Bialik et al., 2018). The
mechanism of autophagy-dependent cell death remains poorly understood. Compared to
starvation-induced autophagy, cells undergoing autophagy-mediated cell death contain
larger and more numerous AP (Arakawa et al., 2017). Additionally, disruption of autophagy
inhibition feedback loop was found to lead to autophagy upregulation and cell death
(Fiillgrabe et al., 2013). Together, these results indicate that upregulation of autophagy can

promote cell death.
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A complex connection between autophagy and inflammation has been described
(Qian et al., 2017b). Autophagy modulates the homeostasis and survival of cells propagating
inflammation such as neutrophils, macrophages, and lymphocytes, and therefore indirectly
influences development and pathogenesis of inflammation. Autophagy influences not only
cellular inflammatory pathways but also interacts directly with immune signaling molecules
(Saitoh and Akira, 2010). The interaction is bidirectional — autophagy can influence the
release of cytokines, as well as cytokines can influence induction and inhibition of
autophagy. It was recently established that autophagy plays an important role in acute and
chronic inflammatory diseases such as Crohn’s disease, pulmonary hypertension, and cystic
fibrosis (Qian et al., 2017b), but its role in inflammation after CNS trauma is not yet fully

understood.

More than 30 proteins act as key regulators of the autophagy mechanism, which are
collectively referred to as autophagy-related genes (ATG). Each ATG plays a specific role
in various phases of AP lifecycle, which can be for simplicity divided into five stages

(Mannack and Lane, 2015): initiation, elongation, maturation, and fusion (Fig. 1).
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Fig. 1 Autophagy pathway consists of five stages. The mammalian target of rapamycin complex 1
(mTORCT1) is a major negative regulator of autophagy. In physiological conditions, during nutrient
availability, amino acids activate mTORCI1. Phosphatidylinositol 3-kinase (PI3K)/Akt pathway,
which transduces the signals from membrane receptors also activates mTORCI, effectively
inhibiting autophagy. During starvation or hypoxia, mMTORCI is deactivated, which allows Unc-51
Like Autophagy Activating Kinase 1 complex (ULK1) to be activated. ULK1 activates Beclin-1,
which can be in addition activated independently during endoplasmic reticulum (ER) stress. Beclin-
1 activates PI3K, which forms phosphatidylinositol 3,4,5-triphosphate (PI3P) on a membrane that

15



will become an autophagosome. PI3P is needed for the elongation stage, for recruitment of WD
repeat domain phosphoinositide-interacting protein 2 (WIPI2) and other autophagy-related genes
(ATGs). Maturation of autophagosome is facilitated by receptor proteins, such as p62, which bring
in cargo that needs to be degraded. Receptor proteins bind to microtubule-associated protein 1A/1B-
light chain 3 (LC3) -II, which is integrated into the autophagosome membrane. Lysosome is fused
with autophagosome with help of SNARE proteins and Ras-associated binding protein (Rab) family
of GTPases. Lysosome enzymes digest the cargo within the autophagosome. Lysosome production
can be inhibited by mTORCI through transcription factor EB (TFEB) (Illustration created using
BioRender.com).

1.2.1. Initiation

AP initiation is the first stage of autophagy. In mammalian cells, AP biogenesis is
induced by cellular stressors, such as nutrient deprivation which leads to the suppression of
mammalian target of rapamycin complex 1 (mTORCI1) kinase. mTORCI is a negative
regulator of autophagy and once its suppressed, induction of autophagy can begin through
Unc-51 Like Autophagy Activating Kinase 1 complex (ULK1) (Karanasios et al., 2016).
Active ULK1 is translocated to the ER, where the formation of isolation lipid bilayer
membrane — phagophore takes place. Although phagophore is initially formed on the ER, its
growth around cargo in the cytoplasm is dependent on almost all intracellular membrane
sources, including the plasma membrane, Golgi, the ER, mitochondria, and recycling
endosomes (Hailey et al., 2010; Ravikumar et al., 2010; van der Vaart et al., 2010; Biazik et
al., 2015). ULK1 recruits class III phosphatidylinositol 3-kinase (PI3K) complex to the site
of phagophore biosynthesis and activates it through phosphorylation of Beclin-1 (Russell et
al., 2013). PI3K generates phosphatidylinositol 3,4,5-triphosphate (PI3P), which recruits

proteins required for the next step of autophagy — phagophore elongation.

1.2.2. Elongation

Along with others, PI3P is recruiting WD repeat domain phosphoinositide-interacting
protein 2 (WIPI2) to the phagophore initiation site. WIPI2 then facilitates recruitment of
ATGS5/12/16 complex, which is needed for lipidation of ATGS8 family, including
microtubule-associated protein 1A/1B-light chain 3 (LC3) (Dooley et al., 2014). LC3 protein
is initially present in cytosol, in its form LC3-I is conjugated to phosphatidylethanolamine
to form LC3-II which is then required to form the AP membrane. Levels of LC3 isoform,
LC3b, and especially the lapidated LC3b-II form are routinely used for monitoring
autophagy (Tanida et al., 2008; Klionsky et al., 2021). ATG5/12/16 complex is considered

to act as a scaffold for the growing AP and is one of the two ubiquitin-like complexes
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mediating elongation. The second complex is mediating the processing of the ATGS by

Atg4, Atg7, and Atg3.

In nonselective, so-called bulk autophagy, contents of the cytoplasm are randomly
enveloped within the elongating AP. However, this is not the only mechanism of how the
cargo is packed into the AP. Specific cargos tagged by receptors can be sent to the APs
during selective autophagy. Receptor proteins such as sequestosome 1 (SQSTMI) also
known as p62, NIX of Optineurin identify and deliver damaged organelles or misfolded
proteins to AP for degradation. These receptors have motifs that interact with LC3 bound to
the phagophore membrane, which enables the anchoring of the cargo to the growing AP
(Pankiv et al., 2007; Novak et al., 2010; Richter et al., 2016). Monitoring of autophagy and
autophagic flux can be effectively performed by comparing the LC3b-II and p62 protein
levels (Klionsky et al., 2021). While LC3b-II reflects the number of APs, the upregulation
of LC3-II does not estimate the reasons behind autophagic activity. The number of APs can
increase due to both autophagy activation and inhibition of AP degradation — a blockage in
autophagic flux. AP degradation can be assessed by p62/SQSTM1 levels because this protein
is degraded together with the AP cargo. Upregulation of both proteins, therefore, points to
disruption of autophagy flux, rather than activation of autophagy (Yoshii and Mizushima,

2017).

1.2.3. Maturation

After the contents of the AP are gathered, the membrane must be sealed by merging
with itself, producing a bilayer membrane enclosing the contents. The mechanism of
membrane fusion is not yet fully understood, but ATGS8 involvement has been implicated
(Tsuboyama et al., 2016). At this stage, machinery needed for initiation and elongation, apart

from ATGS dissociate from the newly formed AP (Stavoe and Holzbaur, 2019).

1.2.4. Fusion

Once an AP is formed, it’s carried along microtubules using a dynein motor toward
the perinuclear area for fusion with the lysosome (Maday et al., 2012). The fusion
mechanism requires coordination of three protein families involved in intracellular
membrane trafficking: Ras-associated binding protein (Rab) family of GTPases, membrane-
tethering complexes, and SNARE proteins (Bento et al., 2016). Upon fusion with the
lysosome, the pH of the autophagic vesicle is decreased through the action of proton pumps.
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Lysosomal enzymes are activated once the pH drops, digesting engulfed cargos after which
the degradation products are released into the cytoplasm (Glick et al., 2010). Generation of
new lysosomes is dependent on transcription factor EB (TFEB). TFEB activity is repressed
by mTORCI, which is another pathway through which this complex is regulating autophagy
(Martina et al., 2012).

1.3. ER stress

The ER is an essential organelle present in all eukaryotic cells. It has many essential
functions such as regulation of calcium homeostasis, RNA metabolism, protein and lipid
synthesis, regulation of trafficking pathways, and many more (Li et al., 2020). Particularly
interesting is the role of ER in protein folding. The ER possesses a surveillance system that
detects proteins that have failed to properly fold or assemble via ER-based chaperones and
special oligosaccharide tags. Such proteins are then transported from ER to the cytosol and
subsequently degraded via autophagy pathway (Alberts et al., 2002). This process is vital to
the preservation of cellular health and function and prevents unwanted protein aggregation.
However, the capacity of the ER to cope with misfolded proteins can be exceeded under
certain conditions. Accumulation of oxygen species, pH imbalance, nutrient deprivation,
hypoxia, changes in cellular calcium levels all contribute to ER stress. (Malhotra and
Kaufman, 2007; Liu and Du, 2015; Bahar et al., 2016; Dong et al., 2017). Accumulation of
abnormal aggregated and misfolded proteins is a common pathological trait of numerous
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and amyotrophic lateral sclerosis (ALS) (Hetz and Saxena, 2017).
Under conditions of prolonged ER stress, a mechanism of unfolded protein response (UPR)
is activated. There are three parallel pathways of the UPR activated by proteins that act as

ER stress sensors:

1) inositol-requiring enzyme 1 (IRE1);
2) protein kinase RNA-activated-like ER kinase (PERK);
3) activating transcription factor 6 (ATF6) (Fig. 2).

IRE1 is a transmembrane protein with an ER-luminal sensor with serine/threonine
kinase activity that is stimulated during the accumulation of unfolded proteins (Bertolotti et
al., 2000). Activation of IRE1 also triggers its endoribonuclease (RNase) activity in the C-
terminal domain located in the cytosol (Tirasophon et al., 1998; Kadowaki and Nishitoh,

2013), which causes cytosolic splicing of multiple target messenger ribonucleic acids
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(mRNAs). One significant target is the mRNA of X-box-binding protein 1 (XBP1) (Calfon
et al., 2002). Alternatively spliced XBP1 becomes a transcription factor that stimulates the
expression of numerous target genes involved in the UPR (Lee et al., 2003). Additionally,
IREI1 is responsible for a distinct mechanism named regulated IRE1-dependent decay, where
ER-targeted mRNAs are degraded to decrease protein load on the ER (Coelho and
Domingos, 2014). Chronic activation of this mechanism, however, can lead to cell death
(Wang and Kaufman, 2012). IRE1 activity can furthermore lead to neuronal apoptosis

through activation of the c-Jun N-terminal kinase (JNK) pathway (Nishitoh et al., 2002).
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Fig. 2 Endoplasmic reticulum stress is initiated by the accumulation of misfolded proteins in the
lumen of the endoplasmic reticulum (ER). Three major sensors of misfolded proteins activate a
process called unfolded protein response (UPR), which helps the cell to deal with increased ER
protein load. The first sensor, inositol-requiring enzyme 1 (IRE1) can activate c-Jun N-terminal
kinase (JNK) pathway, which can lead to apoptosis. IRE1’s major downstream effector is X-box-
binding protein 1 (XBP1), a transcription factor, which is spliced and translated under IRE1
activation. Protein kinase RNA-activated-like ER kinase (PERK) an another sensor of misfolded
proteins. Upon activation of PERK, eukaryotic translation initiation factor 2 a (elF2a) is activated,
which leads to inhibition of translation. elF2a also activates transcription factor 4 (ATF4), which is
translocated to the nucleus, or can directly lead to autophagy activation. The last branch of the UPR
is initiated by activating transcription factor 6 (ATF6). ATF6 can lead to induction of autophagy or
is translocated to the nucleus. All three branches of the UPR lead to the transcription of numerous
genes that help to alleviate ER stress. If the UPR is not able to deal with the amount of ER stress, it
can lead to apoptosis (Illustration created using BioRender.com).
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PERK, similarly to IRE1 is a transmembrane serine/threonine kinase with a sensor
for misfolded proteins located in the ER lumen. When PERK is activated, it phosphorylates
eukaryotic translation initiation factor 2 o (e[F2a), which leads to a reduction of translation
and consequently lessens the load of proteins in the ER (Harding et al., 1999). Additionally,
phosphorylated elF2a leads to upregulation activation transcription factor 4 (ATF4) (Vattem
and Wek, 2004), which was shown to induce autophagy proteins Beclinl, LC3, ATGS,
ATG7 and ATG12, mediates the induction of a protective process called the integrated stress
response, assembly of stress granules, resistance to oxidative stress, and other mechanisms
(Kedersha et al., 1999; Harding et al., 2003; B’chir et al., 2013). Although PERK activates
survival signaling, under prolonged ER stress it induces proapoptotic cascade through ATF4
and its downstream effectors, growth arrest and DNA damage-inducible 34 (GADD34), and
CAAT/enhancer-binding protein homologous protein (CHOP) (Li et al., 2020). It has been
shown, that PERK also plays a role in immune response, as it promotes inflammatory
cytokine production (Jiao et al., 2011). This also takes part in the brain, as it was previously
shown that PERK accelerates brain inflammation by inducing IL-6 expression in astrocytes
through Janus kinase 1 (JAK1)/ signal transducer and activator of transcription 3 (STAT3)
signaling pathway (Meares et al., 2014).

ATF6, the last main sensor of misfolded proteins in the ER is an ER transmembrane
transcription factor. The sensor function of the ATF6 is mediated through ER chaperone
named immunoglobulin-binding protein (BiP), which dissociates from ATF6 in response to
the accumulation of misfolded proteins (Shen et al., 2005). ATF6 then dislocates from the
ER membrane and is transferred to the Golgi, where it is cleaved and its basic leucine zipper
protein domain is released, which is transported to the nucleus and acts as a transcription
factor (Haze et al., 1999, 6). Target genes that are activated by ATF6 include BiP, CHOP,
and Grp94 (Yoshida et al., 2000, 6). ATF6 has been shown to lead to the induction of
autophagy by activating Beclinl (Gade et al., 2014).

1.4. Spinal cord injury

Spinal cord injury (SCI) can be characterized as damage to the spinal cord that causes
temporary or permanent changes in its structure or function. Traumatic SCI occurs when an
acute external mechanical impact (resulting, for instance, from a fall, motor vehicle accident,
violence) damages the spinal cord (Ahuja et al., 2017). The damage leaves SCI patients with

devastating multisystem complications stemming from the loss of sensory, motor, and
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autonomic system functions, resulting in sensory loss, paralysis, cardiorespiratory
complications (Linn et al., 2000; Claydon et al., 2006), immune system deficiency (Brommer
et al., 2016), dysfunction of the bladder, bowel and sexual function (Benevento and Sipski,
2002), neuropathic pain (Cardenas and Felix, 2009) and further symptoms (Eckert and
Martin, 2017). SCI patients are not only affected physically, their quality of life and role in
society is changed, which results in mental afflictions. Care for these patients presents a high
economic and psychological burden on their families as well as on society. As SCI cannot

be prevented, the development of effective treatments is crucial.

Pathophysiology of traumatic SCI (Fig. 3) has two phases- primary and secondary
injury. Primary injury is a consequence of the initial traumatic event, produced by disruption
of the spinal cord tissue due to external mechanical force. In this phase, the damage causes
cell death, interruption of the vasculature, compromises the blood-spinal cord barrier, but
rarely fully transects anatomical continuity of the spinal cord (Rowland et al., 2008). Events
of the primary phase simultaneously initiate a cascade that leads to secondary injury and
further damages the spinal cord, often to a greater extent compared to what occurred during
the primary injury (Ahuja et al., 2017). Inflammation, edema and hemorrhage develop within
the tissue, which leads to necrosis and ischemia (Venkatesh et al., 2019). In minutes and
following weeks after the initial injury, at the so-called sub-acute phase of secondary injury,
new mechanisms are initiated that contribute to the injury. These include disruption of ionic
homeostasis, glutamate excitotoxicity, production of reactive oxygen species (ROS), lipid
peroxidation, disruption in autophagy flux, accumulation of nitrous oxide, glial scar
initiation, and energy failure. In months and years following the trauma, the sub-acute phase
converts into a chronic injury. Chronic injury is characterized by continued apoptosis, central
cavitation, glial scar formation, alteration in ion channels and receptors, and numerous other
mechanisms. Oligodendrocytes, one of the most vulnerable cell types of the CNS, undergo
apoptosis, leading to demyelination and damage of surviving axons (Beattie et al., 2002).
The chronic phase brings about some regenerative processes as well, including axon
sprouting (Oyinbo, 2011). These scarce endogenous regenerative efforts are impeded by the
non-permissive environment that is formed in the extracellular matrix during the sub-acute
and chronic phase of the injury. The cystic cavity containing extracellular fluid, bands of
connective tissue, and macrophages was found to be a formidable barrier for axon regrowth
and cell migration (Milhorat et al., 1995). The glial scar is formed by reactive astrocytes
around cystic cavities to prevent damage to the adjacent tissue. The mesh-like array

containing axonal processes and extracellular matrix proteins such as chondroitin sulfate
21



proteoglycans, tenascin, and NG2 proteoglycan restrict axon regeneration and plasticity
(McKeon et al., 1991). Even in the non-lesioned tissue, the extracellular matrix of the CNS
is not permissive for neural regrowth. Degenerating oligodendrocytes and axons release
myelin proteins such as neurite outgrowth inhibitor A, oligodendrocyte-myelin glycoprotein,
and myelin-associated glycoprotein into the environment, which were also shown to inhibit

regeneration (Geoffroy and Zheng, 2014).

Necrotic and  Inflammatory

BSB Axon  Compromised apoptotoc cells cells infiltrate
disruption  disruption ~ vascular release ATP,  and relase
PRIMARY supply potassium  cytokines
INJURY /
A

& Herr:m rhaée
a0
Edema A
*J'\i‘;: . K
o

i

Mechanical
injury

Cystic
Reactive cavitation Inflammatory
Axonal and Reactive astrocytes containing cells relase

neuronal i i : resterictive i
microglia form glial scar cytokines "
degeneration g g ECM  RoS yt Necrotic and
/ apoptotoc

SECONDARY s cells

Hhaspel

\

. Demyelination
Limited axonal lons, y

sprouting glutamate

Fig. 3 Pathophysiology of spinal cord injury. Primary injury is a consequence of the initial external
impact. The damage of mechanical injury causes cell death, transects axons, compromises the
vasculature, and disrupts the blood-spinal cord barrier (BSB). Hemorrhage and edema develop at the
injury site and first inflammatory cells start to infiltrate it, releasing cytokines, which lead to further
activation of the inflammatory cascade. Dead cells release ATP and ions into the environment.
Secondary injury can last from minutes to months and years after the primary injury. Axonal and
neuronal degeneration occurs, along with demyelination. Some limited axonal sprouting occurs as
well, but the regeneration effort is obstructed by the inhibitory extracellular matrix (ECM)
environment formed at the lesion site. Astrocytes are activated and form a glial scar, secluding the
injury and cystic cavitation. Microglia are also activated and release cytokines and perpetuating the
inflammation together with other cells of the immune system. Reactive oxygen species (ROS), ions
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and glutamate are released at the injury site as well, further contributing to the chronic injury.
(Ilustration created using BioRender.com).

The pathology of SCI is complex and multifaceted. Recovery and regenerative
strategies are therefore usually challenging and limited. It is considered that the prevention
of tissue damage in the acute and sub-acute phases of secondary injury is of critical
importance (Venkatesh et al., 2019). In the following two chapters, the involvement of
inflammation and autophagy in secondary SCI will be explored further, as these mechanisms

were the focus of research in this thesis.

1.4.1. SCI and inflammation

The secondary degeneration after SCI is generated primarily by factors produced
directly by the damaged tissue, including ROS, chemokines and cytokines, and other
molecules released because of ischemia, hemorrhage, excitotoxicity, and ionic imbalance.
Many of these molecules initiate different facets of the inflammatory response. Inflammation
is therefore considered to contribute significantly to secondary damage after SCI (David and
Kroner, 2015). However, inflammation is not exclusively detrimental, it was shown that it
can be also beneficial, as it is crucial for clearance of cellular debris, controlling infections,
and restoring homeostasis of the tissue. Even so, it is crucial that the inflammation remains
controlled, induced at the right time point after SCI and that the right activation state of

immune cells is achieved (Miron and Franklin, 2014).

There are several cell types involved in the inflammatory response following injury.
In the first phase of the inflammation, microglia, and astrocytes are activated and converge
to the injury site along with blood-borne neutrophils (Jones et al., 2005). Astrocytes respond
acutely to CNS injury by increasing the production of cytokines and chemokines, which
induce recruitment of neutrophils and pro-inflammatory macrophages (Pineau et al., 2010;
Cekanaviciute and Buckwalter, 2016). Microglia respond very quickly to injury and are
likely the first cell type to react within minutes. First, they extend their processes toward the
injury site which appears to have a role in controlling the lesion size (Hines et al., 2009).
Soon after, microglia retract their processes, take on amoeboid shape and phagocytize
cellular debris. After activation, microglia cannot be distinguished from macrophages, which
originate from monocytes infiltrating the injury site (David and Kroner, 2011). Proteolytic

and oxidative enzymes produced by neutrophils are the first line of bodies’ defense against
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pathogens, but their role in SCI is not fully understood (David and Kroner, 2015). It was
proposed that neutrophils sterilize the damaged area and prepare it for following ‘repair’,
but their numbers are so overwhelming, that they create ‘bystander’ tissue damage (Taoka
et al., 1998). Approximately three days after injury, macrophages, B- and T-lymphocytes are
recruited to the injury site (Beck et al., 2010). Acute damage to the blood-spinal cord barrier
allows monocytes to infiltrate the spinal cord tissue, where they transform into macrophages
(Zhou et al., 2014). Together with resident microglia that transformed into macrophages,
these cells help in wound healing after SCI through the production of growth-promoting
factors such as neurotrophin-3 (NT-3), nerve growth factor (NGF) (Elkabes et al., 1996),
and through to their capacity for phagocytosis and scavenging of injured cells and myelin
debris (Zhou et al., 2014). However, macrophages can also have a detrimental effect on SCI,
as was shown that they can shift into pro-inflammatory phenotype through the influence of
tumor necrosis factor (TNF)-a after SCI (Kroner et al., 2014). These pro-inflammatory
macrophages express MHCII, present antigens to T cells, and influence the activation and
regulation of further immune response (David et al., 2015). Like other immune cells,
lymphocytes’ response to SCI is complex (Walsh et al., 2014). It was reported, that after
SCI, the autoimmune activity of T and B lymphocytes are formed and potentially exacerbate
injury to axons and induce demyelination, leading to functional loss (Popovich and Jones,
2003; Ankeny et al., 2006). On the other hand, some argue that this autoimmunity stemming
from CD4+CD25+ regulatory T cells is neuroprotective (Kipnis et al., 2002).

Although cellular components of the inflammatory response are the major effectors
in secondary injury after SCI, it is important to bear in mind that their actions are orchestrated
by signaling proteins- cytokines, growth factors, and related molecules. Cytokines are a large
family of small proteins participating in communication between cells that are usually
related to the modulation of the immune response, but also have multiple other effects that
affect the physiology of health and disease. These peptides, proteins, or glycoproteins, are
produced by many cells and can be categorized into a pro-inflammatory or anti-
inflammatory group based on the net balance of their effects (Ramesh et al., 2013; Garcia et
al., 2016). Although these signaling molecules have complex effects on SCI and subsequent
recovery, cytokines with generally anti-inflammatory effects are interleukin (IL)-4, IL-10,
IL-12, IL-33, interferon (IFN)-B, and IFN-y, while pro-inflammatory are IL-1p3, IL-6, IL-17,
TNF-a, macrophage inflammatory protein (MIP)-1a (Garcia et al., 2016; Ren et al., 2018).
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1.4.2. SCI and autophagy

In the past few years, autophagy has been extensively studied in the connection with
secondary damage after SCI. It was confirmed by numerous studies that there is upregulation
of autophagic markers at the SCI lesion (Kanno et al., 2011; Chen et al., 2012; Tang et al.,
2014; Yan et al., 2017; Li et al., 2019a). The studies suggest that the accumulation of APs
occurs very early, during the initial stages of secondary injury, even within hours after
impact, and remain upregulated for weeks after the injury. However, the role of autophagy
in SCI, whether it is beneficial or detrimental has long been controversial (Wu and Lipinski,
2019). Even a recent meta-analysis study suggests, that both induction and repression of
autophagy leads to neuroprotection after SCI. The discrepancies between the results of the
studies can be caused by differences in SCI models, type of therapy, it’s timing and duration.
For example, upregulation of autophagy was found to be more beneficial in compression-
type injury, compared to contusion (Zhang et al., 2020). Therefore, the role of autophagy
after SCI may depend on the cell type that was damaged, the severity of the injury, and other
parameters. It was previously confirmed that motor neurons (MNs) are more vulnerable to
disruption of autophagy (Mufioz-Galdeano et al., 2018) and that this is leading to ER stress
and apoptosis (Liu et al., 2015). Although AP accumulation doesn’t occur just in neuronal
somas, also in injured axons (Ribas et al., 2015), it is currently unknown whether it
contributes to axonal damage. Apart from neurons, glia are also influenced by autophagy
after neurotrauma. Upregulation of autophagy markers was observed in oligodendrocytes,
astrocytes, and microglia after SCI, but further studies are needed to determine how it affects

their survival and function (Wu and Lipinski, 2019).

What studies tend to agree on, is that upregulation of autophagic markers after SCI
is not due to upregulation of autophagy itself, but due to inhibition of autophagic flux. This
was confirmed by upregulation of both of LC3-II and p62/SQSTMI1 proteins at the lesion
site (Tanabe et al., 2011; Liu et al., 2015; Mufioz-Galdeano et al., 2018). One of the possible
mechanisms in which trauma contributes to disruption of autophagy is through excessive
production of ROS and reactive nitrogen species (RNS). High levels of ROS and RNS can
modulate autophagy through the S-nitrosylation of proteins in the mammalian target of
rapamycin (mTOR) and c-Jun N-terminal kinase pathways, which are key regulators of
autophagy (Filomeni et al., 2015). ROS can also inflict damage to lysosomal membranes
and therefore disrupt the autophagy flux. On the other hand, stimulation of autophagy by
ROS has also been reported. Injury-mediated oxidative damage probably influences

autophagy depending on the severity and mechanism of the injury (Wu and Lipinski, 2019).
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There is also the possibility, that autophagy is mediating the inflammatory response after
SCIL, but the cross-talk between inflammation and autophagy remains to be poorly

understood (Qian et al., 2017b).

1.4.3. SCI treatment

There are currently no approved pharmacologic treatments for improving outcomes
after SCI. Even the management of SCI patients continues to be controversial. The absence
of consensus in treatment strategies has halted the standardization of care for patients with
SCI. The most effective clinical treatment currently is early surgical decompression and
stabilization (Torregrossa et al., 2020). High-dose treatment of glucocorticoid
methylprednisolone was previously been recommended in acute SCI, but recent studies
showed it does not contribute to neurologic recovery and could lead to adverse effects (Liu
et al.,, 2019). Despite the lack of effective therapies in use, numerous treatment and
management strategies are in various stages of preclinical research and clinical trials. These
include cell-based therapies, biomaterial implantation, hypothermia induction, cerebrospinal
fluid drainage, spinal cord or brain stimulation, and pharmaceuticals with neuroprotective or
neuroregenerative properties. Pharmaceutical approaches target many different mechanisms,
such as promotion of neuronal regeneration with antibody against Nogo, Rho-ROCK
inhibitor, Catherin or GM-1 ganglioside, reducing glutamate excitotoxicity with basic
fibroblast growth factor and riluzole, while a great portion of them are targeting

inflammation (Ashammakhi et al., 2019; Shah et al., 2020; Torregrossa et al., 2020).

Due to the dual role of inflammation after SCI injury, global immunosuppressive
therapies such as methylprednisolone and minocycline administration may not be
contributing to recovery. More complex and immunomodulatory approaches have been
proposed as potentially more beneficial (Chio et al., 2021). Extensively studied
immunomodulatory therapies with promising results include administrations of human
immunoglobulin G (Brennan et al., 2016), monoclonal antibodies against CD11d/CD18
(Bao et al., 2004; Gris et al., 2004), granulocyte colony-stimulating factor (Guo et al., 2015;
Park et al., 2020), natural compounds such as curcumin (Machova Urdzikova et al., 2015)
or green tea polyphenol epigallocatechin gallate (Machova Urdzikova et al., 2017) and
rapamycin (RAPA) (Chen et al., 2013).
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RAPA is a natural anti-fungal agent that acts as an allosteric inhibitor of the mTOR.
The mTOR pathway (Fig. 4) is a key metabolic pathway, which is deeply involved in
multiple vital cellular mechanisms, including regulation of cell death and survival,
metabolism, and proliferation through the control of many physiological processes such as
transcription and translation, ribosomal biogenesis, cytoskeletal organization, vesicular
trafficking and autophagy (Wullschleger et al., 2006). This pathway is extensively studied
for its involvement in mechanisms of trauma and various diseases of the CNS. Its actions
are mediated through two mTOR complexes mTORCI1 and mTORC?2, their downstream
effectors, ribosomal protein S6 kinase (S6K) and eukaryotic translation initiation factor 4E
-binding protein (4E-BP) and Akt, which is phosphorylated by mTORC?2, but is upstream of
mTORCI (Laplante and Sabatini, 2012; Jhanwar-Uniyal et al., 2017).
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Fig. 4 The mTOR pathway and its repression by rapamycin (RAPA). Insulin receptor substrate-1
(IRS) or other factors lead to activation of Akt, through phosphatidylinositol 4,5-bisphosphate (P1P2)
transition to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) by phosphoinositide 3-kinase (PI3K).
Akt suppresses tuberous sclerosis complex (TSC), which causes disinhibition of the small GTPase
RHEB (Ras homolog-mTORCI binding) and RHEB and its subsequent activation inhibits mTOR
complex 1 (mTORCT1). Akt can be furthermore activated by mTOR complex 2 (mTORC?2). Active
mTORCI leads to phosphorylation of ribosomal protein S6 kinase 1 (S6K 1) and translation initiation
factor 4E-binding protein 1 (4E-BP1). The substrate of S6K, S6 and 4E-BP1 lead to protein synthesis
and cell proliferation. Furthermore, mTORC1 suppresses autophagy through Unc-51 like autophagy
activating kinase (ULK1) and transcription factor EB (TFEB) inhibition and indirectly can induce
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inflammation. RAPA, attached with FKBP12 inhibits mTORCI1. Phosphatase and tensin homolog
(PTEN). Adapted from Vargova et al., 2021.

RAPA, a selective mTORCI inhibitor has been previously used as a treatment in
neurodegenerative disorders (Spilman et al., 2010; Tsvetkov et al., 2010), including SCI
(Sekiguchi et al., 2012; Tang et al., 2014; Li et al., 2019a) and was shown to lead to
neuroprotection. Neuroprotective effects of mTOR inhibition are thought to be mediated
through induction of autophagy and immunomodulation. mTOR is recognized as a master
regulator of autophagy since its inhibition is required for multiple steps of autophagy (Fig.
1) (Dossou and Basu, 2019). RAPA and its derivates are potent immunosuppressant drugs,
used following organ transplantation (Baroja-Mazo et al., 2016). Importantly, it has been
previously shown to reduce neuroinflammation and neuron death (Xie et al., 2014;

Srivastava et al., 2016).

1.4.4. Models of SCI

In the pursuit of a remedy and knowledge of the pathophysiology of the SCI,
researchers have used various animal models. An accurate animal model should be
anatomically and pathologically similar to human SCI, be inexpensive, replicable, and
require minimal training. Rat models are the most frequently used in SCI studies as they
fulfill most of the desired requirements. Based on the injury type, SCI rat models can be
classified into contusion, compression, and transection models. In the contusion model,
transient force such as weight-drop, electromagnetic or air-pressure impact is applied to
displace and damage the spinal cord. In compression models, the spinal cord is compressed
for a prolonged period with devices such as compression clips, inflatable. balloon, or others.
Transection is characterized by the complete or partial severing of the spinal cord (Cheriyan
etal., 2014; Ahuja et al., 2017). These in vivo models have been essential for the preclinical
evaluation of behavioral and systemic outcomes of drug treatments and will remain an

indispensable element of preclinical drug development.

Nevertheless, in SCI research scientists often need to take a step back and try to
understand what is taking place at the cellular level. One of the biggest obstacles in SCI
treatment currently is the inability of mature CNS neurons to regenerate after injury. We still
don’t fully understand the mechanisms that prevent regeneration, but many factors seem to

be contributing to this phenomenon, including malfunction of proper transcriptional,
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translational and epigenetic programs at appropriate subcellular locations in the CNS
neurons (van Niekerk et al., 2016; Petrova et al., 2021), deviations in vesicular transport and
decreased signaling of some pathways in axons. The proper function of these processes
collectively provides intrinsic regeneration ability in immature neurons, they malfunction
abruptly with neuronal maturation (Nicholls and Saunders, 1996; Koseki et al., 2017;
Petrova and Eva, 2018). Development and aging in the CNS involve many complex
pathways, so it is demanding to investigate their influence on the regeneration capacity of
neurons in vivo. On the other hand, in vitro models can provide wide-ranging tools and
approaches to examine distinct neuronal subtypes, to manipulate and characterize neuronal
behavior, and to discover mechanisms connecting the development and regeneration of CNS
neurons (Abu-Rub et al., 2010; Franssen et al., 2015). Hence, characterizing axon growth
inhibition in vitro is a useful approach that could bring further understanding of the CNS
regeneration limitations. Numerous in vitro culture models have been used previously to
investigate CNS axon regeneration. Primary neuronal cultures were established by
dissociating neural tissue from rodents at various ages (Donaldson and Hoke, 2014). The
tissues most commonly utilized for the cell cultures are dorsal root ganglia (DRGs) (Cheah
et al., 2016), hippocampus (Kaech and Banker, 2006; Moore et al., 2009), and cortex.
Primary spinal cord cultures were also developed previously (Thomson et al., 2008; Eldeiry
et al., 2017), but their characterization is limited and were not deemed to be suitable for axon
regeneration studies. The study of the regenerative ability of spinal interneurons (SpINs) is
of exceptional interest, as it was revealed, that mild, structurally incomplete SCI can lead to
partial recovery due to spontaneous reorganization of neural circuits (Bareyre et al., 2004;
Martinez et al., 2012). Also, the growth of SpIN neurites across mouse SCI can be incited
by treatments to boost neuronal regenerative ability, axonal chemoattraction, and glial scar
permissiveness (Anderson et al., 2016). Crucial elements of neuroplasticity in these
incomplete SCIs are SpINs because they create substitute paths to transmit information
between cells below and above the lesion (Courtine et al., 2008; May et al., 2017). The
establishment and characterization of culture containing spinal cord neurons is therefore

necessary and valuable.

1.5. Amyotrophic lateral sclerosis
ALS is a late-onset neurodegenerative disease characterized by degeneration of upper

and lower MNss, causing progressive and fatal paralysis. The median age of ALS onset is 64
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years and is usually diagnosed by the early symptoms of limb muscle weakness, twitching,
and cramping. The aggressive advancement of the disease usually leads to the development
of dyspnea and dysphagia and eventually death by respiratory failure after about 3 years after
the disease onset. In 90-95% of cases, ALS occurs sporadically, without any clear genetic
cause, while 5-10% of the cases are familial, inherited in an autosomal dominant fashion.
These observations indicate that ALS develops under influence of both genetic and
environmental factors. (Boillée et al., 2006; Zarei et al., 2015; Hardiman et al., 2017; Masrori
and Van Damme, 2020). Mutations in genes encoding TAR DNA-binding protein 43 (TDP-
43), C9orf72, superoxide dismutase 1 (SOD1) and encoding RNA binding protein FUS
(FUS) are responsible for the majority of familial cases of ALS (Chio et al., 2014). Reported
environmental risk factors include smoking, exposure to certain chemicals, and radiation

(Zarei et al., 2015).

Although the pathophysiology of ALS is not well understood, gross pathological
characteristics of ALS include atrophy of the skeletal muscles and the motor cortex due to
degeneration of MNs. Axonal loss and astrogliosis lead to discoloration and sclerosis of the
pyramidal tracts (the corticospinal and the corticobulbar tract) accompanied by the thinning
of the hypoglossal nerves and ventral roots of the spinal cord (Hardiman et al., 2017). The
pathological hallmark of the disease is an accumulation of ubiquitylated protein aggregates
in MNs, leading to neuronal injury and death. In 95% of the cases, TDP-43 is the main
component of the protein inclusions (Van Deerlin et al., 2008). TDP-43 is an RNA- and
DNA-binding protein engaged in numerous processes including transcription, splicing, RNA
transport, and formation of stress granules. TDP-43 is mainly a nuclear protein, but it can be
shuttled into the cytoplasm. Accumulation of cytoplasmic TDP-43 and depletion of its
nuclear fraction is common in ALS (Mackenzie et al., 2010). Apart from TDP-43, SOD1
and p62/SQSTM1 positive protein inclusions are also observed in ALS patients. SOD1 is an
important antioxidant enzyme, catalyzing the production of Oz and H20O; from superoxide
species generated during cellular respiration. It operates as a particularly stable dimer, but in
ALS it undergoes conformational and functional modifications and causes toxicity through
interactions with various proteins and mechanisms (Mejzini et al., 2019). The progression
of the disease is mediated through a prion-like mechanism, where the pathological protein
complexes spread to healthy cells through cell-to-cell transmission (Polymenidou and
Cleveland, 2011). Among cellular processes implicated in the disease mechanisms are
disturbances in RNA metabolism, nucleocytoplasmic transport defects, compromised DNA

repair, impaired protein homeostasis, excitotoxicity, oxidative stress, mitochondrial
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dysfunction, disruption of axonal transport, neuroinflammation, vesicular transport defects,

and other (Fig. 5) (Taylor et al., 2016).
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Fig. 5 Proposed mechanisms contributing to pathology of amyotrophic lateral sclerosis. Endoplasmic
reticulum (ER); TAR DNA-binding protein 43 (TDP-43); superoxide dismutase 1 (SODI);
sequestosome 1 (SQSTM1) (Illustration created using BioRender.com).

The fate of MNs in ALS can be heavily influenced by the extracellular environment,
especially due to the influence of glia. It was shown that ALS can be induced by
overexpression of mutant SOD1 in nonneuronal cells (Clement et al., 2003). Additionally,
ALS astrocytes were found to release toxic factors that cause the death of wild-type (WT)
MNs (Fritz et al., 2013; Qian et al., 2017a). While multiple types of glia were linked with
ALS onset and progression (Filipi et al., 2020), particular interest in the role of astrocytes
arose in recent years. In ALS, similarly to other neurodegenerative disorders, astrocytes
change morphology and assume reactive phenotype. Gene transcriptome analyses revealed
that there are at least two types of reactive astrocytes. Al reactive astrocytes are
characterized as harmful, as they upregulate many genes that are known to be destructive to

synapses, while A2 phenotype reactive astrocytes upregulate numerous neurotrophic factors,
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that promote neuronal survival and growth and synapse repair (Zamanian et al., 2012;
Liddelow and Barres, 2017). Induction of particular reactive astrocyte phenotype seems to
be dependent on activation of one out of two important transcription factors. Al toxic
phenotype is induced by nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) signaling (Lian et al., 2015), while helpful A2 reactive astrocytes are dependent on
signal transducer and activator of transcription 3 (STAT3) activation (Anderson et al.,

2016).

Despite growing knowledge of the disease mechanisms implicated in ALS,
pathological events that initiate neurodegeneration remain unclear. It is likely a cumulative
result of multiple distinct interacting mechanisms, rather than a result of a single initiating
event. Remarkably, many of the genes linked with ALS were found to cluster in a few key
pathways: RNA metabolism, protein quality control and degradation, and cytoskeletal and
axonal transport (Masrori and Van Damme, 2020). Curiously, the ER is a common link
between these mechanisms, which is why it is believed that ER dysfunction, ER stress and
closely connected pathway of autophagy are central and early processes present in the

pathology ALS (Cai et al., 2016).

1.5.1. ALS and ER stress

Strong indication that ER stress is involved in ALS was determined by analysis of
human postmortem spinal cord tissue and the tissue of transgenic animal models of ALS.
Multiple studies reported activation of all three pathways of UPR, elevated ER chaperones
and cell death signals connected to ER stress in ALS tissues (Ilieva et al., 2007; Ito et al.,
2009; Sasaki, 2010; Farg et al., 2012). Alterations of patients’ ER morphology were also
observed previously (Oyanagi et al., 2008), as well as the presence of TDP-43 protein
inclusions in the ER of MNs of patients with both familial and sporadic ALS (Johnson et al.,
2010; Sasaki et al., 2010). TDP-43 overexpression leads to ER stress induction through
upregulation of ATF6 and XBPI. ER stress, in turn, modulates TDP-43 sub-cellular
distribution, accumulates it in the cytoplasm, which further potentiates the TDP-43
pathology. The vicious cycle leads to uncontrolled ER stress, formation of stress granules
through p-elF2a, formation of protein inclusions and eventually cell death. Whether the ER
stress 1s the consequence or the initiator of TDP-43 pathology, or in other words, which

culprit starts the vicious cycle in ALS is still not clear (Walker et al., 2013; de Mena et al.,
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2021). A very similar complex relationship was observed between SODI1 and ER stress

(Medinas et al., 2018, 2019).

Aberrant astrocyte reactivity has been recently indicated as a potential contributor to
ALS pathology. STAT3 activation in astrocytes was found to be required for recovery of
injured MNs (Tyzack et al., 2014). Injured MNs initiate STAT3 signaling in astrocytes by
upregulation of Ephrin type-B receptor 1 (EphB1), which is a ligand of ephrin-B1 receptor,
located on astrocytic membrane (Fig. 6A). Interestingly, STAT3 activation by injured
neurons seems to be impaired in SOD1%%*4 ALS mice and human SOD1P°°4 ALS patient-
derived iPSC-astrocytes. Gene expression data of human SODI1P?** iPSC-astrocytes
revealed strong upregulation of one particular gene of interest in these cells, encoding
pleckstrin homology like domain family A member 3 (PHLDAS3) protein (Tyzack et al.,
2017). PHLDAS is a recently described repressor of Akt. It binds to phosphatidylinositol
phosphates (PIPs) on the cell membrane and disables binding and phosphorylation of Akt,
which in turn inhibits the mTOR pathway (Takikawa and Ohki, 2017) (Fig. 6B). It was also
reported that PHLDA3 overexpression causes ER stress and leads to cell death of
hepatocytes (Han et al., 2016). Furthermore, ER stress was shown to lead to brain
inflammation by inducing IL-6 expression in astrocytes (Meares et al., 2014). Given the
strong involvement of ER stress in ALS pathology, it is of great value to investigate the role

of this novel molecule in astrocytes.
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Fig. 6 Aberrant astrocyte activation in amyotrophic lateral sclerosis (ALS) (A). Injured motor
neurons upregulate ephrin type-B receptor 1 (EphB1) which leads to activation of ephrin B1 on
astrocytic membrane and activation of signal transducer and activator of transcription 3 (Stat3)
signaling in healthy astrocytes. ALS astrocytes fail to activate Stat3 but are activated into a harmful
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phenotype and upregulate expression of pleckstrin homology like domain family A member 3
(PHLDA3). PHLDAS3 is a newly described protein, found to inhibit Akt and subsequently mTOR
complex 1 (mTORC1) (B). PHLDA3 preferentially binds to phosphatidylinositol-3, 4, 5-
triphosphate (PIP3), prohibiting Akt recruitment to the cytoplasmic membrane. Phosphatidylinositol-
4, 5-bisphosphate (PIP2) is a precursor of PIP3 (Illustration created using BioRender.com).

1.5.2. ALS and autophagy

Studies have shown that in ALS, similarly to other neurodegenerative diseases,
autophagy is highly upregulated (Wong and Holzbaur, 2015). Autophagy proteins LC3,
Beclin-1, p62 and Atf5-Atgl2 were found to be elevated in MNs of ALS patients, as well as
in animal models (Morimoto et al., 2007; Li et al., 2008; Hetz et al., 2009). Upregulation of
autophagy in astrocytes and microglia was also reported in mSOD1-Tg mice, particularly at
late symptomatic stages (Tian et al., 2011). Moreover, mutations in genes coding core
autophagy proteins such as p62/SQSTM1 or Optineurin were linked with ALS. Other ALS-
related mutations were found in genes that have an indirect functional role in autophagy,
such as ALS2, CY9orf72, CHMP2B, DCTN, FIG4, FUS, PFNI, TDP-43, TUBA4A4, UBQLN2,
VAPB, and VCP (Amin et al., 2020).

The role of autophagy in ALS is still not entirely clear. It was postulated, that the
dysfunction of autophagy-regulated degradation can lead to accumulation of protein
aggregates in ALS (Ramesh and Pandey, 2017; Vicencio et al., 2020). The close connection
of autophagy and ALS-associated genes also indicates that these mutations can cause
dysfunction of different stages of autophagy and lead to ALS pathology (Yao, 2021). On the
other hand, increasing evidence suggest that the role of autophagy in ALS is not so
straightforward. It is very likely that extensive crosstalk between other pathways and
autophagy may, directly and indirectly, influence autophagy and vice versa. Activation of
autophagy by other processes such as damaged DNA, oxidative and ER stress can
overwhelm the autophagy pathway or impair the autophagic flux (Fujikake et al., 2018).
Overactivation of autophagy has been previously been proposed to be an uncommon death
pathway in neurons (Nixon and Yang, 2012). Furthermore, autophagy inhibition was shown
to be neuroprotective in certain neurodegenerative conditions (Lee and Gao, 2009).
Similarly, inhibition of autophagy by n-butylidenephthalide seems to be beneficial in
SOD1%Amouse model of ALS, as it leads to a prolonged lifespan of the mice and decreased
MN loss (Hsueh et al., 2016; Zhou et al., 2017). In contrast, induction of mMTOR-independent
autophagy by trehalose (Castillo et al., 2013), carbamazepine (Zhang et al., 2018) and

1 G86R

verapamil (Zhang et al., 2019) was shown to prolong the lifespan of SOD mice.
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Tamoxifen treatment, which induces autophagy in mTOR dependent manner (Wu et al.,
2016) showed a modest effect in slowing progression of ALS in patients (Chen et al., 2020),
further proving the complexity of ALS and autophagy relationship.

1.5.3. ALS treatment

ALS management mostly relies on multidisciplinary care and symptomatic treatment
using pharmacological or non-pharmacological interventions (Masrori and Van Damme,
2020). Therapies influencing disease progression are limited. Currently, there are only two
disease-modifying drugs used for ALS treatment named riluzole and edaravone and even
those provide only limited clinical benefits (Jack J. Chen, 2020). Riluzole is a glutamate
antagonist, which inhibits glutamate release from MNs by multiple possible mechanisms,
leading to reduction of excitotoxicity which has a potent role in ALS pathology (Jaiswal,
2016). Riluzole treatment offers modest prolonged survival benefits ranging from 6 to 21
months (Hinchcliffe and Smith, 2017). Edaravone is a scavenger of free radicals and an
antioxidant, causing a reduction of oxidative stress and cell death. Clinical trials of
edaravone treatment in ALS report mixed outcomes. While some studies report that
edaravone treatment may delay motor function deterioration (Yoshino and Kimura, 2006;
Tanaka et al., 2016), other saw no beneficial outcomes (Abe et al., 2014). Because of the
mixed results, edaravone has not yet been approved for ALS treatment in the European

Union.

In recent years, novel therapeutic strategies targeting multiple proposed disease
mechanisms or targeting mutated genes directly have been extensively tested in ALS patients

or animal models, showing significant potential for clinical use in the future (Xu et al., 2021).

Gene therapies, especially in familial ALS have shown great promise in animal
studies and their safety was confirmed in clinical studies. In these studies suppression of
ALS related genes SOD1, TDP43, C90rf72 is achieved through multiple strategies, including
anti-sense oligonucleotides (Miller et al., 2013, 2020; Becker et al., 2017), RNA interference
(Stoica et al., 2016; Martier et al., 2019; Mueller et al., 2020) and CRISPR-Cas9 genome
editing system (Gaj et al., 2017).

Cellular mechanisms involved in ALS pathology are wusually targeted
pharmacologically. Mito Q has been shown to mitigate oxidative stress and prolong the life

span of SOD1%*Amice (Miquel et al., 2014). Glutamate excitotoxicity alleviation by a high-
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dose of methylcobalamin was shown to increase survival of mouse model of ALS (Ikeda et
al., 2015) and showed possible benefits in ALS patients if administered at an early stage of
the disease (Kaji et al., 2019). Mitigation of ER stress and bioenergetic dysfunction by
combining sodium phenylbutyrate and taurursodiol treatment led to slower functional
decline in ALS patients (Paganoni et al., 2020). Autophagy regulation has also been
extensively studied as a potential therapeutic strategy as discussed previously. Due to the
complexity of ALS pathology and autophagy cross-talk, it is still not clear which part of the

autophagy pathway should be targeted to achieve effective and robust treatment.

Increasing evidence has reinforced the notion that stem cell transplantation could
become a prospective therapy for ALS. The original concept of replacing degraded MNs
with neural progenitors or stem cells was found to be too challenging, but the attempts
revealed considerable benefits of transplantation treatment either way (Boulis et al., 2011).
To date, various types of stem cells, including mesenchymal stem cells (MSCs) (Forostyak
et al., 2011), neural stem cells (NSCs) (Zalfa et al., 2019), and hematopoietic stem cells
(HSCs) (Appel et al., 2008) have been applied in ALS preclinical and clinical trials. MSCs
can be derived from fat tissue, bone marrow, umbilical cord and peripheral blood. Compared
to the other stem cell types, MSCs are easily obtained from the patients and possess lesser
rejection risk and fewer ethical issues, which is why they are the preferred cell type used in
regenerative studies (Xu et al., 2021). The therapeutic effect of transplanted MSCs is broad
and needs further exploration, but it is reported, that the main mechanism of action is
mediated through paracrine signaling. Factors such as brain-derived neurotrophic factor
(BDNF), glial cell-derived neurotrophic factor (GDNF), insulin-like growth factor-1 and
vascular endothelial growth factor (VEGF) are secreted by the MSCs and provide
neurotrophic support to MNs and slow their degeneration (Forostyak et al., 2013). Aside
from the paracrine mechanism, the application of MSCs in ALS rat modes led to reduction
of apoptosis and inflammation and increased survival of MNs (Forostyak et al., 2014).
Human MSCs (hMSC) transplantation in a mouse model of ALS was shown to improve
motor function, extend survival and reduce neuroinflammation (Vercelli et al., 2008). Phase
I clinical trials already confirmed the safety of MSC application in ALS patients (Nabavi et
al., 2019). A recent meta-analysis of stem cell therapy in ALS clinical trials concluded that
therapy with MSCs has a transient positive outcome on the progression of the disease
(Morata-Tarifa et al., 2021). The same analysis importantly pointed out that intravenous
delivery of MSCs is ineffective, indicating the significance of favoring intrathecal and

intramuscular application in future trials.
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2. AIMS AND HYPOTHESES

The main aim of the thesis was to study intracellular degeneration mechanisms
occurring during the pathology and mechanisms of regeneration that are induced by therapy
of SCI and ALS. The PI3K-AKT-mTOR signaling is one of the most important, central
intracellular pathways, that plays a significant role during neural development as well as
neural degeneration and repair. The mTOR signaling is fundamentally involved in the
regulation of autophagy, a cellular degradation mechanism whose role in SCI and ALS was
explored in the first two experiments of the thesis (Experiment 1 and Experiment 2). Another
possible connection of this pathway in ALS pathology is through a recently discovered
molecule PHLDA3 that was found to be elevated in ALS astrocytes. This issue was
addressed in Experiment 3. Since intracellular mechanisms can be studied more efficiently
in in vitro settings, Experiment 4 of the thesis was focused on establishing a novel model of

spinal cord culture that could be utilized for further exploration of the mentioned pathways.

2.1. Experiment 1: Treatment of acute SCI with mTOR pathway inhibitors
rapamycin or pp242
RAPA, a mTORCI inhibitor was explored as a possible treatment for acute SCI in
previous studies with success. The exact mechanism of RAPA treatment after SCI, however,
needs to be explored further. Additionally, mTORC?2 is not inhibited by this molecule, which
leaves parts of the mTOR pathway active. Dual inhibition of both mTOR complexes can be
achieved by administration of pp242.

2.1.1. Hypotheses of experiment 1
Hypothesis 1: Treatment of acute SCI with mTOR pathway inhibitors rapamycin or pp242
will lead to recovery through induction of autophagy and alteration of inflammatory

response.

Hypothesis 2: Treatment of acute SCI with dual mTOR pathway inhibitor pp242 will cause

a more pronounced effect on SCI outcomes, compared to RAPA treatment.
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2.1.2. Specific aims of experiment 1
1) Comparison of the effect that RAPA vs. pp242 treatment has on mTOR pathway
after SCI, by studying levels of downstream proteins in the spinal cord tissue.
2) Evaluation of autophagy and inflammation levels after mTOR pathway inhibition
during acute SCI of the rat spinal cord.
3) Assessment of structural and functional recovery of rats after SCI treated by mTOR

inhibitors RAPA and pp242.

2.2. Experiment 2: Treatment of ALS in SOD1%%A rats with a repeated
intrathecal and intramuscular application of MSCs
MSCs have been used successfully for the treatment of ALS in animal models and
some clinical trials. The mechanism of action in which MSCs lead to decreased progression

and improved motor function in ALS animal models and patients is still not clear.

2.2.1. Hypothesis of experiment 2
Treatment of ALS in SOD1%%3* rats with repeated application of human MSCs leads to

neuroprotection and extended lifespan partly through alteration of autophagy mechanism.

2.2.2. Specific aims of experiment 2
1) Evaluation of autophagy pathway after treatment of ALS with hMSC in SOD1%%34
rats.
2) Studying the life-span and structural integrity of MNs in SOD194 rat model of ALS
after transplantation of hMSC.

2.3. Experiment 3: Studying the effect of PHLDAS3 overexpression in astrocytes
Upregulation of PHLDA3 was found in SOD1P°* ALS patient-derived iPSC-
astrocytes. This molecule is a recently discovered Akt inhibitor and was reported to be

involved in ER stress. Its role in astrocytes or ALS is not known.

2.3.1. Hypotheses of experiment 3

Hypothesis 1: PHLDA3 overexpression induces ER stress in WT astrocytes.
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Hypothesis 2: PHLDA3 overexpressing astrocytes can influence the survival of MNs.

2.3.2. Specific aims of experiment 3
1) Investigation of the effect that PHLDA3 transfection has on WT astrocytes in vitro,
by analyzing ER stress markers and cytotoxicity assays.
2) Studying the effect of PHLDA3 transfected astrocytes on MN survival by treating

MN cultures by conditioned medium.

2.4. Experiment 4: Establishing a robust in vitro model of spinal cord
interneurons

In order to study processes of neurodegeneration and neuroregeneration of spinal cord
neurons, a reliable culture model is required. The majority of established primary neuronal
culture systems are either made from cortical tissue, or dorsal root ganglia, which do not
fully represent the biology of spinal neurons. Viability of murine embryonic CNS tissue is
far greater compared to adults’, which is why conventional models of cortical neurons are
isolated from embryonic or early postnatal mice or rats. However, the regenerative ability of
embryonic CNS neurons is far greater compared to mature neurons. Due to mentioned
reasons, a new culture of spinal cord neurons was established, isolated from embryonic

spinal cords and left to mature in vitro, during long-term cultivation.

2.4.1. Hypothesis of experiment 4

Spinal cord neurons isolated from mouse embryo mature in vitro.

2.4.2. Specific aims of experiment 4
1) Establishing a robust, long-term culture of spinal cord neurons.
2) Studying the composition of a newly established culture of spinal cord neurons.

3) Assessing maturation state of neurons in the culture
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3. METHODS

3.1. Animals

Male Wistar rats, with mean weight of 300-330 g, were used in Experiment 1- SCI
treatment. Transgenic (Tg) Sprague Dawley rats overexpressing human SOD1 with Gly-93-
Ala mutation were used as a model of ALS. Rat experimental groups and treatments are
specified in the following paragraphs. For primary astrocyte and neuronal cultures,
C57BL/6]J WT mice were used. C57BL/6-Tg(CAG-RFP/EGFP/Map1lc3b)1Hill/J reporter
mice (common name: CAG-RFP-EGFP-LC3) were used for visualization of autophagy in
neuronal cultures. The animals were kept at 21-23°C in on a 12-h light/12-h dark cycle,
provided with water and food ad libitum. Experiments were conducted according to the
European Communities Council Directive of 22 September 2010 (210/63/EU) and
authorized by the Ethics Committee of the Institute of Experimental Medicine CAS and the

Ethics Committee of the Czech Academy of Sciences.

3.1.1. SCI and treatment

SCI was induced in rats using a previously described balloon-compression model
surgery (Vanicky et al., 2001). In brief, dorsal laminectomy at the T10 level was conducted
on rats anesthetized with isoflurane 2.5-3 vol.% (Arrane) and buprenorphine 0.05— 0.1
mg/kg (Reckitt Benckiser). A Fogarty® catheter (Edwards Lifesciences) was placed into
epidural cavity, positioning the balloon at the level of the T8 vertebra. 15 pL of saline
solution was applied to inflate the balloon, compressing, and injuring the spinal cord for
Smin. Next, the balloon was removed, and the injury site was closed. Ampicillin (60mg/kg)
was administered during recovery, every day for 5 days. Buprenorphine (0.05-0.1 mg/kg)
was administered for pain relief as required. Caretakers helped the animals with feeding and
manual urinary excretion. The animals were randomly separated into four experimental
groups and treated postoperatively with: 5 mg/kg RAPA (Chem Science), 5 mg/kg pp242
(APExBIO), vehicle- SCI control group (2% DMSO, 5% triton, saline), and a no-lesion and
no-treatment control group, as summarized in Tab. 1. The intraperitoneal treatment was
administered once a day, starting from the second day, until the sixth day after the SCI (five
repeated treatments). Animals were sacrificed on the seventh day after surgery, when spinal

cord tissue and blood were collected for analysis.
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3.1.2.  ALS animal treatment

The onset of the ALS disease in Tg SOD19%4 rats was assessed by monitoring
animals’ body weight once a week. Weight loss ranging from 5% to 8% of the previously
recorded body weight in two consecutive weeks was considered to be the disease onset. This
symptom usually appeared during 18" week postnatally. After the onset of the disease, the
first batches of experimental cell therapies were administered, separating the animals into
six groups (Tab. 1). h(MSC cell suspension was injected either intrathecally (5x10° cells, total
volume 50ul) into spinal canal at the level of the L3-L5 vertebrae (SC group), or
intramuscularly (2x10° cells, total volume 100ul) into the quadriceps femoris of both hind
limbs (M group), or into both locations (SC+M group). CondM group received intrathecal
injection of conditioned medium (total volume 100ul), in which hMSC were cultivated.
Control group (group PBS) received intrathecal (50ul) and intramuscular (2x100ul)
injection of phosphate-buffered saline (PBS). Sprague Dawley littermates without
SOD1%%3A mutation were WT controls. The treatments were repeated two more times, with
14 days apart. The cell therapy was administered to animals sedated with isofurane (Abbott
Laboratoties). Immunosuppressive treatment consisting of cyklosporin A, (10 mg/kg;
Novartis Pharama), azathioprin (4 mg/kg; GlaxoSmithKline) and metylprednisolon (2
mg/kg; Pfizer) was applied to all animals prior to any procedure. After the procedure, the
rats were observed during following days for motor damage, such as tremors or paralysis of
the hind limbs. Animals were kept alive until the end-stage of the disease. The end stage
was diagnosed if two of following criteria were present: failure of the rat to adjust its position
for 30s when placed on its side, onset of paralysis in two or more limbs, or a 30% decline in

body weight, 75% decline in motor activity and a decline in grip strength by 75%.

Tab. 1 Animal experimental groups summary

Rat .
species Experimental group Pathology Treatment n
RAPA SCI Rapamycin 17
. pp242 SCI pp242 17
Wistar Vehicle control SCI Vehicle 18
No lesion control ~ / / 4
SCAM Tg SOD10%A Lrll\t/lrgréluscular and intrathecal 12
SC Tg SOD16%34 Intrathecal h(MSC 9
]S)lc;r;%:e Tg SOD16%34 Intramuscular h(MSC 8
Y CondM Tg SOD16%34 Intrathecal conditioned media 8
PBS Tg SOD19%34 Intramuscular and intrathecal PBS 12
WT / / 10
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3.1.3. Behavioral testing

To assess functional recovery after SCI and treatment, Basso, Beattie, and Bresnahan
(BBB) open-field locomotor test was used as described (Basso et al., 1995). Rats’ locomotor
abilities in an open-field area were evaluated by two independent examiners for four
minutes. A score ranging from 0 to 21 was given to each animal based on their capability to
perform actions such as bodyweight support, forelimb—hindlimb coordination, hindlimb

joint or tail movement.

3.2. Cell cultures

3.2.1. hMSC culture

The hMSCs isolated from bone marrow were supplied by Bioinova Ltd. The cells
were isolated and cultivated as defined previously (Forostyak et al., 2014; Machova
Urdzikova et al., 2014; Ruzicka et al., 2017). After the first passage, the hMSCs were
cryopreserved until further application. After thawing, cells were expanded in MEM Alpha
media containing 10% fetal bovine serum (FBS), 1% glucose and 5% Primocin (Biogene).
After third passage, the cells were examined for MSC surface markers as described
previously (Turnovcova et al., 2009) and used for the cell therapy. Conditioned medium was
prepared using the same batch of hMSC by plating the cells at a density of 4000 cells/cm?

and allowed to grow in the same medium for three days.

3.2.2. Astrocyte culture

Primary astrocytes were isolated from cerebral cortices of P0-3 C57BL/6 WT mice.
The mice were decapitated, and the cerebral cortex was dissected in Hibernate E (Gibco,
Thermo Fisher) on ice. Next, the tissue was washed in HBSS (Gibco, Thermo Fisher) and
dissolved using 10pl 0.05% trypsin (Gibco, Thermo Fisher) in 2ml HBSS for 10min at 37°C.
Tissue was moved into a solution containing Hibernate E, 0.4% bovine serum albumin
(BSA) (Sigma) and 100pg/ml DNase (Sigma). The tissue was disrupted by trituration using
P1000 pipette. Residual tissue was triturated in second solution containing Hibernate E,
0.4% BSA and 20ug/ml DNase. Cell suspension was spun for 10min at 775 RPM. Pellet
with the cells was resuspended in culture media comprising of DMEM with glutamax

(Gibco, Thermo Fisher), 10%FBS (Gibco, Thermo Fisher) and 1% penicillin/streptomysin
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(Gibco, Thermo Fisher). Cells were seeded on a culture flask and maintained in a culture
incubator on 37°C and 5% CO». Cultivation media was changed twice a week until
confluency of the culture was reached, which happened approximately after a week after
seeding. Next, the cells were shaken overnight at 260 RPM and 37°C. Medium contained
non-astrocytic cells and was removed, while adherent astrocytes were passaged using 0.05%
trypsin. The shaking was repeated once confluency of the culture was reached once again.
The astrocytes seeded after the second shaking were used for experiments. The experiments
were conducted on cells transfected with PHLDAZ3- green fluorescent protein (GFP)
construct, CMV-empty or GFP-only plasmid controls and non-transfected controls.
Transfections were done using Lipofectamine 2000 (Thermo Fisher) according to the

manufacturer’s instructions.

3.2.2.1. Transfection survival assay

Astrocytes plated onto glass coverslips coated with poly-L-ornithine (Sigma) were
transfected using Lipofectamine 2000 (Thermo Fisher) according to manufacturer’s
instructions. To evaluate the toxicity of the transfection, several ratios of lipofectamine and
plasmid DNA were tested. Lipofectamine volumes that were tested were 0.5ul, 1ul, 2pul and
3ul, whereas the analyzed amounts of PHLDA3-GFP and empty GFP plasmids were 0.5ug
and lpg per well in a 24 well plate. The plasmid DNA and lipofectamine mixtures were
added to astrocyte cultures and incubated overnight. 48h after transfection, the cells were
fixed using 4% paraformaldehyde (PFA) in 0.1M PBS (pH 7.4). Transfected astrocytes were
analyzed using immunocytochemistry. DAPI stained nuclei of the surviving cells were

counted using Cell Counter plugin in Fiji (Schindelin et al., 2012).

3.2.2.2. LDH-Cytotoxicity Assay

To assess the cytotoxicity of PHLDA3 overexpression in WT astrocytes, lactate
dehydrogenase (LDH) activity was measured in transfected cells using LDH-Cytotoxicity
Assay Kit II (Abcam). LDH is present in all eukaryotic cells and is released upon
cytoplasmic membrane disruption, which is why its activity is widely used as a marker of
cytotoxicity. Astrocytes plated on a 96 well plate transfected with PHLDA3 or CMV
controls were incubated for 24h with culture medium, after which LDH activity present in

the media was measured according to manufacturer’s instructions.
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3.2.2.3. H>O: assay

To evaluate oxidative stress in astrocytes overexpressing PHLDA3, H>O»
concentration was measured in culture medium using ROS-Glo™ H2 O2 Assay kit
(Promega). H>O» is a convenient compound to analyze, as it's the most stable. type of ROS.
H>0» levels were measured in astrocyte culture medium according to manufacturer’s
protocol. Additionally, to PHLDA3 and CMV transfected astrocytes, positive controls of
both groups were investigated. Positive controls were treated with 400nM thapsigargin

(Sigma) for 5h prior HO» measurement.

3.2.3. MN culture

The protocol was based on previously published protocol by (Graber and Harris,
2013). Spinal cords of E13.5-E14.5 embryonic C57BL/6J] WT mice were dissected in
Hibernate-E medium (Gibco, Thermo Fisher) on ice. The tissue was rinsed with Iml of
HBSS (Gibco, Thermo Fisher) twice and digested in Neuron Isolation Enzyme (Thermo
Scientific™ Pierce). Enzyme was removed and the tissue was disrupted by trituration in
700ul Hibernate E, 100ul FBS, 100ul 4% BSA (Sigma), 100ul DNase (Sigma) and then
again in 900pl Hibernate E, 100ul BSA and 20ul DNase. The cell suspension was
centrifugated at 1700rpm for 15min at 4°C on top of Iml of 20% Percoll (Sigma), diluted in
L-15 medium (Gibco, Thermo Fisher). The pellet containing enriched population of MNs
was resuspended in 1ml Hibernate E and centrifugated again at 1400rpm for 5 min at 4°C.
The pellet was resuspended in cultivation medium containing 1x N21 (R&D Systems), 1x
SATO (Sigma), Sug/ml insulin (Sigma),ImM sodium pyruvate (Gibco, Thermo Fisher),
2mM Glutamax (Gibco, Thermo Fisher), 40ng/ml T3 (Sigma), lug/ml laminin (Gibco,
Thermo Fisher), 2.2ug/ml 3-isobutyl-1-methylxanthine (Sigma), 417ng/ml forskolin
(Sigma), Sug/ml N-Acetyl-L-cysteine (Sigma), 1% Penicillin-Streptomycin (Gibco, Thermo
Fisher), 10ng/ml BDNF (Sigma), 10ng/ml Ciliary Neurotrophic Factor (Peprotech) and
10ng/ml GDNF (Peprotech). Cells were counted and plated on poly-L-ornithine (Sigma) and
laminin (Sigma) coated glass coverslips in a density of 150 000 cells per well of the 24-well

plate.

The cultures were treated with neuronal culture medium conditioned in astrocyte
cultures. The conditioned medium was added to the culture of MNs after third day in vitro

(DIV). Cultures were treated again at DIV6 with fresh conditioned medium. Cultures at
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DIV3, DIV6 and DIV9 were fixed using 4%PFA, stained and analyzed. Three replicate

cultures were treated with the conditioned medium.

3.2.4. Culture of spinal cord neurons

The method for producing mature spinal cord neurons was created based on
previously described spinal cord culture methods (Thomson et al., 2008), cortical and
hippocampal neurons (Barbati et al., 2013; Koseki et al., 2017; Petrova et al., 2020), with
adjustments. Spinal cords of E13.5-E14.5 embryonic C57BL/6J WT mice were dissected in
Hibernate-E medium (Gibco, Thermo Fisher) on ice. The tissue was rinsed with 1ml of
HBSS (Gibco, Thermo Fisher) twice and digested in Neuron Isolation Enzyme (Thermo
Scientific™ Pierce). 30ul of enzyme was added per 1 spinal cord and incubated for 9min at
37°C. After incubation, enzyme was removed, and tissue was transferred to disruption
medium 1 (DM1) (Tab. 2). Tissue was disrupted in this solution by trituration with P1000
tip. The suspension was removed and remaining tissue was triturated again in disruption
medium 2 (DM2) (Tab. 2). Tissue suspension was pressed through polished Pasteur pipette
onto a 40um cell strainer. Plating medium (PM) (Tab. 2) was added to the strained cell
suspension in 1:1 ratio. The solution was centrifuged 5min at 90g at 37°C. Pellet was
resuspended in in 2ml of PM. Cells were counted and plated on glass coverslips 100ug/ml
poly-D-lysine (Thermo Fisher) prepared with pH 8.6 borate buffer. To visualize autophagic
flux in axons, cells from autophagy reporter mice were mixed with their WT littermates in
1/100 ratio. The cells were placed either in a 24-well plate on 12mm borosilicate glass
coverslips (Karl Hecht), or 10-well CELLview™ Cell Culture Slides with glass-bottom
(Greiner). The ideal plating density of dissociated cells in the culture was approximately
93,000 cells/cm?. 1h after plating, cultivation medium (CM) was added to the PM in 1:1
proportion. Culture was maintained by replacing '4 of old media for fresh CM. In order to

limit glia proliferation, ITS+ supplement was omitted in CM after first 7 DIV.
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Tab. 2 Media used for preparation and maintenance of culture of spinal cord neurons.

Medium Composition

Hibernate-E (Gibco, Thermo Fisher),

Disruption medium 1
1sruption MeGm £ g0 BSA (Sigma-Aldrich)

(DM1) 100pg/ml DNase (Sigma-Aldrich)
Disruption medium 2 Hibernate-E,
DM2 0.4% BSA
( ) 20 pg/ml DNase
50% DMEM, low glucose (Gibco, Thermo Fisher)
Plating medium (PM) 25% Horse serum (Gibco, Thermo Fisher)

25% HBSS without Ca*+ or Mg?" (Gibco, Thermo Fisher)
1% Penicillin-Streptomycin (10,000 U/mL) (Gibco, Thermo Fisher)

MACS Neuro Medium (Miltenyi Biotech)
2% NeuroBrew 21 (Miltenyi Biotech)

1% Glutamax (Thermo Fisher)

1% ITS+ (Sigma-Aldrich)

1% Penicillin-Streptomycin

Cultivation medium
(C™M)

3.2.4.1. Transfection of spinal cord neuron culture

The cells were transfected using NeuroMag magnetofection (OZ Biosciences) at
DIV3 with CAG-GFP plasmid. The CM was aspirated, stored, and substituted with 80% of
regular cultivation volume of unsupplemented MACS Neuro Medium (Miltenyi Biotech). A
suitable. amount of DNA plasmid was combined with magnetic beads in OptiMEM medium
(Gibco, Thermo Fisher) and incubated for 15min at room temperature (RT). The amount of
reagents used varied based on the cultivation volume of the specific plate used in experiment.
The ratios were calculated according to an optimized 24-well plate protocol, where 0.2png of
DNA, 0.8ul of magnetic beads, and 100ul of OptiMEM were added per well. OptiMEM
volume correspond to 20% of the regular cultivation volume. Following the incubation, the
mixture was added carefully into wells with cells and unsupplemented medium. Next, the
cultures were incubated on top of a strong magnet which came with NeuroMag Starting Kit
(OZ Biosciences), for 20min at 37°C. The magnet was removed, and culture was incubated
for another 40min, after which original CM was put back to the wells. GFP expression was
visible 24h after transfection. The protocol of transfection was optimized to achieve low-
efficacy transfection so that only a small number of the cells in the culture expressed GFP

This way, the morphology of individual neurons could be observed.
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3.2.4.2. Electrophysiological recordings

The whole-cell patch-clamp technique was implemented to assess the electrical
properties of neurons. Borosilicate glass micropipettes with approximate 10 MQ tip
resistance were made using a P-97 Flaming/Brown micropipette puller (Sutter Instruments).
Pipettes were filled with intracellular solution (130mM KCI, 0.5mM CaCl,, SmM EGTA,
2mM MgCl,, 3mM ATP and 10mM HEPES with pH 7.2). Cells grown on glass coverslips
were placed on the recording chamber, under Axioskop microscope (Zeiss), equipped with
a high-resolution AxioCam HR digital camera (Zeiss) and electronic micromanipulators
(Luigs & Neumann). Electrophysiological recordings were performed on cells perfused with
artificial cerebrospinal fluid (135mM NaCl, ImM MgCl,, 2.7mM KCI, 10mM glucose,
2.5mM CaClp, ImM Na;HPO4 and 10mM HEPES with pH 7.4 and osmolality 312.5 + 2.5
mOsmol/kg). The recordings were performed with a 10 kHz sample frequency and amplified
with an EPC9 amplifier, operated by the PatchMaster software (HEKA Elektronik), and
filtered using a Bessel filter. Resting membrane potential (Em) was measured by switching
the EPC9 amplifier to the current-clamp mode. Raw recordings were analyzed with the
FitMaster software (HEKA Elektronik). Membrane capacitance (Cn) was measured by
applying Lock-in protocol in the PatchMaster software. Input resistance (IR) was measured
from the current charge at 40ms after the onset of the 50ms depolarizing pulse from the
holding potential of -70mV to -60mV. To determine the sodium currents (Ina+), neurons were
depolarized, while the current amplitude was recorded at a voltage step with the maximal
current activation. The Na* component was isolated by subtracting the time- and voltage-
independent currents, while the peak value was deemed to be the Ina+. Action potentials were
recorded in the current-clamp mode. The current ranged from 50pA to InA, in 50pA
increments; the pulse interval was 300ms. Cells that emitted at least one AP were considered

capable of generating AP.

3.3. Western blot
Four types of protein samples in three different experiments were analyzed using western

blot method:

e Experiment 1: Rats after SCI and treatment were sacrificed; spinal cords were rapidly
dissected and stored at —80 °C until protein isolation. Spinal cord portions (~1 cm) around
the lesion were cut and disrupted in RIPA buffer (50 mM Tris (pH 8), 1% Triton X-100,

150 mM NaCl, 1 mM EDTA, sodium dodecyl sulfate, 0.5% sodium deoxycholate, 0.1%,
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a protease inhibitor (PhosphoSTOP™ EASYpack, Roche, Sigma), and phosphatase
inhibitor (cOmplete™ Protease Inhibitor Cocktail, Roche, Sigma). Homogenates were
incubated on ice for 30 min and vortexed every 5 min. Next, samples were sonicated in
three pulses for 10s and vortexed once more and centrifuged at 14,000 g at 4 -C for 15
min. Supernatant contained the protein suspension and was used for further analysis.

e Experiment 2: Tg SOD1%A rats were sacrificed after end-stage of the disease was
exhibited. Spinal cords (L1-L6) and muscles (quadriceps femoris) were rapidly dissected
and stored at —80 °C until protein isolation. Spinal cord proteins were isolated using
AllPrep DNA/RNA/Protein Mini Kit (Hilde) following the manufacturer’s instructions.
Muscle proteins were homogenized in RIPA buffer with handheld rotor-stator
homogenizer. Next, homogenates were handled following the same procedure as
described in experiment 1.

o Experiment 3: Cultured astrocytes 48h after transfection, were treated with RIPA buffer
and scraped from the plate surface using cell scraper. The lysates were collected,

centrifuged at 12 000RPM at 4°C, after which pellets were discarded.

Concentration of proteins in samples obtained using described methods were measured
using BCA assay (Pierce). 30pg of proteins were separated by electrophoresis on a 4-15%
Mini-PROTEAN® TGX™ Precast Protein Gels, or Stain-free gels (Bio-Rad). After
electrophoresis, if stain-free gel was used, it was put under 302 nm UV lamp to activate
fluorescence of proteins in the gel and to capture an image of total protein content using
Azure Biosystems c400. Then, proteins from gel were transferred to a PVDF membrane
(Life Technologies) following standard protocols for wet transfer. Membranes containing
fluorescent proteins from Stain-free gels were imaged to capture total protein contents. Next,
membranes were incubated in either 5% dried milk (Cell Signaling), or 5% BSA (Sigma) in
Tris-buffered saline/Tween-20 (TBST), overnight, based on antibody requirements. Then,
primary antibodies were incubated with the membranes in the same blocking solution
overnight 4°C with light shaking. Membranes were washed three times in TBST for Smin,
after which 2h incubation with secondary antibody in TBST followed. Dilutions and other
information about used antibodies are listed in Tab. 3. Secondary antibodies were discarded
by washing the membranes three times in TBST for Smin. Horseradish peroxidase (HRP)
conjugated secondary antibodies were visualized by activating chemiluminescence using
ClarityTM Western ECL Substrate (Bio-Rad) and imaged using Azure Biosystems c400.

Signal quantification was performed using Fiji software.
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Tab. 3 Antibody specifications used for western blot analysis
Primary antibodies

Immunogen Cat. # Dilution Manufacturer
Beclin-1 ab207612 1/2000 Abcam

elF2a 9722 1/1000 Cell signaling

p- elF2a 9721 1/1000 Cell signaling

p- Akt 4060 1/2000 Cell signaling
PHLDA3 LS-C385473 1/500 LSBio

B-actin A2228 1/1000 Sigma

Akt 9272 1/1000 Cell signaling
Akt 4691S 1/1000 Cell signaling
4E-BP1 9644 1/1000 Cell Signaling
p-4E-BP1 2855 1/1000 Cell Signaling
LC3b ab192890 1/2000 Abcam

LC3b 2775 1/1000 Cell Signaling
NAR ab10096 1/1000 Abcam
Synaptophysin ab32127 1/1000 Abcam

p62 ab56416 1/1000 Abcam

ChAT AB144p 1/1000 Milipore
Secondary antibodies

Immunogen Cat. # Dilution Manufacturer
Mouse IgG (H+L) 115-035-003 1/10000 J.ImmunoResearch
Rabbit IgG (H+L) 111-035-003 1/10000 J.ImmunoResearch
Goat IgG (H+L) 31402 1/20000 Thermo Scientific

3.4. Cytokine measurement

Inflammatory and anti-inflammatory cytokine production was assessed in spinal cord
tissue and blood of rats after SCI and subsequent treatment as defined previously (Machova
Urdzikova et al., 2014). A customized Milliplex inflammatory cytokine immunoassay kit
(Millipore, Burlington, MA, USA) was used according to the manufacturer’s instructions.
Custom kit contained beads coated with primary antibodies against interleukin (IL)-10, IL-
6, IL-1p, IL-2, IL-4, VEGF, IL-12p 70, regulated on activation, normal T cell expressed and
secreted (RANTES), TNF-a, and MIP-1a. The assay is based on the attachment of beaded
primary antibodies to the sample, washing off unbound antibodies and adding another batch
of biotinylated primary antibodies. Streptavidin-R-Phycoerythrin (Life Technologies) is
then used to attach to biotin and produce fluorescent signal, which is measured on Luminex

200™ System (Luminex) and analyzed with Magpix instrumentation software.
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3.5. Immunohistochemistry
Animals were euthanized using transcardial perfusion with 4% PFA in PBS. Spinal

column was extracted and incubated in 4% PFA overnight for fixation and then in a sucrose

gradient (10-30% in 0.2M PBS) or embedded in paraffin.

For experiment 1, the spinal cords tissue 1 cm rostrally and caudally from the injury
site were sectioned. Tissue was embedded in paraffin and sliced into 5 um thick transversal
sections. Paraffin sections from the lesion core 1mm apart from each other were processed
using standard immunohistochemistry (IHC) protocols and stained with primary antibodies,
which were detected with secondary antibodies, specified in Tab. 4. Detection of biotinylated
antibodies was performed using a VECTASTAIN® ABC Kit (Vector Laboratories).

Hematoxylin staining was used to stain and visualize the nuclei.

For experiment 2, frozen spinal cord (L1-L6) and muscles (quadriceps femoris)
tissue was sliced transversally into 20pum sections. Blocking of the sections was performed
in 3% goat serum and 3% bovine serum albumin in TBST buffer for 2h. After the sections
were incubated with primary antibodies at 4°C overnight, followed by 2h incubation with
secondary antibodies and DAPI for 5-10 min at room temperature. Antibody specifications
are listed in Tab. 4. To identify apoptotic cells, terminal deoxynucleotidyltransferase
(TdT)-mediated dUTP biotin nick-end labeling (TUNEL) assay (ApopTag® Red In Situ
Apoptosis Detection Kit, Millipore) was performed according to the manufacturer’s

recommendations.

Tab. 4 Antibody specifications used in immunohistochemistry experiments

Primary antibodies

Immunogen Cat. # Dilution Manufacturer

GAP43 sc-7457, 1/500 Santa Cruz

ChAT AB144P 1/100 Millipore

LC3b 2775 1/100 Cell signaling

NeuN MAB377  1/100 Millipore

p-S6 4858 1/150 Cell signaling

o-Bungarotoxin* B13423 1/500 Thermo Fisher

Secondary antibodies

Immunogen Cat. # Conjugation Dilution = Manufacturer
Goat IgG (H+L) A-11055 Alexa Fluor 488 1/200 Thermo Fisher
Goat IgG (H+L) A-11058 Alexa Fluor 594 1/200 Thermo Fisher
Mouse IgG (H+L) A-11029 Alexa Fluor 488 1/200 Thermo Fisher
Rabbit IgG (H+L) BA-1000  biotin 1/400 Thermo Fisher

* not an immunogen for a primary antibody, it’s a peptide extracted from Bungarus multicinctus
venom, conjugated with Alexa Fluor 594
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3.6. Immunocytochemistry

Fixation of the cultured cells was performed by 15min incubation in 4% PFA in PBS

at room temperature, washed two times, and kept in PBS at 4°C. Permeabilization and

blocking was done by incubating the fixed cells in 10% donkey or goat serum (depending

on type of secondary antibodies used) and 0.4% Triton-X in PBS for 1h at room temperature

with gentle shaking. Primary antibodies, diluted in 2% goat serum and 0.1% Triton-X in

PBS were incubated with the cells overnight at 4°C with light shaking. Secondary antibodies

were diluted in the same solution and incubated with washed cells for 1h at room

temperature. Information about used antibodies is provided in Tab. 5. Next, nuclei were

stained using DAPI diluted at 1/3,000 in PBS. Coverslips were mounted on microscope

slides after washing.

Tab. 5 Antibody specifications used in immunocytochemistry experiments

Primary antibodies

Immunogen Cat. # Dilution = Manufacturer

ChAT AB144P 1/100 Millipore

Chx10 sc-365519 1/100 Santa Cruz

Doublecortin sc-271390 1/200 Santa Cruz

GDNFR al ab8026 1/100 Abcam

Gephyrin 147 111 1/500 Synaptic systems

GFAP ab4674 1/500 Abcam

GFP A10262 1/1,000 Thermo Fisher

Homer 1 160 003 1/500 Synaptic systems

Lbx1 1/10,000  Prof. Dr. Carmen Birchmeier-Kohler lab
Lmx1b (guinea pig) 1/10,000  Prof. Dr. Carmen Birchmeier-Kohler lab
Lmx1b (rabbit) 1/10,000  Prof. Dr. Carmen Birchmeier-Kohler lab
Neurofilament 70 kDa MABI1615 1/400 Sigma-Aldrich

Parvalbumin 195 002 1/500 Synaptic systems

PAX2 71-6000 1/200 Thermo Fisher

PHLDA3 LS-C385473 1/150 LSBio

PKCy sc-166385 1/100 Santa Cruz

p-S6 4858 1/150 Cell signaling

TIx3 (guinea pig) 1/20,000  Prof. Dr. Carmen Birchmeier-Kohler lab
TIx3 (rabbit) 1/10000 Prof. Dr. Carmen Birchmeier-Kohler lab
VGAT 131 008 1/500 Synaptic systems

VGLUT 1 135011 1/500 Synaptic systems

WFA L1516 1/500 Sigma-Aldrich

BIII tubulin ab78078 1/1000 Abcam

BIII tubulin ab68193 1/1200 Abcam

Secondary antibodies

Immunogen Cat. # Conjugation Dilution Manufacturer
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Chicken IgY A-11039 Alexa Fluor 488  1/200 Thermo Fisher

Guinea Pig IgG (H+L) A-11074 Alexa Fluor 546  1/200 Thermo Fisher
Mouse IgG (H+L) A-21052 Alexa Fluor 633  1/200 Thermo Fisher
Mouse IgG (H+L) A-11032 Alexa Fluor 594  1/200 Thermo Fisher
Mouse IgG (H+L) A-11001 Alexa Fluor 488  1/200 Thermo Fisher
Rabbit IgG (H+L) A-11012 Alexa Fluor 594  1/200 Thermo Fisher
Rabbit IgG (H+L) A-11035 Alexa Fluor 546  1/200 Thermo Fisher
Rabbit IgG (H+L) A-11034 Alexa Fluor 488  1/200 Thermo Fisher
Rabbit IgG (H+L) A-31556 Alexa Fluor 405 1/200 Thermo Fisher

3.7. Microscopy and image analysis

Whole spinal cord sections were imaged on a LEICA CTR 6500 microscope with
FAXS 4.2.6245.1020 (TissueGnostics) software. Analysis of the number of p-S6- or LC3b-
positive cells per mm2 and number TUNEL stained neurons (identified with NeuN) was
performed using HistoQuest 4.0.4.0154 (TissueGnostics) software. Growth-associated

protein 43 (GAP43) and lesion size analysis was performed using Fiji software.

Live cultures of spinal cord neurons were captured in brightfield mode on a Zeiss Axio

Vert.Al inverted microscope with AxioCam ERc 5s camera.

Fluorescence microscopy images of the cell cultures was performed on a LEICA CTR
6500 microscope. Analysis of spinal cord culture composition was performed by counting
DAPI+ nuclei and BII-tubulin (BIIIt) -positive cells using Fiji software. Analysis of
doublecortin (DBC) and neurofilament 70kDa (NF70) expression was done by determining
average gray value of captured signal in five random regions on the coverslip and subtracting
the average value of background of every image in Fiji software. GFP-transfected neurons
were used for morphology analysis using Fiji SNT plugin (Arshadi et al., 2020). Analyzed
morphological properties were: number of branches, average length of branches, cable
length, number of axonal branch points, axonal length, length of axonal branches, number

of dendrites, cable length of dendrites and average dendrite length.

Confocal images were taken on a Zeiss LSM 880 Airyscan microscope. Confocal
images were used for analysis of presynaptic and postsynaptic marker colocalization.
Random regions of the coverslip were captured in a Z-stack mode with 0.5pum thickness. Z-
stacks were processed in ZEN 3.1 (blue edition) (Carl Zeiss Microscopy GmbH). Maximum
frontal projections were analyzed with Puncta Analyzer v2.0, a Fiji plugin written by Bary
Wark (available at https:/github.com/physion/puncta-analyzer), which automatically
counted individual and colocalized synaptic puncta.
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3.8. Laser axotomy

Cells cultivated on Greiner Bio-One CELLview™ Cell Culture Slides were
transfected at DIV3 with GFP plasmid to visualize the morphology of individual cells.
Axons were distinguished by morphologic standards established by Kaech and Banker
(2006). Carl Zeiss AxioObserver.Z1 microscope with confocal module LSM 880 NLO and
objective LD LCI Plan-Apochromat 25x/0.8 Imm Corr DIC M27 was used to image multiple
cells before axotomy (axon cutting). Axotomy was performed by scanning a 3.4um line
transversally, in line-scan mode 100-200 times. Ti: Sapphire femtosecond laser Chameleon
Ultra II (Coherent), set at 900nm and 80-100% laser power was used to cut the axons. Axons
were cut approximately 250um (253.8 +/- 75.160um) from the cell body. After, an image
every 30min for 14h following axotomy was recorded. Images and videos were analyzed

using ZEN 3.1 (blue edition) and Fiji.

3.9. Autophagy flux tracing

To trace autophagic flux in axons, spinal cord culture with 1% LC3-RFP-GFP autophagy
reporter cells was prepared. These reporter cells were isolated from CAG-RFP-EGFP-LC3
mouse embryos, which express LC3 protein tagged with red fluorescent protein (RFP) and
GFP, resulting in yellow signal, if the AP is not merged with lysosome. After merging with
lysosome, the pH of the vesicle drops, leading to quenching of GFP, leaving only RFP signal.
Cells were plated Greiner Bio-One CELLview™ Cell Culture Slides and observed under
Olympus SpinSR10 spinning disk confocal microscope. Individual axons of reporter
neurons in different maturation states were recorded for 122s in 1s intervals. DIV22-23 cells
were treated with 10ng/ml of RAPA (Chem-Science). Videos were analyzed in Fiji, using
Multi Kymograph analysis. Static and moving red and green channel vesicles were counted

manually in the kymographs.

3.10. Statistics

Statistical analyses were conducted on Sigmastat 3.1 (Systat Software Inc) or
GraphPad 9 (Prism) software. Statistical differences between groups were determined using
Mann Whitney test, one-way or two-way ANOVA, followed by Tukey's multiple
comparisons or Newman-Keuls post hoc tests. Kaplan-Meier method was applied to measure

the survival rate differences in ALS animals. Graphs were plotted using GraphPad 9 software
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as means + standard error of the mean (SEM). Statistically significant differences were

marked as *p<0.05, **p<0.01, *** p<0.001.
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4. RESULTS

4.1. Treatment of acute SCI with mTOR pathway inhibitors rapamycin or
pp242

The main goal of this study was to compare the effects of RAPA and pp242 treatment
in acute SCI. The inhibition of the mTOR pathway was evaluated by measuring the levels
of the pathway effectors in the spinal cord tissue. To assess the mechanisms that mTOR
inhibition affected after SCI, autophagy levels and inflammatory cytokine levels were
analyzed. Finally, the effect of RAPA and pp242 treatment on structural and functional
recovery was analyzed. The results from this section are included in a publication
“Involvement of mTOR Pathways in Recovery from Spinal Cord Injury by Modulation of
Autophagy and Immune Response” (Vargova et al., 2021). The results are summarized in

Tab. 6.

Tab. 6 Summarization of Experiment 1 results. Arrows 1 and | mark upregulation or downregulation
of measured responses in animals treated with rapamycin or pp242 compared to vehicle controls.
Symbol = marks no effect, ? marks unclear result.

Rapamycin  pp242

p-Akt 1 =
Observed results in
) ) p-4E-BP1 !
mTOR signaling

p-s6 ! !

Autophagy 1 1

Physiological Inflammation l 11?

responses Structural recovery ™ )
Functional recovery i )

4.1.1. Effect of RAPA and pp242 treatment of SCI on the mTOR Pathway
Phosphorylation levels of downstream effectors of mTORC1 and mTORC2 were
assessed in injured spinal cords treated with RAPA and pp242 using western blot analysis
(Fig. 7A-F). Relative band intensities of detected proteins were normalized to total protein
content of stain-free gels. Normalized intensities of bands of phosphorylated and non-
phosphorylated forms of Akt and 4E-BP1 were divided to evaluate the phosphorylation rate
of these proteins. One-way ANOVA analysis, followed by Student-Newman—Keuls post hoc

test revealed, that the highest phosphorylation of Akt (Ser473) was present in RAPA-treated
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spinal cord tissue. Significantly lower phosphorylation of Akt was observed in animals
treated with pp242 (p = 0.031) and vehicle (p = 0.043) (Fig. 7C). p-Akt expression was also
lower in pp242 compared to vehicle control group, but this difference was not statistically
significant. p-Akt levels in non-lesioned spinal cord tissue were lower compared to injured
tissue (p < 0.001). Phosphorylation rate of 4E-BP1 was also the highest in RAPA-treated
group compared to all other groups (Fig. 7F). p-4E-BP1 levels were lower in pp242 treated
group compared to vehicle-treated controls (p = 0.002). Healthy spinal cord tissue had a
lower phosphorylation rate of 4E-BP1compared to vehicle-treated group (p = 0.001).

Phosphorylation of protein S6 is commonly used to assess the activity of mMTORCI, as
it’s a product of S6K 1 activity, a kinase activated by mTORC1 (Jhanwar-Uniyal et al., 2017).
IHC was chosen to examine p-S6 levels in injured spinal cords treated with mTOR inhibitors
(Fig. 7G-J). The number of p-S6 positive cells per area was counted in five spinal cord
sections from the center of the lesion. The highest number of p-S6+ cells was present in
vehicle-treated controls, while no significant differences were found between RAPA and

pp242-treated groups.

4.1.2. Autophagy is enhanced by RAPA or pp242 inhibition of mTOR pathway in SCI

Regulation of autophagy in spinal cord tissue after SCI and treatment was
investigated using western blot and IHC analysis of LC3b levels (Fig. 8). Upregulation of
LC3b-II after SCI in all groups compared to healthy controls was observed by western blot
analysis and subsequent one-way ANOVA with Student-Newman—Keuls post hoc test (p <
0.001) (Fig. 8 A-C). RAPA and pp242 treatments caused significant decrease in LC3b-II
compared to vehicle-treated rats (p = 0.002 and p < 0.001 respectively). No differences in
LC3b-II levels between RAPA- and pp242-treated groups were observed (p = 0.228). IHC
analysis of the spinal cord lesion core confirmed the results from western blot analysis (Fig.
8 D-G) The number of LC3b+ cells per tissue area was found to be lower in RAPA- or
pp242-treated rats, compared to vehicle-treated controls (p=0.0254 and p<0.001
respectively). Although there was a trend of decrease of LC3b+ cells in pp242 group
compared to RAPA group, this difference was not significant (p = 0.0513). Together these
results indicate, that autophagy is upregulated after SCI and that RAPA and pp242 treatment

cause further activation of this pathway, in a similar manner.
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Fig. 7 RAPA or pp242 inhibition of mTOR pathway after SCI analyzed by western blot of proteins

isolated near the lesion site (A—F). Immunoblots of treated and control groups are demonstrated for
each evaluated protein (A, D). Total protein content was visualized using stain-free technology (B,
E) and used as a control for uniform protein loading and normalization of relative band intensities
during analysis. Presented total protein stains match the sample lanes in panels with representative
blots of individual proteins. Normalized phosphorylated forms of protein band intensities were
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divided by intensities of corresponding non-phosphorylated proteins to quantify the phosphorylation
levels. The ratio of p-Akt/Akt was significantly higher in all groups after SCI compared to uninjured
group (A-C). RAPA treatment led to increase in p-Akt/Akt ratio (C). Similarly, p-4E-BP1/4E-BP1
ratio was significantly higher in all groups after SCI compared to uninjured group (D-F). RAPA
treatment initiated an increase, while pp242 led to decrease of 4E-BP1 phosphorylation (F). Activity
of mTOR pathway was also investigated by immunocytochemistry, by analyzing the number of p-
S6 positive cells in spinal cord sections in the proximity of the lesion (G-J). Both pp242- (I) and
RAPA- (H) treated SCI caused a similar level of p-S6 decrease (J) compared to vehicle controls (G).
Scale bars: 500pum; arrows are pointing to examples of DAB-stained pS6+ cells in G.1, H.1, and 1.1
images, which are 1:4 magnifications of corresponding areas of the spinal cord sections. Data on
graphs are displayed as means SEM; *p<0.05, ** p<0.01, ***p<0.001.
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Fig. 8 Inhibition of mTOR pathway by RAPA and pp242 induces autophagy in SCI. Representative
protein blots of LC3b-II are shown in panel A. Total protein contents, visualized by stain-free
technology were used for blot normalization. Total protein lanes (B) are corresponding to the protein
blots shown in A. Autophagy upregulation was confirmed in all injured spinal cords (C).
Additionally, upregulation of autophagy in both RAPA and pp242 groups was observed, compared
to vehicle controls. Immunohistochemical analysis of LC3b+ cells was performed in spinal cords
treated with vehicle (D), RAPA (E) and pp242 (F). Similar to western blot results, image analysis
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results have shown that RAPA and pp242 treatment cause activation on autophagy after SCI (G).
Scale bars: 500pm; arrows are pointing to examples of DAB-stained LC3b+ cells in D.1, E.1, and
F.1 images, which are 1:4 magnifications of corresponding areas of the spinal cord sections. Data on
graphs are displayed as means SEM; *p<0.05, ** p<0.01, ***p<0.001.

4.1.3. Inhibition of mTOR Pathway by RAPA or pp242 modifies cytokine release in

SCI

To analyze inflammatory response in rats treated after SCI, concentrations of
multiple cytokines in serum and spinal cord tissue were measured. Custom Milliplex
inflammatory cytokine immunoassay kit enabled detection of IL-1, IL-2, IL-4, IL-6, IL-10,
IL-12 p70, VEGF, TNF-a, RANTES, and MIP-1a (Fig. 9). Differences between some levels
of cytokines were found between RAPA-, pp242- and vehicle-treated groups in both spinal
cord tissue (Fig. 9A) and serum (Fig. 9B) by analyzing the raw data using one-way ANOVA
with Student-Newman—Keuls post hoc test. The RAPA-treated animals had lower content of
IL-1 (p=0.026), IL-6 (p=0.027) and IL2 (p=0.002) in spinal cord tissue compared to pp242
group, whereas concentrations of MIP-1a (p<0.001) and IL-1 (p = 0.044) and were reduced
compared to the controls. Spinal cord tissue of pp242-treated rats had significant
upregulation of IL-2 (p=0.003) and downregulation of MIP-1 (p=0.003) compared to
controls. Systematic cytokine levels were measured in serum, where it was discovered, that
both RAPA and pp242 treatments caused significant reduction of IL-1 (p=0.019 and
p=0.03), IL-10 (p=0.048 and p=0.02) and MIP-1a (p<0.001 and p<0.001), compared to
vehicle-treated control group. These changes were different compared to spinal cord tissue
changes. Additionally, IL-2 concentration in serum was higher in pp242-treated group,

compared to vehicle-treated rats (p = 0.046).

4.1.4. Suppression of mMTOR induces the structural and functional recovery in SCI

GAP43 staining was used to investigate axonal sprouting in spinal cord sections (Fig.
10). GAP43 signal was present in form of puncta, due to short interval of recovery after SCI.
GAP43+ green puncta were visible against yellow background after the sections were
captured in both red and green fluorescence filter to exclude autofluorescence. Both RAPA-
and pp242-treated rats had significantly higher numbers of GAP43+ puncta per section area
(p<0.001 and p=0.032) compared to the control group, assessed by one-way ANOVA with
Student-Newman—Keuls post hoc test. Remarkably, significantly inferior axonal sprouting
was detected in the pp242 group, in comparison to the RAPA group (p=0.016).
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Another assessment of structural recovery of the spinal cord was performed by the
analysis of the lesion size. Lesion size area was quantified in spinal cord slices and divided
by the area of spared tissue (Fig. 10A). The lesion size was found to be larger in control
group equally compared to RAPA- and pp242-treated animals (p < 0.001). These outcomes
indicate that inhibition of the mTOR pathway by RAPA and pp242 alleviates the progress

of secondary injury and, therefore, may induce recovery after SCI.
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Fig. 9 Inhibition of the mTOR pathway by RAPA or pp242 modifies cytokine content in SCL
Investigation of cytokine concentrations in spinal cord tissue (A) and serum (B) after treatment of
SCI. Measured data in treated groups were normalized to the mean concentration of the vehicle-
treated control group for each cytokine. Data on graphs are displayed as means SEM; *p<0.05, **
p<0.01, ***p<0.001.
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Fig. 10 Axonal sprouting analyzed by the number of GAP43+ puncta is enhanced after SCI treated
with RAPA (B), compared to treatment with pp242 (C) and vehicle (A), as visualized in the graph
(D). Scale bars: 500 pm; arrows are pointing to examples of GAP43+ puncta in A.2, B.2, and C.2
images, which are 1:4 magnifications of indicated areas of A.1, B.1, and C.1. A.1, B.1, and C.1 are
1:5 magnifications of areas indicated on corresponding spinal cord sections. Data on graph are
displayed as means SEM; *p<0.05, ** p<0.01, ***p<0.001.

Locomotor recovery after SCI treatment was examined behaviorally, by the BBB
open-field test (Fig. 11B). Improvement in BBB scores was observed in both RAPA and
pp242 groups to a similar extent compared to controls (p = 0.001 and p = 0.002). The
hindlimb movement was very limited to almost not existent in control group seven days after
SCI, when the animals were scored on average 1.45 on 0-20 BBB scale. These scores are
comparable to the scores of animals seven days after same type of injury that were reported
in previous studies (Machova Urdzikova et al., 2015). On the other hand, partial to extensive
movement in the hindlimbs was observed in RAPA- or pp242-treated rats, which received

3.5 and 3.6 average scores on the BBB scale, respectively.
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Fig. 11 Reduction of lesion size and increased locomotor recovery were instigated by mTOR
inhibition in acute SCI. Smaller lesion size (A) was detected in the RAPA- and pp242- treated
animals. Basso, Beattie, and Bresnahan (BBB) scores (B) were significantly higher after the SCI
treatment with RAPA or pp242. Scale bars: 500pum. Data on graphs are displayed as means SEM; **
p<0.01, ***p<0.001.
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4.2. Treatment of ALS in SOD1%%A rats with a repeated intrathecal and
intramuscular application of MSCs

This study aimed to investigate the effects of repeated application of hMSCs into
various locations in rat model of ALS. Therapy was applied three times from the onset of
the disease, 14 days apart to either spinal cord canal (SC), intramuscularly (M) into
quadriceps femoris of both hind limbs, or both locations (SC+M). Whether medium
conditioned with hMSCs is enough to induce therapeutic effect, intrathecal application of
the medium (CondM) was tested. To investigate the mechanism through which hMSCs
influence the course of the disease in ALS rats, autophagy markers were investigated in the
spinal cord tissue. The therapeutic effect of individual hMSC treatments was evaluated in
spinal cord tissue and quadriceps femoris and through observation of animals’ survival. The
results from this section are included in publication “A Combination of Intrathecal and
Intramuscular Application of Human Mesenchymal Stem Cells Partly Reduces the

Activation of Necroptosis in the Spinal Cord of SOD1%34 Rats” (Rehofova et al., 2019).

4.2.1. Intramuscular and intrathecal application of hMSCs moderately alters

autophagy pathway in SOD16%34 rats

Concentrations of autophagy proteins Beclin-1, LC3b, and p62 were measured in
spinal cord tissue (L1-L6) of the treated SOD1%%*A rats using western blot analysis (Fig.
12A-C). Relative intensity of band of housekeeping protein actin was used as loading
control. In the Beclin-1 protein analysis (Fig. 12A), the only statistically significant
difference, assessed by one-way ANOVA followed by Newman-Keuls post hoc test, was
found in SC+M group, where a decrease was discovered, compared to WT controls
(p=0.028). Other treatment groups and WT showed a trend of decrease of Beclin-1 compared
to PBS control group, but this difference was not statistically significant. A significant
increase of LC3b II/LC3Db I ratio was found in M group, compared to WT (p=0.023). Other
treatment groups demonstrated an increased ratio of this autophagy protein turnover
compared to WT rats, but again, this difference was statistically significant only in PBS
control group (p=0.037). No differences in p62 protein contents were found between any

experimental groups (Fig. 12 C).
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Fig. 12 Western blot analysis of autophagy pathway proteins was performed on spinal cord tissue of
SOD19%* rats treated with human mesenchymal stem cells or conditioned medium (CondM). Beclin-
1 expression (A,D) was upregulated in animals that received intrathecal and intramuscular therapy
(SC+M), compared to wild-type controls. LC3BII/LC3BI ratio was greater in rats treated with
intramuscular cell therapy (M), compared to WT controls (B,E). No significant differences between
groups treated with phosphate buffer saline (PBS), WT, SC+M, intrathecal cell therapy (SC), M or
CondM group was found in regards to p62 expression levels (C,F). Graphs are plotted as means +
SEM; statistically significant differences of indicated bars compared to PBS group are marked with
*p<0.05 ; #p<0.05.

4.2.2. hMSCs cell therapy leads to prolonged survival, protection of MNs and
neuromuscular junctions in SOD1¢%3 rats
To examine whether repeated hMSCs cell therapy impacts the course of ALS

progression, the survival rate of SOD19%34

rats was analyzed. All groups treated with hMSCs
survived statistically longer compared to PBS control animals (Fig. 13A), The highest
prolongation of lifespan was present in the SC+M group (217 + 4 days, p<0.001), closely
followed by the SC group (216 = 8 days, p=0.003) and lastly in M group (206 + 6 days,
p=0.027), compared to PBS injected animals (198 + 2 days). Rats injected with conditioned
medium survived on average for 202 + 11 days. The Kaplan—Meier plot (Fig. 13B) was used

to visualize the probability of survival of the individual experimental groups.
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Fig. 13 The repeated treatment with human mesenchymal stem cells (hMSC) prolongs the lifespan
of SOD1 transgenic rats (A). The longest survival was recorded in rats treated with intrathecal and
intramuscular application of stem cells (SC+M), closely followed by intrathecally treated group (SC)
and intramuscularly treated group (M), compared to the control group that received phosphate-
buffered saline (PBS) injection. Animals that received an application of hMSC conditioned medium
(CondM) did not survived longer compared to the controls. Probability of survival after different
treatments was plotted using Kaplan—Meier graph (B). Graphs are plotted as means + SEM; *p<0.05,
** p<0.01, ***p<0.001.

To investigate whether hMSC could prevent the loss of MNs, choline
acetyltransferase (ChAT), a marker of MNs was quantified in the lumbar spinal cord were
quantified using IHC and western blot analysis. Significantly higher levels of ChAT were
detected in WT animals and animals treated with the combination of intramuscular and
intrathecal cell therapy, compared to PBS control group (Fig. 14A). Significantly higher
ChAT levels were measured in WT spinal cords, compared to all types of therapy groups,
except for SC+M group. The SC+M group also had significantly higher ChAT content
compared to the M group. IHC analysis confirmed the ChAT western blot results (Fig. 14B,
D). The number of ChAT+ cells was statistically higher in both WT and SC+M spinal

65



[N]

Relative protein level (A.U.)

TUNEL-positive cells (%)

v, N 24 |
SSNAS0 pm

n
—

E

, TUNEL, DAPI

Fig. 14 Survival of motor neurons was evaluated in spinal cords of SOD 1% rats treated with human
mesenchymal stem cells (hMSC). Choline acetyltransferase (Chat), a marker of motor neurons was
evaluated in spinal cord tissue using western blot analysis (A). Wild-type (WT) rats had higher
content of Chat, compared to rats treated with intrathecal (SC), intramuscular (M) cell therapy, as
well as compared to rats treated with conditioned medium (CondM) or phosphate-buffered saline
(PBS). Combination of intrahecal and intramuscular cell therapy (SC+M) led to higher preservation
of Chat levels, compared to PBS controls and M group. Immunohistochemistry analysis of Chat (B,
D) confirmed that SC+M group retained the highest number of motor neurons compared to other
treatment groups. Apoptotic neurons in the ventral spinal cord were counted by NeuN and TUNEL
colocalization (C, E). The lowest number of apoptotic neurons was observed in spinal cords of SC+M
and SC treatment groups. Graphs are plotted as means + SEM; statistical comparisons of indicated
bars compared to PBS group are marked as *p<0.05, ** p<0.01, ***p<0.001; other indicated
comparisons indicate statistical significance as follows: # p<0.05, ## p<0.01, ### p<0.001.
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cords, compared to PBS controls (p<0.001 and p=0.029 respectively). WT spinal cords had
significantly more ChAT+ cells compared to all SOD1%%34 spinal cords. SC+M experimental
group retained significantly more ChAT+ cells in spinal cords compared to SC and M groups
(p=0.03 and p=0.015, respectively). TUNEL assay was used to detect apoptotic cells in
ventral horn neurons, stained by NeuN (Fig. 14C, E). Quantification of this staining revealed
that WT rats had significantly lower apoptotic neurons in the ventral horns of the spinal cord,
compared to all SOD19%A rats. Application of hMSC intrathecally, or both intrathecally and
intramuscularly led to a significant decrease of TUNEL positive number of neurons that

were present in the ventral spinal cords of SOD19%34

rats, compared to controls treated with
PBS (p<0.001 and p<0.001), or animals treated intramuscularly (p<0.001 and p<0.001), or

with conditioned medium (p=0.027 and p<0.001).

Next, preservation of neuromuscular junction (NMJ) in quadriceps femoris was
evaluated. Western blot analysis of the muscle tissue was performed, detecting contents of
synaptophysin (Syn) (Fig. 15A-C), a presynaptic vesicle protein and nicotinic acetylcholine
receptor a-7 (NAR) (Fig. 15D-F) a protein located on the membrane of skeletal muscle, that
is vital for neurotransmission and muscle contraction. The proteins bands were normalized
to total protein contents present on membranes, visualized by stain-free technology. The WT
rats, as expected had significantly higher contents of both Syn and NAR compared to all
SOD1%%34 rats (p<0.001). The SC+M treatment group had significantly higher level of Syn
protein, compared to PBS controls (p=0.017) and M group (p=0.035). Other treatments did
not lead to preservation of Syn in the muscle. NAR expression was also highest in the SC+M
treatment group, but the difference compared to the other experimental groups was not
significant. NMJ were visualized by IHC, by staining the quadriceps femoris with o-
Bungarotoxin, which attaches to a subunit of the NAR, and with an antibody against Syn
(Fig. 15G). In the ALS rats treated with PBS only a very faint signal of Syn was detected. In
the NMJ of SC + M treatment group, Syn signal was clearly visible, indicating that
combination of intrathecal and intramuscular application of hMSCs partially protects against

NMJ degeneration.
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Fig. 15 Analysis of quadriceps femoris neuromuscular junction (NMJ) denervation was performed
by using western blot and IHC analysis of the muscle tissue. The blots were used for detection of
synaptophysin (Syn) (B) and nicotinic acetylcholine receptor a-7 (NAR) (E), after which relative
band intensities were normalized to total protein contents visualized by stain-free technology (C and
F respectively). Western blot revealed, that the NMJ denervation was slightly prevented in SOD19%34
rats treated with intrathecal and intramuscular application (SC+M) of h(MSC (A, D). Wild-type (WT)
rats had significantly higher contents of both Syn and NAR proteins compared to all treatment groups
and controls (PBS). Immunohistochemical staining using a-Bungarotoxin (a-BTX) and antibody
against Syn (G) shows preservation of NMJ in SC+M group (hMSC), while PBS group almost lacked
Syn signal. Scale bars: 20um. Graphs are plotted as means + SEM; statistical comparisons of
indicated bars compared to PBS group are marked as *p<0.05, ***p<0.001; other indicated
comparisons indicate statistical significance as follows: # p<0.05, ## p<0.01, ### p<0.001.
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4.3. Studying the effect of PHLDA3 overexpression in astrocytes

In this study, a role of a novel protein, PHLDA3 found to be upregulated in ALS
astrocytes, was investigated in WT primary astrocyte cultures. After overexpressing the
protein in WT astrocytes, their viability, presence of oxidative stress and ER stress was
investigated. The effect of astrocytes overexpressing PHLDA3 on MNs was tested by

treating cultures of MNs with astrocyte conditioned medium.

4.3.1. PHLDA3 overexpression in WT astrocytes is not cytotoxic, but leads to

upregulation of ER stress

Transfection of WT astrocytes was optimized using multiple concentration ratios of
lipofectamine and DNA. Transfection efficiency and the number of surviving cells was
evaluated after transfecting the cells with a plasmid containing PHLDA3 tagged with GFP
and compared to the cells transfected with a control-GFP plasmid (Fig. 16A). The
transfection efficiencies and cell survival were comparable in both transfection groups. The
best transfection rate with high cell survival was evaluated using 1ul of lipofectamine to

0.5ul of DNA per one well of the standard 24 well plate.

Successful overexpression of PHLDA3 in transfected cells was validated using
western blot (Fig. 16B) and ICC (Fig. 16C) analysis. Significantly higher level of PHLDA3
protein was detected in cell suspension of the astrocytes transfected with PHLDA3-GFP
construct, compared to non-transfected controls (p=0.007) and astrocytes transfected with
CMV-empty plasmid (p=0.014), which had the same structure as the PHLDA3-GFP plasmid
but did not contain any insert. In the ICC analysis, cultures were co-stained for astrocytic
marker glial fibrillary acidic protein (GFAP) and PHLDA3 or GFP and PHLDA3 to validate
the overexpression of PHLDA3 in transfected astrocytes (Fig. 16C). Strong signal of
PHLDA3 or GFP was present only in the PHLDA3-GFP transfected astrocytes, indicating

successful overexpression of the gene.

To investigate the effects of PHLDA3 overexpression in astrocytes, assays
determining LDH activity and H>O> contents were performed, as well as western blot
analysis of its potential downstream effectors (Fig. 17). LDH activity and H>O» levels (Fig.
17A) were not found to be different in cells expressing PHLDA3-GFP compared to cells
transfected with control CMV-empty plasmid. This result indicates that PHLDA3

overexpression is not cytotoxic for WT astrocytes, does not induce production of ROS, or
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interferes with their capacity to deal with oxidative stress. Interestingly, thapsigargin
treatment did not induce higher production of H>O» in either experimental group, indicating

that ER stress induction in astrocytes does not lead to production of ROS.
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Fig. 16 Transfection optimization protocol (A) was performed by comparing surviving cells and
transfection percentages of multiple concentration ratios of lipofectamine (lip) and DNA. Astrocytes
transfected with control-GFP and PHLDA3-GFP plasmids had comparable survival rates and
transfection efficiencies. The optimal transfection reagent ratio was deemed to be 1ul of
lipofectamine to 0.5ul of DNA. Western blot analysis of cell lysates showed upregulation of
pleckstrin homology like domain family A member 3 (PHLDA3) protein in cells transfected with
PHLDA3-GFP construct, compared to non-transfected controls (Ctrl), or CMV-empty control
construct (B). Immunocytochemistry of astrocytic marker, glial fibrillary acidic protein (GFAP) co-
labeled with PHLDA3 demonstrates that PHLDA3 is overexpressed in astrocytes transfected with a
PHLDA3-GFP, but it’s absent in controls (C). Similarly, expression of green fluorescent protein
(GFP) was present only in cells transfected with PHDLA3-GFP construct. Graphs are plotted as
means + SEM; * p<0.05, ** p<0.01.

Phosphorylation levels of elF2a and Akt were investigated using western blot
analysis. Higher levels of p-elF2a, an ER stress marker were found to be present in astrocytes
overexpressing PHDLA3-GFP, compared to non-transfected and cells transfected with

CMV-empty plasmid (p=0.001 and p=0.005) (Fig. 17B). Phosphorylation level of Akt was
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not significantly decreased in PHLDA3
(Fig. 17C).

overexpressing astrocytes, compared to controls

A
15 1.5+
> o0
= 2
B e —7— %““ o]
T 1.0 2 L
g T T
3 2
£ 05 g 057
g E
5 2
=z
o0 ; ; o 3 & > 0
N Q ¥ N \ sl
& C‘;’( O@Q & SOl
) o A7 & F
e & < QO
S > S &
Q":\ (}&
B . p-elF2alelF2a £ &
Q < & <]
& *% C & W F p-Akt/Akt
& & & &
& & @ £
¢ & ¢ ok i 1.5
o- —
p-elF2a Ey e e T
[
'(% 2.0 B-actin | ew. e——— - |
B-actin | s S— = i)
..~} o
% 1.5 T g T
= [}
a = 0.5
elF2a | s — 2 1.0 Akt | — - @
s &
B-actin | L & 0.5+ B-actin | e s —
00 T 1 T
0.0 ‘ ; : @ &
o R & _yﬁ&q of
& & 8 &
\‘_\_\‘ﬁ 0?’_5 &) Q‘?‘\’
(&) N
Q*?*

Fig. 17 Investigation of effects of pleckstrin homology like domain family A member 3 (PHLDA3)
overexpression in astrocytes. Lactate dehydrogenase (LDH) activity and H,O» contents were not
affected by PHLDA3-GFP expression in astrocytes, compared to CMV-empty plasmid expression
(A). Significantly higher phosphorylation level of eukaryotic translation initiation factor 2 a (elF2a)
was found to be present in PHLDA3-GFP transfected astrocytes compared to to non-transfected
controls (Ctrl), or cells transfected with CMV-empty control construct (B). No differences in Akt
phosphorylation levels were found between groups (C). Graphs are plotted as means + SEM; **
p<0.01.

4.3.2. Conditioned medium from astrocytes overexpressing PHLDA3 decreases
survival of MNs
To investigate whether PHLDAS3 overexpression in astrocytes leads to MN damage,
cultures of MNs were treated with astrocyte conditioned medium. Astrocytes transfected
with PHLDA3-GFP, CMV-empty control plasmid, or non-transfected controls were
cultivated in fresh neuronal medium for 24h, producing PHLDA3 astrocyte conditioned
medium (PACM), CMV astrocyte conditioned medium (CACM) and plain astrocyte

conditioned medium (ACM), respectively. The conditioned media were added to MN
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cultures on DIV3 and DIV6 to observe the long-term effect of the treatment. Cultures were
stained for ChAT as a marker of MNs, BIII3-t as a general neuronal marker and DAPI (Fig.
18A). By counting the number of DAPI+ stained nuclei cells, an increase of cell number,
normalized to the number of cells present at DIV3 was detected in all treatment groups, and
between almost all time points, assessed by two-way ANOVA with Turkey’s post hoc test
(Fig. 18B). Slightly higher proliferation of cells was present in cultures treated with ACM,
compared to CACM group at DIV9 (p=0.025). By counting the number of BIII3-t+ cells, no
decrease in the number of neurons in any of the treatment groups was found (Fig. 18C).
Interestingly, the relative number of ChAT+ cells decreased significantly at DIV9 in both
PACM and CACM treated cultures, compared to ACM (p<0.001 and p=0.001 respectively)
(Fig. 18D). PACM treated cultures also showed significantly lower survival of MNs,
compared to CACM treated group (p=0.0489).

Together, these results indicate that transfected astrocytes release certain factors into
their environment that decrease the proliferation of cells in vitro and decrease the survival
rate of MNs specifically. Astrocytes overexpressing PHLDA3-GFP release factors that are
more negatively affecting MN survival in culture, compared to astrocytes transfected with

the control plasmid.

72



| >

™

=

(a]

o

=

(]

@

=2

[a]

. .-
ChAT DAPI
B Cell survival (DAPI+) C Neuronal survival (Bllit+) D Motor neuron survival (ChAT+)
25 15
5 [ ,—l
220 @
g 2, 18 5
215 2 N ACM
B8 B 3 CACM
£ \—, 2 310 x PACM
g 598 = |,
9 0.5 o] g
: st s+ s | & s i
0.0 = = ; i : r . £ 05 i
Div3 Dive DIvo DIV3 DIV6 DIVY &

0.0 T T T
DIV3 DIVE DIV9

Fig. 18 Neuronal cultures with an enriched population of motor neurons were treated with medium
conditioned in control astrocyte culture (ACM), CMV-empty transfected astrocyte culture (CACM)
or PHDLA3-GFP transfected astrocyte culture (PACM). Immunocytochemical staining for choline
acetyltransferase (ChAT), BllI-tubulin (BIIt) and DAPI was performed on cultures cultivated until
day in vitro (DIV) 3, DIV6 or DIV9 (A). Although cell proliferation was present in all groups, a
slight increase of cell proliferation at DIV9 was found in ACM group (blue) (B). Neuronal
populations in all groups remained stable. during the whole experiment (C). The number of ChAT+
cells marking motor neurons decreased in CACM (gray) and PACM (red) group at DIV9 (D), the
decrease was more significant in PACM treated cultures. Scale bar: 200um. Graphs are plotted as
means + SEM; * p<0.05, ** p<0.01, *** p<0.001.
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4.4. Establishing a robust in vitro model of spinal cord interneurons

The main goal of this study was to establish a new culture of mature spinal cord
interneurons, that could be used as a model for axon regeneration studies. After determining
the culture conditions that enabled the embryonic neurons to remain in culture for at least
four weeks, the properties of neurons were described. The results from this section are
included in publication “Long-Term Cultures of Spinal Cord Interneurons” by Vargova et

al., 2022.

4.4.1. Developmental changes through cultivation

At DIV, cells adhered to the surface of the coated glass and began to grow processes
(Fig. 19A). Cells developed processes at DIV1, that outspread visibly during DIV3 and
DIV10 (Fig. 19B, C). Development of an intricate network of processes covering the entire
culture surface was be seen by DIV17 (Fig. 19D), even more robustly in mature cultures at
DIV41 (Fig. 19E) and DIV70 (Fig. 19F).

» - & st

Fig. 19 Representative brightfield images of live culture isolated from embryonic spinal cords during
cultivation day in vitro (DIV) 1 (A), DIV3 (B), DIV10 (C), DIV17 (D), DIV41 (E), and DIV70 (F).
Extension of processes could be observed at DIV3 already, while more intricate network followed
after longer cultivation period, after DIV17. Scale bars: 50um.

The number of neurons in established culture was evaluated by counting BIII+ cells
(Fig. 20). Even though the number of neurons was stable. (Fig. 20E), the number of all cells,
evaluated by counting nuclei stained with DAPI, continued to rise through cultivation (Fig.

20F). Because of glia proliferation, the neuronal portion of the culture gradually, but
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considerably, dropped from the mean of 60.6% at DIV3 to 29.5% at DIV20 (Fig. 20G).
Regardless of the glial multiplication, long-term survival of neurons was accomplished, with

the lengthiest continued culture being maintained past DIV72.

A ) E
[ 1 <
-
— T T
96"’ Q@b Oé,:.- o*"& N=3
F 1000 :
DIV3 DIV6 00 - :
[R— e £ 600 )
x 2|
C D
DIV13 DIV20

Fig. 20 Immunocytochemistry analysis of the spinal cord cultures at different days in vitro (DIV) 3
(A), DIV6 (B), DIV13 (C), and DIV20 (D). The total amount of neurons, established by counting
BIII tubulin positive cells, was not fluctuating during cultivation (E), but the total number of cells
evaluated using DAPI rose continuously (F), which caused a decrease in the fraction of neuronal
population (G). N= number of separate cultures analyzed; Scale bars: 50um; Graphs are shown as
means + SEM, *p<0.05.
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4.4.2. Embryonic spinal cord cultures mature after approximately 15 days in vitro
Maturity of neurons isolated from E14 mice was investigated by studying their
electrophysiological properties, expression of maturity markers, and formation of synapses.

Together, the results indicate that the neurons mature after approximately DIV15.

4.4.2.1. Electrophysiological characterization of neurons in spinal cord culture
Electrophysiological properties of neurons in culture at multiple DIVs were recorded
using whole-cell patch-clamp technique in order to characterize maturation of neurons from

dissociated embryonic spinal cords.
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The En is regarded as a universal characteristic of mature neurons (Sun et al., 2018).
Mean En of neurons statistically declined from -55+12.2mV at DIV2 and -54.7+8.2mV at
DIV9, to a value of -59.6£8.8mV at DIV16 (p=0.01 and p=0.018, respectively) and to -
59.9+7.1mV at DIV24 (p=0.006 and p=0.012, respectively) (Fig. 21A), a value

corresponding to mature interneurons. No additional significant alteration in Er, was detected
between DIV16 and 24.
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Fig. 21 Electrophysiological characteristics of neurons in new culture model. The measured resting
membrane potentials (A) and sodium currents (D) did not alter significantly after day in vitro (DIV)
16. Stabilization of the values of input resistance (B), membrane capacitance (C) and the fraction of
neurons producing action potentials (E) occurred after DIV9. N= number of separate cultures

analyzed; n= number of cells analyzed; Graphs are plotted as means + SEM; * p<0.05, ** p<0.01,
**% p<0.001.

The number of ion channels corresponds to the cell size and is inversely proportional
to the IR. A reduction in IR is used as an indicator of neuronal maturation (Takazawa et al.,
2012; Kopach et al., 2020). The IR of measured neurons decreased significantly from DIV2
to DIV9 (p=0.021) (Fig. 21B). In older cultures, at DIV16 and DIV24, IR did not decrease
further, compared to IR at DIV9.

The Cn is a parameter directly proportional to surface area of the membrane, which
is increased during cell growth. Neurons grow their processes during development, which is

why Cm was previously used to describe maturation of neurons (Golowasch et al., 2009).
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Statistically significant increase of Cn, transpired between DIV2 and DIV9, after which no
further changes were observed (Fig. 21C). The average Cn at DIV2 was 6.63+0.13pF
whereas at DIV9, it was 14.77+5.09pF (p=0.042).

Action potential amplitude is dependent on Ina+ and is changing during
differentiation of neural cells, as reported previously (Song et al., 2013). Average Ina+ of -
785.4+387.5pA was recorded at DIV9, which was statistically higher compared to DIV24
value -1248+684.3pA (p=0.031) (Fig. 21D).

Spontaneous activity of neurons in primary cultures was reported to be present in later
stages of cultivation, corresponding to formation of synapses (Norris et al., 2006). The
percentage of neurons producing action potential grew significantly between DIV2 and
DIV9 (p=0.003) (Fig. 21E). Cultures after DIV9 did not have larger fraction of neurons
producing AP.

4.4.2.2. Expression of maturity markers, NF70 and DBC in spinal cord culture

Maturity markers of cortical neurons NF70 and DBC were identified by Koseki et
al., (2017) by RNA sequencing and corroborated by ICC. NF70 expression is increased,
while DBC is decreased during maturation of the cortical cultures. To evaluate the
maturation progression of spinal cord cultures, expression of mentioned markers was
investigated using ICC (Fig. 22). Largest downregulation of DBC expression was observed
between DIV6 and DIV13 (p=0.011) (Fig. 22A, C). Immunoreactivity of NF70 significantly
increased at DIV20, compared to DIV6 (p=0.029) and DIV3 (p=0.025) (Fig. 22B, D).

4.4.2.3. Excitatory and inhibitory synapses formation in spinal cord culture

To study network development and neuronal connectivity in the culture,
immunocytochemical colocalization of pre- and postsynaptic proteins of both inhibitory and
excitatory synapse (Fig. 23). Presynaptic vesicular glutamate transporter 1 (VGLUT1) and
postsynaptic density protein Homerl were colocalized to detect the formation of excitatory
synapses from DIV7 to DIV28 (Fig. 23A). The greatest change in colocalization of the
excitatory synaptic markers was detected between DIV7 and DIV15 (p=0.003) (Fig. 23C).
No further significant increase in colocalization was observed after DIV15. Colocalization
of presynaptic marker gamma-aminobutyric acid transporter (VGAT) and gephyrin, a

postsynaptic microtubule-associated protein responsible for anchoring inhibitory
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neurotransmitter receptors, were analyzed to investigate formation of inhibitory synapses.
(Fig. 23B). Correspondingly to excitatory synapses, inhibitory synapse formation rose
significantly at DIV15, compared to DIV7 (p=0.043) (Fig. 23E). Additionally, significant
growth of inhibitory synapses was observed between DIV15 and DIV28 (p=0.029).
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Fig. 22 Immunocytochemistry of maturity markers doublecortin (DBC) (A) and neurofilament
70kDa (NF70) (B) in various days in vitro (DIV) of the spinal cord culture. Doublecortin
immunoreactivity decreased after DIV6 (C), while NF70 expression was upregulated at DIV20 (D).
N= number of separate cultures analyzed; Graphs are plotted as means + SEM; Scale bars: 100um;
* p<0.05, ** p<0.01.

To evaluate if the separate synaptic markers colocalize in different proportions
during maturation, colocalized synaptic puncta were divided by total puncta (both synaptic
and perisynaptic) counted for individual synaptic markers (Fig. 23D, F). It was found that
portions of VGLUT1, Homer1, and VGAT that were synaptic (colocalized) were stable. in
different DIVs. In contrast, the synaptic gephyrin fraction was not as constant (Fig. 23F).
Synaptic gephyrin fraction significantly increased between DIV7 and DIV15 (p=0.005),
indicating that gephyrin is participating in formation of inhibitory synapses more extensively

in mature cultures.
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Fig. 23 Synapse formation during maturation of spinal cord culture was analyzed using
immunocytochemical colocalization of presynaptic and postsynaptic markers. Presynaptic vesicular
glutamate transporter 1 (VGLUT1), postsynaptic Homer1 (A, C, D), presynaptic vesicular gamma-
aminobutyric acid transporter (VGAT) and postsynaptic Gephyrin (B, E, F) were used as markers of
excitatory and inhibitory synapses, respectively. Formation of new synapses between in vitro (DIV)
7 and 15 was observed in both excitatory (C) and inhibitory (E) synapse analysis. The ratios of
VGLUT1, Homerl and VGAT colocalization remain unchanged during cultivation (D, F), whereas
an increase of portion of Gephyrin marker colocalizing with VGAT was observed between DIV7
and DIV15 (F). N= number of separate cultures analyzed; Scale bars: 25um; Graphs are plotted as
means = SEM; * p<0.05, ** p<0.01, *** p<0.001.

4.4.3. Various neuronal markers are present in novel spinal cord culture

Using immunocytochemistry, it was confirmed that neurons in spinal cord culture
express transcription factors that are commonly used as markers of particular SpINs in
developing spinal cord (Alaynick et al., 2011; Lu et al., 2015). Lbx1 (Fig. 24A), Lmbxl1,
T1x3 (Fig. 24B), Chx10 (Fig. 24C), and Pax2 (Fig. 24I) were detected in varying amounts

of neurons in the described in vitro model.
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Fig. 24 Markers of spinal interneurons, transcription factors Lbx1 (A), T1x3, Lmx1b (B), Chx10 (C),
and Pax2 (I) are expressed by the neurons in primary spinal cord culture. Neurons were identified by
BIlI-tubulin (BIIIt), while nuclei were visualized using DAPI stain. Pax2+ and TIx3+ neurons
correspond to approximately half of neuronal population in all analyzed days in vitro (DIV) (H and
I). Protein kinase C gamma (PKCy) (D), GDNF family receptor alpha-1 (GDNFRI1a) (E),
parvalbumin (PV) (F), and Wisteria floribunda agglutinin (WFA) (G) were also expressed by the
neurons in culture. Scale bars: 50pm.

The most common markers expressed by the neurons in the culture were Pax2 and TIx3.
Neurons identified by BIIIt were co-stained with Tlx3 and Pax2, after which the T1x3+ and
Pax2+ nuclei were counted. Pax2 was expressed by circa 28.5% of neurons, while 24.3% of
neurons were TIx3+ on average. The expression of these markers was stable. during
cultivation (Fig. 24H). Almost no neurons were found that expressed both markers at the
same time, confirming that the markers identify two different cell types. Similarly,
estimation of expression of other markers was performed. 5.8% of neurons expressed Lbx1,
while Lmx1b was expressed by 35.3% of neurons at DIV17. Majority of Lmx1b neurons
were also positive for TIx3. Chx10 was expressed sporadically by DIV20 neurons, averaging
only around 30 cells per coverslip. ChAT expressing MNs were also present in the immature

cultures (data not shown), but none survived through the long-term cultivation. Afterward,
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protein kinase C gamma (PKCy) (Fig. 24D), parvalbumin (PV) (Fig. 24F) expression was
confirmed in subset of neurons at DIV20, and GDNF family receptor alpha-1 (GFRal) at
DIV 17 (Fig. 24E). The three proteins mentioned above were present in most cultured
neurons. Perineuronal nets expressing neurons were identified by Wisteria floribunda
agglutinin (WFA) staining only in exceptionally mature cultures (Fig. 24G). On average 23.5

WFA+ neurons were present at DIV72, per coverslip.

4.4.4. Diverse morphologies of neurons in primary spinal cord culture

Morphology of neurons could be analyzed on GFP-expressing neurons. Cultures at
DIV3 were transfected using a low-efficiency protocol, after which only a few cells per
coverslip were transfected and their processes could be successfully analyzed using the SNT
plugin in Fiji. DIV7-8 neurons were classified into three groups based on the number of
processes: simple, intermediate, and branched, (Tab. 7) (Fig. 25A). Effective grouping was
validated by statistical differences of several morphological characteristics between the
groups. Cable length (the summation of all lengths of processes) was recognized as a
superior parameter for separating morphologies in mature cultures, at DIV14-15 (Fig. 25B),
DIV21-22 (Fig. 25C), and DIV28-29 (Fig. 25D). At these time points, the morphology
groups were named small, medium, and large. The groups and ranges of individual DIV

timepoints are summarized in Tab. 7.

Tab. 7 Neuronal morphological groups of identified in spinal cord cultures; b- branches.

Morphological

Range N N total
group

Simple 19b 16

DIV7-8 Intermediate 10-19 b 23 53
Branched 20-58 b 14
Small 300-3000 um 20

DIV15-16 Medium 3000-6000 pm 18 58
Large 6000-13000 um 20
Small 900-3000 um 13

DIV21-22 Medium 3000-7500 pm 22 44
Large 7500-14000 pm 9
Small 1700-4500 um 12

DIV28-29 Medium 4500-8000 um 18 38
Large 8000-20000 pm 8
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Fig. 25 Morphology analysis of neurons in spinal cord culture. Neurons transfected with green
fluorescent protein (GFP) (black) were classified into simple, intermediate and branched groups at
day in vitro (DIV) 7-8 (A) and into small, medium and large at DIV14-15 (B), DIV21-22 (C) and
DIV28-29 (D). Scale bars: 200um. The difference between morphological groups was verified by
the analysis of morphological parameters using one-way ANOVA with Turkey’s post hoc test. N=
number of cells in a group; Scale bars: 200um; Graphs are plotted as means + SEM; * p<0.05, **
p<0.01, *** p<0.001.

Morphological parameters were compared between all neurons at different
cultivation time points (Fig. 26). Significant change of the morphological parameters was
observed between DIV7-8 and DIV 14-15, after which the majority of the parameters did not

change. The sum of all processes and the sum of axonal branches, however, continued to
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increase in older cultures, indicating that in even mature cultures, processes continue to

grow.

i !! !! ! !!

Fig. 26 Comparison of morphological parameters between different maturation stages — days in vitro
(DIV). N= number cells analyzed; Graphs are plotted as means + SEM; * p<0.05, ** p<0.01, ***
p<0.001.

4.4.5. Regenerative capacity of axons decreases with maturity

The regenerative capacity of cultured spinal cord neurons was described by cutting
their axons at DIV7, 16, and 23 using a 900nm laser and observing their response over 14h.
Cultures were transfected with GFP plasmid in a low-efficiency protocol, to visualize
individual cells and their separate processes. Two types of outcomes followed the axotomy:
neurons either died or managed to seal off the damaged area. Across the experiments, the
portion of neurons that died ranged from 6% to 25% and it did not correlate with neuronal

age.

The cells that managed to close the injury site, formed a characteristic structure called
a retraction bulb at the tip of the axon that was still attached to the cell body (Fig. 27A). The
time that took the neurons to form the retraction bulb increased in older cultures (Fig. 27B).
At DIV7 average bulb formation time was 1.7 = 1.6h, while at DIV16 and DIV23 it was
prolonged significantly to 3.8 = 2.7h (p=0.004) and 4 £+ 2.2h (p=0.002), respectively.
Retraction bulb either formed right at the injury site, or further up the axon, closer to the cell
body. Retraction distance was measured and compared between neurons at different DIV

(Fig. 27C). At DIV7, average retraction distance was 31 + 16.81 um, which was shorter
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compared to 40.6 = 28.1 um at DIV16 and statistically shorter comparted to 56.1 +43.5um
at DIV23 (p=0.02). Pearson’s correlation analysis of retraction distance and retraction time
across all cells at all maturity stages revealed a positive correlation between these two
parameters (p<0.001) (Fig. 27D). This result indicates that if the cells respond slower to the

injury, retraction of the axon tip will be longer.
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Fig. 27 Representative images of axotomy- axon cut performed on spinal cord neurons transfected
the GFP (black), and events that followed (A). Axotomy location is indicated by red arrows.
Characteristic retraction bulb formed at a certain distance from the injury, as indicated by the blue
arrow. Retraction bulb formation time (B) and retraction distance (C) varied between neurons at
different days in vitro (DIV). Positive correlation of the two analyzed parameters was found (D).
Fraction of regenerating axons declined significantly with culture maturity (E). Regenerating axons
managed to transform retraction bulb into a growth cone, but this initiation occurred faster in DIV7
cells compared to DIV6 neurons (F), whereas the speed of regeneration declined only slightly (G).
Scale bars: 25um; Graphs are plotted as means = SEM of n number of cells; *p<0.05, **p<0.01,
**%p<0.001.
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Once the retraction bulb was successfully formed, two outcomes followed: axon
regeneration, or regeneration failure (Fig. 27A). In regenerating axons, retraction bulb was
transformed to a growth cone and synthesis of a new axon occurred. In axons failing to
regenerate, retraction bulb usually showed a degree of mobility but failed to transform to a
growth cone during 14h that it was observed for. Regenerating axons were present only in
cells at DIV7 and DIV 16, while no such axons were observed in cultures at DIV23 (Fig.
27E). At DIV7 59.3% of damaged neurons regenerated, while significantly lower percentage
of 25% regenerated at DIV16 (p=0.005).

The speed of regeneration was also evaluated. Regeneration initiation — the time
between successful retraction bulb formation and its transformation to a growth cone varied
among cells (Fig. 27F). At DIV7 the initiation took on average 2.3 + 1.8h, which was
significantly shorter compared to 4.5+ 2.3h at DIV16 (p=0.013). DIV7 cells also had higher
regeneration speed — the length of new axon synthesized during 2h after initiation time,
compared to DIV16 neurons, although this difference was not statistically significant (Fig.

27G).

4.4.6. Intracellular mechanisms present in mature spinal cord neurons

To study intracellular mechanisms of maturating spinal cord neurons and their axons,
the cultures were stained for pS6 (Fig. 28). To identify axons of individual neurons, GFP
transfected cultures were analyzed. Cells at DIV8 have different intracellular distribution of
pS6 (Fig. 28A), compared to mature DIV22 cells (Fig. 28B). At DIVS, pS6 expression was
evenly distributed in almost all neuronal somas (Fig. 28C) and was expressed distinctly in
processes and axon tips. At mature DIV22 neurons, pS6 expression was concentrated mostly
in soma, the signal in neurites was lower (Fig. 28D) and almost not existent at axon tips.
Differential expression of pS6 in somas of the DIV22 neurons was also observed and the

cells were divided to high and low according to pS6 signal intensity (Fig. 28C).

Autophagy in immature and mature axons was visualized using cells isolated from
CAG-RFP-EGFP-LC3 mice, which express autophagy reporter LC3-RFP-GFP protein. In
these cells, AP vesicles are both green and red, while in the fusion stage of autophagy flux,
AL vesicles are red only (Fig. 29A). By tracing the vesicles along the axons of cells in
different maturation stages using kymographs, difference between mobility and number of

vesicles present in immature and mature axons was discovered (Fig. 29B). Immature axons
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at DIV8 had significantly less AP and AL vesicles in their axons, as compared to DIV16-17
and DIV22-23 cells (Fig. 29C). On the other hand, the percentage of mobile vesicles was
higher in immature axons, especially regarding AL. RAPA treatment induced mobility of
AL in mature axons, indicating that inhibition of mTOR pathway influences axonal

autophagy in spinal cord neurons. Mobile vesicles were predominantly moving retrogradely

along the axons.
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Fig. 28 Examination of intracellular distribution of pS6 protein (red) in immature day in vitro (DIV)
8 spinal cord neurons (A) and mature DIV22 neurons (B), transfected with green fluorescent protein
(GFP) (green) and co-stained with BIII-tubulin (white) and DAPI (blue). Scale bars of A and B
images are 200um. A.1 and B.1 are showing details of somas, scale bars 20pm. A.2 and B.2 are
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showing details of axon tips, scale bars 20um. Red arrows are pointing to a cell with high pS6
expression, while pink arrows are pointing to cells with low pS6 expression. Graphs are plotted as
means £ SEM; *p<0.05, ***p<0.001.
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Fig. 29 Autophagy flux was traced in axons expressing LC3 protein tagged with RFP and GFP.
Auophagosomes (AP) had both signals, while in autolysosomes (AL), due to lower pH, only RFP
signal was visible (A). 122s videos of immature, mature axons and mature axons treated with
rapamycin (RAPA), expressing LC3-RFP (red) and LC3-RFP-GFP (yellow) were analyzed using
kymographs (B). Number of all vesicles and percentage of mobile vesicles were assessed (C). Graphs
are plotted as means + SEM; *p<0.05, **p<0.01, ***p<0.001.
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S. DISCUSSION

5.1. Treatment of acute SCI with mTOR pathway inhibitors rapamycin or
pp242

The mTOR pathway is in the center of many intracellular mechanisms and can influence
processes such as cytoskeletal organization, transcription, translation, and autophagy
(Wullschleger et al., 2006; Kanno et al., 2012). Its importance has been established in
numerous CNS disorders, including SCI (Codeluppi et al., 2009; Chen et al., 2012, 2016;
Sekiguchi et al., 2012; Wang et al., 2016; Li et al., 2019a). RAPA, a selective mTORC1
inhibitor, has been previously used in preclinical trials for SCI treatment to some success. It
leads to neuroprotection through alteration of secondary injury (Sekiguchi et al., 2012; Chen
etal.,2013; Duetal.,2017). RAPA alone, however, is not able to inhibit the mTOR pathway
in total. Prolonged RAPA treatment has been shown to lead to activation of the PI3K/Akt
through insulin receptor substrate-1 expression (IRS-1) (O’Reilly et al., 2006) (Fig. 4). This
break in negative feedback loop causes mTORCI activation through Akt. Akt is a direct
effector of mMTORC2 (Sarbassov, 2005), the second complex of the mTOR pathway, so by
inhibiting mTORC2, Akt activity can be diminished. Inhibition of both complexes of mMTOR
can therefore lead to more effective deactivation of the pathway. Novel inhibitors
targeting ATP-binding site, such as pp242, have the ability to act as dual inhibitors and
successfully inhibit both mTORC1 and mTORC?2, which was demonstrated in glioblastoma
(Jhanwar-Uniyal et al., 2019).

Effect of mTOR pathway inhibition by RAPA or pp242 in spinal cord tissue after SCI
were studied in experiment 1 (Tab. 6; Fig. 7). Successful inhibition of the mTOR pathway
by both RAPA and pp242 was demonstrated by reduced p-S6 immunoreactivity in spinal
cord sections of treated rats. Both inhibitors led to suppression of mTORCI, and its
downstream effector S6K1, which resulted in reduction of p-S6 production (Brown et al.,
1995). Protein 4E-BP1 is another mTORCI substrate whose activity was analyzed in the
spinal cord tissue. Injury on its own led to activation of this protein, which indicates that
mTOR pathway is activated after SCI, which was reported previously (Wang et al., 2016).
RAPA treatment further increased phosphorylation of 4E-BP1. Successful inhibition of p-
4E-BP1 was achieved only by pp242 administration. Previous studies reported, that 4E-BP1
phosphorylation can be unaffected by RAPA treatment, while pp242 was shown to be more
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effective (Feldman et al., 2009; Thoreen et al., 2009). Similar to 4E-BP1, Akt
phosphorylation was upregulated in SCI spinal cords and the effect was enhanced by RAPA
treatment. The upregulation of p-Akt after RAPA treatment of SCI was reported previously
(Li et al., 2019a). P-Akt production was reduced by pp242 treatment compared to RAPA,
but not significantly compared to vehicle controls. Unsuccessful inhibition of p-Akt by
pp242 could have been caused by the acute SCI environment that sustained the increase in
mTORC?2 activity. Regardless, together these results point to differential inhibition of mMTOR
pathway between RAPA and pp242 treatment of acute SCI.

Previously reported possible mechanisms through which RAPA treatment can
influence degenerative processes following SCI are autophagy and inflammation (Chen et
al., 2013). Dual mTOR inhibitors, including pp242, were shown to induce autophagy even
more effectively than RAPA (Gordeev et al., 2015). Its effect on autophagy after SCI,
however, has not been yet investigated. Analysis of LC3b-II expression in spinal cord tissue
revealed that this autophagy marker is upregulated after SCI (Fig. 8). RAPA treatment led
to its further upregulation, and while dual inhibition by pp242 induced additional autophagic
response, it was not significantly different compared to RAPA treatment. This result
confirms the notion that mMTORCI] inhibition induces autophagy, while mTORC2 role in
autophagy is probably not substantial. This facet of mMTROC?2 activity is poorly understood,
although it was suggested that mTORC2 suppresses autophagy indirectly, by activating
mTORCI1 (Kim and Guan, 2015). Upregulation of autophagy at the SCI lesion site has been
confirmed by multiple studies (Kanno et al., 2011; Tang et al., 2014; Yan et al., 2017; Li et
al., 2019a) and in performed experiment as well (Fig. 8). The role of autophagy in SCI is
complex and controversial, as both inhibition and activation of this mechanism after SCI
lead to neuroprotection (Zhang et al., 2020). The type of injury that is being treated and the
timing of autophagy modulation after SCI seem to be important variables that need to be

established in order to effectively use this mechanism for SCI therapy.

Immunosuppressive properties of RAPA have been long known, and it has been used
to suppress inflammation in animal model of multiple sclerosis, experimental autoimmune
encephalomyelitis (Li et al., 2019b). Suppression of inflammation after SCI was shown to
reduce neuronal injury and lead to functional recovery (Machova Urdzikova et al., 2015,
2017). Inhibition of mTOR pathway has been explored in relation to inflammation after SCI
previously. mTORCI inhibition by RAPA administration after SCI leads to decrease of
TNF-a expression (Chen et al., 2013), while dual inhibition of mMTORC1 and mTORC2 was
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shown to also reduce inflammatory cytokine levels, IL-1B and TNF-a after SCI (Cordaro et
al., 2017). Our results demonstrate that RAPA-treatment leads to decrease in IL-1f3 and MIP-
la present in spinal cord tissue during acute SCI (Fig. 9). Both cytokines have been
previously shown to contribute to inflammation and neuronal damage after SCI (Liu et al.,
2008; Pelisch et al., 2020). pp242 treatment also led to decrease of MIP-1a, but levels of IL-
6, IL-1P and IL-2 cytokines were higher compared to RAPA treated animals. Both IL-6 and
IL-2 roles in SCI are not fully understood, but accumulating evidence suggests, that IL-6
neutralization can improve locomotor recovery after SCI (Okada et al., 2004; Mukaino et
al., 2010). These results suggest that while both RAPA and pp242 lead to similar systemic
immunosuppression, assessed by serum cytokine levels, RAPA treatment alone seems to

lead to more favorable immunomodulation compared to pp242 administration after SCIL.

Investigation of structural and functional recovery after SCI treated with RAPA or
pp242 showed that these two treatments lead to similar lesion size reduction and BBB score
improvement (Fig. 11). Previous studies using RAPA or dual mTOR inhibitors reported
similar outcomes (Chen et al., 2013; Cordaro et al., 2017). On the other hand, axonal
sprouting assessed by GAP43 THC demonstrated that RAPA treatment leads to improved

axonal recovery compared to pp242 treatment (Fig. 10).

Together these results prove that the first hypothesis of this experiment is true- the
treatment of acute SCI with mTOR pathway inhibitors rapamycin or pp242 did lead to
structural and functional recovery through induction of autophagy and alteration of
inflammatory response. However, the second hypothesis was proven to be partially false.
While we did see a more pronounced effect on the mTOR pathway in injured spinal cords
after pp242 treatment, the increased inflammatory cytokine levels and decreased axonal
sprouting have shown, that pp242 did not lead to more pronounced outcomes regarding

recovery after SCI, compared to RAPA.

5.2. Treatment of ALS in SOD1%%*A rats with a repeated intrathecal and
intramuscular application of MSCs
In this experiment, the effect of repeated application of bone-marrow-derived hMSC
cell therapy on progression of SOD15%* rat model of ALS was investigated. Intrathecal and
intramuscular deliveries of hMSC and their combination were performed three times at

intervals of two weeks since disease onset. The lifespan of the animals increased
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significantly in all groups that received cell therapy (Fig. 13), preservation of motor neurons
(Fig. 14) and NMJ in the SC+M group and decreased cell death in SC+M and SC group (Fig.
14) all point to overwhelming positive effects of the therapy on ALS progression. These
results are confirming previous studies about the effectiveness of MSC therapy in animal
models of ALS (Kim et al., 2010; Boido et al., 2014; Forostyak et al., 2014). The majority
of previous studies were focused on investigation of the effects of cell therapy applied
intravenously, intrathecally or intraspinally, while intramuscular application was tested only
in some studies (Gothelf et al., 2014) and combinatory application was tried by other groups
only recently (Martinez-Muriana et al., 2020). The results from experiment 2 demonstrate,
that combined intrathecal and intramuscular application of hMSCs is superior to other
delivery methods, as it leads to structural preservation of MNs and NMJ. Interestingly,
injection of cell therapy to the quadriceps femoris alone did not have any protective effect
on NMJ degradation. Failure of achieving therapeutic effect with intramuscular therapy
alone was confirmed in recent study as well (Martinez-Muriana et al., 2020). Given that the
therapy was administered in already symptomatic animals, this result indicates that
degeneration of NMJ in ALS starts early in symptomatic animals and its preservation is
dependent on spinal MNs health. For the preservation of MNs and NMJ in ALS, trophic

support of MNs in the spinal cord and their axonal targets in muscles is needed.

The stem cell therapy in ALS leads to decreased disease progression probably through
the positive paracrine effect of grafted cells on resident MNs and glia. Factors BDNF,
GDNF, VEGF and insulin-like growth factor-1 secreted by MSCs lead to overall reduction
of inflammation and decreased apoptosis of MNs in ALS animals (Forostyak et al., 2014).
The exact effect that these signaling molecules have on intracellular pathways in MNs and
other cells in ALS is still not clear. As there is increasing evidence that autophagy pathway
is involved in ALS pathology (Ramesh and Pandey, 2017; Vicencio et al., 2020), the effect

of hMSC application on this pathway was investigated in experiment 2.

Beclin-1 an essential autophagy regulator was found to be downregulated in animals
treated with the most effective form of hMSC application, the SC+M group (Fig. 12).
Abnormal interaction between Beclin-1 and mutant SOD1 was previously reported, which
may affect the threshold for autophagy induction (Nassif et al., 2014). The same group
reported protection against ALS in SOD1%® transgenic mice that also had
Becnl haploinsufficiency. An increase of AP formation demonstrated by LC3b-II/LC3b-1

ratio was seen in control SOD19%4 rats, while no elevated p62 expression was recorded.
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This result demonstrated that although there is an upregulation of autophagy, no disfunction
of autophagy flux is present in SOD1%%** rat spinal cords. Previous study by Perera et al.
(2018) also found similar upregulation of autophagy in spinal cords of SOD1%*A mice. None
of hMSC treatments led to change in LC3b or p62 levels compared to vehicle-treated rats.
Although other studies showed that inhibition of autophagy can be neuroprotective in ALS
(Hsueh et al., 2016; Zhou et al., 2017), other groups report that enhancement of autophagy,
especially in mTOR- independent manner prolongs the lifespan of ALS mice (Castillo et al.,
2013; Zhang et al., 2018, 2019). Moreover, Perera et al. (2018) pointed out that induction of
autophagy by mTOR- independent mechanism leads to enhanced motor neuron degeneration
contributing to disease progression. These publications draw attention to the complexity of
autophagy and ALS relationship. Important aspect that needs to be explored further in the
autophagy regulation in ALS is cell specificity (Massenzio et al., 2018). In case of hMSC
treatment of ALS, Beclin-1 decrease in SC+M treatment group, indicates that the therapy

1G93A

modestly modifies autophagy pathway in SOD rats, proving the hypothesis of the

experiment 2 true.

5.3. Studying the effect of PHLDAS3 overexpression in astrocytes

PHLDAZ3, a protein of interest discovered to be upregulated in aberrant ALS astrocytes
(Tyzack et al., 2017) was overexpressed successfully in WT astrocytes in experiment 3.
PHLDA3 overexpression did not seem to cause cytotoxicity or cell death in astrocytes.
During transfection optimization, GFP transfected cells died at similar rates to those
transfected with PHLDA3-GFP (Fig. 16). Absence of cytotoxicity was confirmed by lack of
LDH activity upregulation (Fig. 17), which would be upregulated if the enzyme was released
into the cell culture medium upon cell membrane damage (Kumar et al., 2018). Production
of ROS, evaluated by H20: levels also did not increase in PHLDA3 overexpressing
astrocytes. Even in the cells treated with thapsigargin, a known ER-stress inducer (Sanchez
et al., 2019) did not produce more ROS, indicating that WT astrocytes do not produce much
ROS even under ER stress. Overexpression of PHLDA3 however, led to upregulation of p-
elF2a, a protein that is activated upon induction of PERK branch of ER stress. This could
be a new, alternative mechanism of action of PHLDA3. PHLDA3 overexpression has been
shown to lead to ER stress through IRE1-XBP1 branch activation and induced cell death in
hepatocytes (Han et al., 2016). Known mechanism of action of PHLDA3 is through
repression of Akt (Takikawa and Ohki, 2017). The inhibition of p-Akt however, was not
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accomplished by overexpression of studied protein in astrocytes. This result can be
interpreted in various ways. It could be the case that non-transfected astrocytes
(approximately 70-85% of analyzed cells) present in the culture increased the p-Akt levels
enough to distort the decrease caused by PHDLA3 overexpression. The slightly lower, but
not significant p-Akt/Akt ratio in PHLDA3-GFP transfected astrocytes indicates the
possibility of this scenario. Another possibility is that Akt was not highly active in WT
astrocytes in the first place, so inhibition by PHLDAS3 did not affect the phosphorylation of
this protein significantly. A recent study found that in primary cardiomyocyte culture,
inhibition of PHLDAZ3 does not affect Akt phosphorylation or LDH activity in physiological

conditions, but only in hypoxia/reoxygenation injury model settings (Liu et al., 2021).

Together, these results suggest that PHLDA3 upregulation in WT astrocytes induces
ER stress, confirming the first hypothesis of experiment 3. The upregulation does not affect
the viability, ROS buffering capacity, or Akt signaling in WT astrocytes. The true effect of

PHLDA3 upregulation in astrocytes could lead to different outcomes in ALS disease models.

PHLDA3 overexpression in astrocytes impacted the survival of MNs in cultures
treated with astrocyte-conditioned medium (Fig. 18), confirming the second hypothesis of
the experiment. This result could mean that these astrocytes express some factors into their
surrounding that cause death of MNss, or at least decrease their survival capacity in vitro. It’s
difficult to speculate about the nature of the secreted factors without closer analysis of
astrocytic secretome, therefore further experiments are needed. Potentially secreted
molecules include nitroxidative species (Rojas et al., 2014) or cytokines such as IL-6, TNF-
a, transforming growth factor B1 (TGF- B1), IFNy and others (Filipi et al., 2020). IL-6
expression was found to be increased in astrocytes derived from ALS patients (Wosiski-
Kuhn et al., 2021), and is upregulated in astrocytes undergoing ER stress (Sanchez et al.,
2019). IFNy and TGF- B1 were also found to be upregulated in ALS patients (Aebischer et
al., 2012; Tripathi et al., 2017) and cause death of MNs treated by astrocyte conditioned
medium (Aebischer et al., 2011) or protein aggregation in MNs cultured together with
astrocytes (Tripathi et al., 2017).

5.4. Establishing a robust in vitro model of spinal cord interneurons
In this experiment, a method of culturing spinal cord neurons was optimized, neuronal

maturation and regenerative ability of neurons were investigated. The aim was to produce a
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robust culture model of spinal cord neurons that represents the mature CNS and which could
be used in upcoming experiments intended to boost the ability of the CNS neurons to
regenerate. There is a great advantage in utilizing murine embryos for neuronal culture
preparation due to their viability, but the immaturity of the neurons after seeding is an issue,
as they exhibit characteristics that are entirely unlike the mature neurons, especially
regarding their superior intrinsic regenerative ability (LaBarbera et al., 2021). To encourage
maturation of neurons isolated from E14 spinal cords, the cultures were maintained long-
term, usually for a month, but were able to survive even longer, up to 70 days (Fig. 19).
Proliferation of glia was observed during longer cultivation, but it did not affect survival of
neurons, and probably encouraged their maturation (Fig. 20). To assess the maturity of newly
established cultures, electrophysiological properties, the immunoreactivity of NF70, DBC

and synaptic connectivity of neurons was investigated during cultivation.

The changes in the electrophysiological properties are typical signs of
neurodevelopment of CNS neurons, including spinal cord neurons (Durand et al., 2015). The
cultured spinal cord neurons exhibited typical changes linked with maturation until DIV16,
with the major shift in most analyzed parameters emerging before DIV9 (Fig. 21). After
DIV 16 there was no further change in the electrophysiological properties. Neurons in the
culture were probably solely interneurons, as the IR, En and spontaneous activity were
comparable to interneurons recorded on P6-10 spinal cord slices in a previous study (Sun
and Harrington, 2019). The neurons in the culture likely possess electrical activity of early
to late postnatal neurons, as they were comparable to properties of neurons recorded in spinal
cord slices or whole spinal cords in other studies (Wilson et al., 2005; Zhong et al., 2006;
Sun and Harrington, 2019).

Maturity markers of embryonic cortical neurons maturing in vitro, NF70 and DBC
were discovered by Koseki et al., (2017). Developing, migrating neurons express DBC a
microtubule-associated protein. It is regularly used as a neuronal precursor marker (Ayanlaja
etal., 2017), while it’s downregulated in mature neurons (Brown et al., 2003). A significant
decrease in DBC immunoreactivity was observed in culture of spinal cord neurons after
DIV6 (Fig. 22). NF70, a marker of mature axons (Lu et al., 2017) was sharply upregulated
in analyzed culture at DIV20. Formation of neural networks, assessed by excitatory and
inhibitory synapse development also confirmed maturity of the culture (Fig. 23). The

quantity of inhibitory and excitatory synapses increased until DIV15, and plateaued after
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that. Similar synapse formation pattern was previously described in primary cortical and

striatal neuron co-cultures between DIV14 and DIV21 (Moutaux et al., 2018)

Various strategies have been utilized to classify the neurons of the adult spinal cord,
even though there is no consensus in the scientific community (Zeng and Sanes, 2017;
Hayashi et al., 2018; Dobrott et al., 2019). One efficient strategy includes classifying neurons
according to transcription factors they express, because some transcription factors determine
the neuronal specialization and subtype during development of the spinal cord, but can be
expressed in adulthood as well (Del Barrio et al., 2013; Lu et al., 2015; Russ et al., 2021).
Several such transcription factors, specifically Lbx1, Lmx1b, Chx10, Pax2 and TIx3 were
found to be expressed in the nuclei of the cultured spinal cord neurons (Fig. 24). Lbx1
transcription factor is expressed by mostly excitatory interneurons located laminae III-IV of
the adult spinal cord (Miiller et al., 2002). Some Lbx1+ neurons are also Lmx1b positive,
but Lmx1b+ interneurons are exclusively excitatory and located in laminae I-III (Del Barrio
et al., 2013). Lmx1b+ neurons were in majority also Tlx3+, which was already established
in vivo previously (Dai et al., 2008). TIx3 transcription factor, expressed mostly by laminae
I-1I is a marker of excitatory interneurons (Monteiro et al., 2021). Pax2, transcription factor
commonly used as a marker of inhibitory interneurons of the dorsal horn (Larsson, 2017)
was also expressed by the neurons in the culture. Ventral V2a interneurons, identified by
Chx10 staining (Hayashi et al., 2018) were identified. On top of transcription factors,
proteins such as PKCy or parvalbumin that are commonly used for identification of lamina
IT excitatory interneurons or lamina II and III inhibitory interneurons respectively (Neumann
et al., 2008; Petitjean et al., 2015) were also expressed in vitro. ChAT positive cells, marking
MNs did not survive long in the analyzed culture. MNs are known to be exceptionally
vulnerable and heavily depend for survival on trophic support of cells on the periphery, such

as Schwann cells and muscle cells (Bucchia et al., 2018).

Morphology of cultured spinal cord neurons was analyzed in attempt to identify
individual morphological groups of neurons. Morphology of spinal cord neurons is not fully
established, although previous studies were classifying the neuronal morphology according
to laminar location, geometry and orientation of neurites (Grudt and Perl, 2002; Hantman et
al., 2004), which is not achievable in vitro. A previous study characterized neurites of spinal
cord MNs during 48h in vitro cultivation (Gertz et al., 2010), but studies characterizing
SpINs are lacking. In four time points of the culture, individual morphological groups were

identified (Tab. 7; Fig. 26). Additionally, it was discovered that neurites continue to grow
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even in mature cultures, at DIV28 (Fig. 27). Electrophysiological parameters Ci and IR,
which correlate with cell size (Sun et al., 2018) did not change significantly after DIV9 (Fig.
21). This does not correspond with the result found in morphological analysis. This
discrepancy could be due to the fact that morphological changes were discovered in cells at
DIV28, which were older than oldest neurons (DIV24) analyzed by patch-clamp. On the
other hand, increasing number of excitatory synapses observed at DIV28 (Fig. 23) could
explain elongation of neurites at this time point due to formation of new connections in the

culture.

Regenerative capacity of neurons in culture was lost by DIV23 (Fig. 28). Even at
DIV16, axon regeneration was less common and the reaction to laser-induced injury was
slower. These events coincided with the transition of neuronal maturity properties, indicating
that spinal neurons lose their regenerative ability with maturation in vitro, as was previously
shown on cortical cultures (Koseki et al., 2017). Developmental loss of regenerative ability
and plasticity in neurons of the CNS is well established (Fawcett, 2020). In addition to
suppressive environment created at the site of the injury, mature neurons lack intrinsic
properties needed for regeneration. Maturing neurons undergo genetic and epigenetic
changes that drive changes in expression of growth-related molecules, as they switch from
motile and growing cells into more rigid, electrically active cells incorporated into complex
neural networks that need to be maintained and diligently regulated. The changes affect
axons particularly, as they lose growth-related receptors, retrograde vesicular trafficking and
other mechanisms essential for regeneration (Kappagantula et al., 2014; Franssen et al.,

2015; Cheah et al., 2016).

One of the most studied pathways lacking in non-regenerating axons 1is
PI3K/Akt/mTOR pathway. Deletion of phosphatase and tensin homolog (PTEN), an enzyme
converting PIP3 into PIP2, activates the PI3K/Akt/mTOR pathway (Fig. 4) in retinal
ganglion cells and leads to robust regeneration (Park et al., 2008; Geoffroy et al., 2015).
Overexpression of active form of PI3K also leads to regeneration and an upregulation of
pS6, a product of mTORCI activity in cortical neurons (Nieuwenhuis et al., 2020).
Investigated spinal cord neurons seem to lose expression of pS6 in neurites and most
neuronal somas during maturation in vitro (Fig. 28). There was no signal present in axons of
the mature neurons, while a clear expression of pS6 in axon tips of immature cells was
observed. This result indicates that spinal cord neurons lose pro-regenerative intracellular

mechanisms during maturation in the described culture. It is known that mTOR is vital for
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neurite development, axon growth and guidance (Morita and Sobue, 2009; Switon et al.,
2017). Regarding it’s role in adult CNS, it was previously reported that this pathway is
involved in synaptic plasticity, adult neurogenesis, learning, and memory (Garza-Lomb¢é and
Gonsebatt, 2016). The mTOR pathway is known repressor of autophagy, but previous
experiments reported, that this may not be the case in axons of primary cortical neurons
(Maday and Holzbaur, 2016). This group indicated that autophagy in neurons may not be
induced by starvation, therefore is not under control of mTOR as in other cells. Older studies,
however dispute this result (Boland et al., 2008). It is possible that the maturity state of
cortical neurons used in mentioned experiments influenced the results. As we saw, maturity
of neurons in culture significantly influences autophagy flux in axons (Fig. 29), which was
not been reported previously. Mature axons have more, static autophagic vesicles, while
younger ones have less, but are highly mobile. RAPA treatment induced autophagy flux in
older axons, which contradicts the findings by Maday and Holzbaur (2016) and therefore

warrants further investigation into mTOR and autophagy relationship in axons.

The role of mTOR and autophagy in injury of adult spinal cord neurons remains to be
poorly understood. Both downregulation (Zhang et al., 2013) and upregulation (Wang et al.,
2016) of mTOR was reported in spinal cord tissue after SCI. Results presented in this thesis
also reported that there is an upregulation of effector of mTOR pathway after SCI (Fig. 7).
Due to heterogeneity of these results, there is a need of further investigation of mTOR and
closely related autophagy involvement in function of individual spinal cord cell types after
SCI as well as in the timing after the injury. Complex intracellular pathways and their
interactions can be effectively explored in an in vitro model, such as the model described in

this thesis.
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6. CONCLUSION

In conclusion, the results of this thesis demonstrate that neuronal damage occurring in
SCI and ALS possibly includes similar pathways, namely the mTOR pathway and
intracellular processes in which it is involved, such as ER stress and autophagy. The
complexity of the mature CNS and unique properties of neurons, being the most polarized
and electrically active cells of the body, clearly makes them particularly vulnerable to the
influences of their surroundings, their intrinsic defects, or alterations of intracellular

pathways.

We demonstrated that there is upregulation of mTOR pathway and autophagy at the
lesion site after SCI. These processes probably influence the extent of secondary injury
because inhibition of the mTOR pathway by both RAPA and pp242 led to functional and
structural improvement. Both RAPA and pp242 administration led to similar upregulation
of autophagy at the lesion site, indicating that induction of this mechanism is helping in
recovery from contusion type of acute SCI. Comparing the two inhibitors, we were able to
conclude that mMTORCI inhibition by RAPA could be more favorable to the dual mTORC1
and mTORC?2 inhibition by pp242 in SCI. Both inhibitors influenced the immune response
at the lesion site, but the cytokine profile present in injured spinal cord tissue was more
inflammatory in pp242 treated animals, compared to the RAPA group, which had more anti-
inflammatory cytokine profile. Additionally, more axonal sprouting was present in RAPA

treated animals, compared to pp242.

Even though mTOR inhibition can lead to recovery after SCI, its downregulation during
maturation of spinal cord neurons could have influenced the loss of regeneration ability in
development, as we saw in newly established culture of spinal cord neurons. Genetic
stimulation of mTOR pathway had led to axon regeneration in previous studies, so it may
look like at a glance, that both inhibition and stimulation of mTOR pathway can be used for
SCI treatment. Still, it is important to distinguish gene therapy approaches, which can
reprogram neurons into growth-competent cells and pharmacological treatments which
influence the SCI lesion as a whole. The role of pathways as central as mTOR, therefore,
needs to be explored further in relation to SCI and axon injury. For this purpose, we
developed a new in vitro spinal cord neuron model. The described primary culture, isolated
from E14 spinal cords, matures in vitro after approximately two weeks of cultivation,

demonstrated by changes in electrophysiological properties, expression of maturity markers,
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synapse development and morphology. This culture, comprising of a variety SpINs will be

a valuable tool for future studies.

Similarly to SCI, we detected increased autophagic activity in spinal cords of SOD19%34
ALS rats. Modest influence on autophagy was observed after application of experimental
cell therapies, suggesting that this could be a new pathway through which hMSCs can
influence ALS progression. Effectivity of different application methods was tested.
Combination of intrathecal and intramuscular application of hMSCs had prolonged the
lifespan of ALS rats, preserved MNs and protected them against apoptosis more effectively
than separate intrathecal, intramuscular application of cell therapy or conditioned medium

therapy.

Another aspect of the mTOR pathway involvement in ALS was explored in astrocytes.
Astrocytes derived from ALS patients were showing aberrant activation phenotype and a
new protein of interest, PHLDA3 was identified in a previous study. PHLDA3 was a recently
identified as mTOR pathway repressor. We tested how the PHLDA3 overexpression
influences WT astrocytes and their effect on MNs in culture. ER stress was induced in
astrocytes transfected with PHLDA3 and conditioned medium from these cells led to
decreased survival of MNs, pointing to a new possible mechanism of ALS pathology that

needs to be explored further.

In summary, this thesis shows that neurodegeneration occurring in both SCI and ALS
is an extremely complex and multifaceted process. Because of this, it is not fully understood
despite the immense effort of the scientific community. Counteracting the damage to the
CNS with effective therapies, therefore, requires multiple approaches, while focusing on one
pathway is not enough. Regardless, exploration of individual pathways such as mTOR in

these pathologies is a step required to make steady progress in the field.
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7. SUMMARY

Pharmacological inhibition of the upregulated mTOR pathway after SCI was found to
be a possible new therapy approach in acute SCI, as it can lead to functional and structural
recovery. Inhibition of mMTORC1 by RAPA was found to be superior, compared to dual
inhibition of both mTORC1 and mTORC2 by inhibitor pp242. Positive effects of the
treatment are probably mediated through upregulation of autophagy and modulation of

inflammatory response at the lesion site.

In ALS, stem cell therapy has shown a great promise in recent years, even though it is
not clear which pathological pathways it targets. We have explored multiple application
methods, to find that the combination of intrathecal and intramuscular application of hMSCs
has the most prominent effect in stunting ALS progression. One possible mechanism by

which hMSC therapy affects ALS, as we identified, is modulation of autophagy.

The role of the mTOR pathway in motor neuron degeneration was investigated in
relation to astrocytes. Astrocytes play an important role in ALS pathology. We explored
PHLDAZ3, a repressor of mTOR pathway that was previously found to be upregulated in
pathologically reactive ALS astrocytes. Overexpression of this protein in WT astrocytes led
to induction of ER stress in these cells and negatively affected survival of MNs in vitro,

revealing a new potential mechanism of ALS pathology, that needs to be explored further.

We described a new in vitro model of spinal cord interneurons. Described cultures,
isolated from el4 mice, mature in vitro, and lose their regenerative ability, accurately
modeling biology of the postnatal CNS. Furthermore, we have shown that mTOR pathway
i1s downregulated in non-regenerating mature neurons in the culture, making the described

model a valuable tool for future exploration of related pathways during axonal injury.
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8. SOUHRN

Farmakologicka inhibice mTOR drahy zvysené po MP byla prokdzana jako mozna nova
terapie akutniho MP jelikoz mlze vést k funkéni a strukturalni obnové. Bylo zjisténo, Ze
inhibice mTORC1 pomoci RAPA je G¢innéjsi ve srovnani s dudlni inhibici mTORCI 1
mTORC?2 inhibitorem pp242. Pozitivni G¢inky 1écby jsou pravdépodobné zprostiedkovany

zvySenou autofagii a modulaci zanétlivé odpovédi v misté 1éze.

U ALS se terapie kmenovymi bunikami v poslednich letech ukazala jako velmi slibna,
1 kdyZ neni zcela jasné, které patologické drahy ptesné ovliviiuje. Prozkoumali jsme rtizné
zpusoby podani, a zjistili jsme, ze na zastaveni progrese ALS ma nejvyraznéjsi ti¢inek
kombinace intratekalni a intramuskulérni aplikace hMSC. Jeden z moznych mechanismu

ALS, ktery hMSCs terapie muize ovlivnit, je modulace autofagie.

Role drahy mTOR v degeneraci motorickych neuronti byla zkouména ve vztahu k
astrocytim. Astrocyty hraji dilezitou roli v patologii ALS. Prozkoumali jsme ulohu proteinu
PHLDA3, represoru mTOR drahy, ktery je prokdzané zvySen v patologicky reaktivnich
astrocytech v ALS. Nadmérna exprese tohoto proteinu ve astrocytech divokého typu vedla
k indukci stresu ER v téchto buitkach a negativné ovlivnila pfeziti motorickych neuronti in

vitro, coz odhalilo dalsi potencialni mechanismus patologie ALS.

Charakterizovali jsme novy in vitro model miSnich interneuroni. Kultury, izolované z
el4 mysi, dozrévaji in vitro a ztraceji svou regeneracni schopnost, a presn¢ tak modelu;i
biologii postnatalniho CNS. Daéle jsme ukézali, Ze exprese drahy mTOR se sniZuje v
neregenerujicich, zralych neuronech v kultute, diky ¢emuz je popsany model cennym

nastrojem pro budouci zkoumani drah souvisejicich s axonalnim poskozenim.
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