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The choice of a young man depends on his inclination,

but also by the good fortune to meet a great teachers.

Rita Levi Montalcini
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INTRODUCTION

Central nervous system (CNS) is one of the complex systems in the body that consists of
brain and spinal cord. Any disease or traumatic assault may lead to the degeneration of CNS
including loss of homeostasis. CNS injuries constitute a major cause of morbidity and
mortality includes the life threatening injuries such as traumatic brain injury (TBI) and spinal
cord injury (SCI). TBI and SCI are caused by both primary and secondary injuries influencing
the cascades of cellular and molecular events, which will cause further damage in the system,
and loss of body functions. The consequences of the secondary injury include mitochondrial
dysfunction, neurotransmitter accumulation, blood-brain barrier (BBB) and blood spinal cord
barrier disruption, apoptosis, excitotoxic damage, initiation of inflammatory, and immune
processes which is followed by initial primary mechanical trauma. Secondary injury involves
the production of highly reactive species, reactive oxygen species (ROS), reactive nitrogen
species (RNS), or free radicals which will cause damage to protein structure, DNA, and cell
membrane and leads to oxidative stress which plays a major role in the pathophysiology of
CNS injury. The progression of the damage starts from the primary impact on brain or spinal
cord and will continue for hours, days, and weeks after the initial mechanical insult which
will result in tissue damage (Samantaray et al., 2009; Khalatbary et al., 2010; Bains and Hall,
2012b; Bhalala ef al., 2013; Naseem and Parvez, 2014).

Plus the stress response, autophagy is a highly essential cellular response to damage and

influences the improvement and progression of post-traumatic disease (Wang et al., 2015).

The term autophagy, from Greek “self-eating” refers to a range of processes, including
chaperone-mediated autophagy, microautophagy and macroautophagy, which regulated
process of degradation and recycling of cellular constituents, participated in organelle

turnover and the bioenergetic management of starvation of spinal cord injury.

The mammalian target of rapamycin (mTOR), a conserved serine/threonine kinase, is the
catalytic subunit of two fundamentally distinct complexes: complexes-mTOR complex 1
(mTORCI) and complexes-mTOR complex 2 (mMTORC2) that individually plays an essential
role in the control of cell proliferation. Both complexes localized to distinctive subcellular
sections, thus affecting their initiation and role (Wullschleger et al., 2006; Betz and Hall,
2013). The mTORCI1 stimulate protein synthesis by mRNA translation and cell development
by entering the G1 phase of the cell cycle, however mTORC?2, firstly identified as a regulator
of the actin cytoskeleton, has been indicated to phosphorylate members of the AGC kinase
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family, including Akt, which is linked to several pathological conditions (Menon and
Manning, 2008; Foster and Fingar, 2010; Sparks and Guertin, 2010). They have distinctive
downstream targets, different biological functions and importantly, different sensitivity to the
drug rapamycin. mTORC1 is pharmacologically inhibited by short-term rapamycin
management, whereas mTORC2 is resistant to short-term rapamycin treatment, although
long-term treatment can prevent mTORC2 complex assembly (Phung et al., 2006; Sarbassov

et al., 2006).
One of the most important mTOR inhibitor studied until today was Rapamycin.

Rapamycin, an inhibitor of the mTOR pathway, can extend lifespan and improve age-related
functional decline in mice, thereby providing the first proof of principal that a pharmaceutical
agent can slow the aging process in mammals. These outcomes have proven robust in
repeated studies; however, their potential translational relevance towards a means to slow
aging or prevent age-related disease in otherwise healthy humans remains unclear. Part of the
challenge in addressing the potential of rapamycin (or its analogs) as a pro-longevity
therapeutic lies in its known clinical risks for adverse side effects. Primary amongst these are
metabolic defects that include hyperglycemia, hyperlipidemia, insulin resistance and
increased incidence of new-onset type 2 diabetes. In healthy rodents, treatment with
rapamycin also causes a relatively rapid, dose-dependent impairment of markers of glucose
homeostasis. The natures of the metabolic effects/defects caused by rapamycin remain
ambiguous regarding their role in longevity and healthy aging. Fang et al. suggested the
effects of rapamycin on metabolism depend on the length of treatment with a detrimental
effect on glucose metabolism in the short-term whereas mice treated chronically with
rapamycin actually became insulin-sensitive. On the other hand, Blagosklonny has proposed
that the presumed metabolic impairments caused by rapamycin may simply be a consequence
of its action as a “starvation-mimetic” and, further, may be fundamentally required for its pro-
longevity effect (Blagosklonny, 2011; Wilkinson et al., 2012; Fang et al., 2013; Miller et al.,
2014).

Considering a lot of Rapamycin-induced side effect, in these years, a number of inhibitors of

the PI3K/AKT/mTOR pathway has been identified such as Temsirolimus and KU0063794.

Temsirolimus was the first mMTORC] inhibitor investigated in clinical trials in the late 1990s

in patients with cancer. Is an ester derivative of rapamycin and it is a specific inhibitor of

mTORCI1 that interferes with the synthesis of proteins that regulate proliferation, growth, and
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survival of tumor cells. Treatment with temsirolimus leads to cell cycle arrest in the G1 phase

and stops tumor angiogenesis by reducing synthesis of VEGF (Duran et al., 2006).

KU0063794 is a second-generation mTOR inhibitor targeting mTORC1 and mTORC2,
including p70S6K, 4E-BP1 and Akt. Specifically, inhibits the phosphorylation of S6K1 and
4E-BP1, which are downstream substrates of mTORCI, and it inhibits Akt phosphorylation
on Ser473, which is the target of mMTORC2 (Garcia-Martinez et al., 2009; Zhang et al., 2013).
In a recent study it has been demonstrated that KU0063794 decreasing the viability and
growth of renal cell carcinoma cell lines, Caki-1 and 786-0, and showed anti-fibrotic activity
in Keloid disease (Syed et al., 2013; Zhang et al., 2013). Previously it has been showed that
mTOR plays a key role in modulation of macrophage/microglia activation, reduction of IL-13
and TNFa production, expression of nitric oxide synthase, prevention of apoptosis neuronal
loss and demyelination both in the first and second phases of the damage after injury (Kanno
et al., 2012). Moreover, it has been demonstrated that rapamycin treatment significantly
improved the neurological recovery from SCI and increased the number of surviving neurons

at the lesion epicenter (Chen et al., 2013Db).

However, the mechanism of autophagy related inflammation after SCI and TBI is still
unclear. So, in this regard in this thesis we have evaluated the effect of Ku0063794, as

potential treatments for inflammation in SCI and TBI models.



CHAPTER 1: CENTRAL NERVOUS SYSTEM INJURY

1.1 SPINAL CORD INJURY

Spinal cord injury has a significant impact on quality of life, life expectancy and economic
burden, with considerable costs associated with primary care and loss of income. In one
study, quadriplegics ranked recovery of arm and hand function as a priority, whereas
paraplegics rated recovery of sexual function as most important (when measured against
recovery of bladder/bowel function, and eradicating autonomic dysreflexia, improving
walking movements and trunk stability, regaining normal sensation and eliminating chronic

pain)(Anderson, 2004).

The normal architecture of the human spinal cord can be radically disrupted by injury (Bunge
et al., 1993; Kakulas, 1999). SCI is heterogeneous in cause and outcome and can result from
contusion, compression, penetration or maceration of the spinal cord. SCI leads to the death
of cells, including neurons, oligodendrocytes, astrocytes, precursor cells, and any resulting
cavities and cysts may interrupt descending and ascending axonal tracts, although
circumferential white matter is often spared (Horky ef al., 2006). The pathophysiology of SCI

comprises both primary and secondary mechanisms of injury.

Mechanisms of Injury

5 5 . Activated Astrocytes
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Figure 1 — Primary and secondary injury in SCI.



The “primary injury” refers to the forces that impart the primary mechanical insult to the
spinal cord, which in its mildest form causes a cord concussion with brief transient neurologic
deficits and in its most severe form causes complete and permanent paralysis. After the initial
insult to the spinal cord, additional structure and function are lost through active “secondary
damage” such as apoptosis of oligodendrocytes, loss of myelin, generation of oxidative stress,

activation of immune system response and inflammation process (Crowe et al., 1997).

Demyelinated axons are observed up to a decade after human SCI, and the extent to which
these axons survive unmyelinated or become remyelinated by central or peripheral myelin is a
subject of ongoing investigation (Guest et al., 2005; Totoiu and Keirstead, 2005). Resident
and invading inflammatory cells (including neutrophils, microglia, macrophages and T cells)
can have a range of destructive and reparative roles. SCI culminates in glial scarring, a
multifactorial process that involves reactive astrocytes, glial progenitors, microglia and
macrophages fibroblasts and Schwann cells (Bruce ef al., 2000; Jones et al., 2002; Jones et
al., 2003; Jones et al., 2005). Progressive expansion of the injury across more than one
segment (syringomyelia) can also occur over months or years, sometimes proving fatal (Silver

and Miller, 2004; Fawcett, 2006).

In contrast to these destructive events, commonly observed pathological features do indicate
some spontaneous repair after SCI (Beattie et al., 1997). Whereas there is little or no
neurogenesis in the injured spinal cord, proliferation in the ependymal and peri-ependymal
canal generates new precursor cells that exclusively differentiate into glial cells (Yamamoto et
al., 2001; Azari et al., 2005; Yang et al., 2006). Limited axon sprouting does occur and
lesions might even be spanned by trabeculae containing axon sprouts. Sprouting is largely
impeded by geometrical and molecular factors, and few axons regenerate over long distances
back to their original targets (Beattie et al., 1997; Hill et al., 2001; Pettigrew et al., 2001).
However, various forms of cortical, brainstem and spinal plasticity occur that could contribute
to limited compensatory recovery (Raineteau and Schwab, 2001; Weidner ef al., 2001). After
SCI, new spinal circuits can bypass the lesion, including sprouting of injured corticospinal
axons onto spared, long descending propriospinal tracts that increase connectivity with
lumbar motor neurons (Raineteau et al., 2002; Bareyre et al., 2004). Cortical sensorimotor
areas can functionally rearrange and, at the subcortical level, the rubrospinal system can
reorganize and compensate for much of the function lost after corticospinal injury (Raineteau

and Schwab, 2001; Bareyre et al., 2004; Thuret et al., 2006).
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Therefore, although there is some spontaneous repair after CNS injury, it is incomplete.
Further recovery of function will require a combination of effective and safe therapeutic

interventions

1.1.1 CLASSIFICATION OF SPINAL CORD INJURY

Injuries are classified in general terms of being neurologically “complete” or “incomplete”
based upon the sacral sparing definition (Waters et al., 1991). “Sacral Sparing” refers to the
presence of sensory or motor function in the most caudal sacral segments as determined by
the examination (i.e. preservation of light touch or pin prick sensation at the S4-5 dermatome,
DAP or voluntary anal sphincter contraction). A complete injury is defined as the absence of
sacral sparing (i.e. sensory and motor function in the lowest sacral segments, S4-5), whereas
an incomplete injury is defined as the presence of sacral sparing (i.e. some preservation of

sensory and/or motor function at S4-5) (Kirshblum et al., 2011).

The following ASIA Impairment Scale (AIS) designation is used in grading the degree of

impairment:

v" A = Complete. No sensory or motor function is preserved in the sacral segments S4-
Ss.

v' B = Sensory incomplete. Sensory but not motor function is preserved below the
neurological level and includes the sacral segments S4-S5, AND no motor function is
preserved more than three levels below the motor level on either side of the body.

v C = Motor incomplete. Motor function is preserved below the neurological level, and
more than half of key muscle functions below the single neurological level of injury
have a muscle grade less than 3 (Grades 0-2).

v" D = Motor incomplete. Motor function is preserved below the neurological level, and
at least half (half or more) of key muscle functions below the NLI have a muscle grade
>3.

v" E = Normal. If sensation and motor function as tested with the ISNCSCI are graded as
normal in all segments, and the patient had prior deficits, then the AIS grade is E.

Someone without a SCI does not receive an AIS grade.
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Figure 2 Standard neurological classification of spinal cord injury

1.1.2 EPIDEMIOLOGY, INCIDENCE AND CAUSES

SCI epidemiology has been studied extensively over the past 40 years. Studies focused on
descriptive epidemiology, including overall incidence rates, age, gender, race, cause of injury,
level and completeness of injury (Kraus et al., 1975; Bracken et al., 1981; Griffin et al.,
1985). Published reports of SCI incidence in the United States vary from 25 to 59 new cases
per million population per year with an average of 40 per million (Acton ef al., 1993; Price et
al., 1994; Thurman et al., 1994; Johnson et al., 1997; Surkin et al., 1998). This would
translate to approximately 12 400 new SCIs in 2010. The incidence of SCI in the rest of the
world is much lower than in the United States (Devivo, 2012). There are several possible
explanations for this. One is the relative absence in most countries of SCI because of acts of
violence. However, there also appear to be fewer SCIs related to motor vehicle crashes in
other countries. Possible explanations for this would be a lower average passenger miles of
exposure, greater use of seat belts, or safer driving habits and road conditions. Conversely,
lower incidence could also result from greater mortality at the site of the accident. Finally,

incomplete case ascertainment may have occurred in many of these studies as they are not
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typically population-based but rather rely on referrals to specialized centers. No studies have

addressed the reasons for international variation in SCI incidence.

SCI incidence rates are lowest for the pediatric age group, highest for persons in their late
teens and early twenties, and generally decline consistently thereafter, although some studies
suggest a secondary increase in incidence rates among the elderly.(Acton et al., 1993; Price et
al., 1994; Hagen et al., 2010). Among persons enrolled in the combined US data set, the mean
age at injury has increased from 28.3 years during the 1970s to 37.1 years between 2005 and
2008 (DeVivo and Chen, 2011). These figures mirror the increasing median age of the general
US population, which were 30 years in 1980 and 36.9 years in 2010.

The average age at injury is a few years higher in most other countries than in the United
States (Devivo, 2012). This is likely because of the lower rate of injuries due to violence that
typically occur among younger persons, although other factors such as the average age of the
general population and differences in other cause-specific incidence rates also likely have a
role in raising the average age at injury in other countries. In 2001, 13% of the US population

was >65 years, compared with 18% in Japan and 15% in Europe.
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SCI occurs predominantly among men and will continue to do so in the future. SCI annual

incidence rates are typically 3 to 4 times higher for men than women (Devivo, 2012).

However, the percentage of new injuries occurring among men in the combined US data set
has declined slightly over time from 80.9% during the 1970s to 77.1% since 2000 (Devivo,
2012). A similar trend has occurred in Norway where the incidence rate was 5.3 times higher
among males than females between 1952 and 1956, but only 4.2 times higher between 1992
and 2001 (Hagen et al., 2010). This trend toward a slightly increasing percentage of women
among new SCIs should continue because injuries among older persons are increasing, and
SCIs among the elderly are more evenly split between men and women than SCIs that occur

among teenagers and young adults.

In the United States, motor vehicle crashes are the leading cause of SCI (Acton et al., 1993;
Price et al., 1994; Devivo, 2012). Although the percentage of SCIs owing to motor vehicle
crashes in the combined US data set has fluctuated over time, it is approximately the same
today (48.3% since 2000) as it was during the 1970s (47.6%) (Devivo, 2012). Injuries due to
acts of violence peaked in the 1990s (21%) but have since declined dramatically (12% since
2000). 18 Overall, sports-related SCIs have declined slightly from 14.2% during the 1970s to
10.0% since 2000 (Devivo, 2012). Injury prevention initiatives have reduced the occurrence
of SCIs in many sports, most notable diving, American football and trampolines. However,

SClIs from winter sports such as snow skiing have increased.

Falls are the leading cause of SCI among persons aged >60 (Price et al., 1994).Therefore, it is
not surprising that the proportion of new SCIs owing to falls has been increasing steadily as
injuries among older persons have become more frequent. During the 1970s, falls accounted
for 16.2% of new SCIs in the combined US data set compared with 21.8% since 2000
(Devivo, 2012). This trend is likely to continue, with a corresponding decline in sports and

violence-related SClIs that do not typically occur among older persons.

1.1.3 PHARMACOTHERAPY

Pharmacotherapy early after SCI is aimed at neuroprotection to minimize the secondary
injury. Several trials with different neuroprotective pharmacological agents have been
reported in literature. These pharmacological agents block one or more of the mechanisms of
secondary injury following trauma to the cord. Unfortunately, till date, no neuroprotective
pharmacological agent has been conclusively shown to be clinically effective in human

subjects with SCI (Tator, 2006).
-14-



1.1.3.1 Methylprednisolone

Animal studies have demonstrated that methylprednisolone (MP) reduces the secondary cord
injury following trauma by inhibiting lipid peroxidation, improving spinal blood flow,
enhancing the postinjury activity of Na'/K'-ATPase, and facilitating the recovery of
extracellular calcium ions (Young, 1991; Hall et al, 1992). Three MP trials have been
reported from North America (Bracken et al., 1984; Bracken et al., 1990; Bracken et al.,
1997). The NASCIS 2 trial (Bracken ef al., 1990) suggested clinical efficacy that did not
translate into effectiveness. Subsequent study from France (Pointillart et al., 2000) and
evidence-based analysis (Hurlbert, 2000; Short et al., 2000; Hurlbert, 2001; Hurlbert, 2006)
have not supported the routine use of MP in acute SCI. Despite equivocal effectiveness, MP is
widely used in many North American centres, for want of a better alternative. The drug is
given within 8 h of injury in a bolus dose of 30 mg/kg followed by a maintenance dose of 5.4

mg/kg/h over next 23 h.
1.1.3.2 GM1 Ganglioside

Animal studies have shown that monosialotetrahexosylganglioside (GM-1) ganglioside
enhances the functional recovery of damaged neurons (Ferrari and Greene, 1998). The first
randomized control trial, with 34 patients, suggested beneficial effects of GM-1 (Geisler et
al., 2001). However, a later adequately powered multicenter study failed to establish the

effectiveness of this agent in SCI (Geisler et al., 2001).
1.1.3.3 Thyrotropin Releasing Hormone

Thyrotropin releasing hormone (TRH) is a partial endorphin antagonist. Endorphins are
released after SCI and postulated to exacerbate posttraumatic ischemia by reducing spinal
blood flow secondary to systemic hypotension (Faden et al., 1981). A smaller study (Pitts et
al., 1995) suggested beneficial effects of TRH in SCI. A larger study to evaluate the efficacy

has not been carried out.
1.1.3.4 Nimodipine
Nimodipine is a Ca®>" channel blocker. It can potentially minimize the injury following SCI by

counteracting vasospam, ischemia, and infarction that contribute to secondary damage(Guha
-15-



et al., 1987; Pointillart et al., 1993). A single center randomized trial that compared four
treatment arms viz. nimodipine, MP, MP and nimodipine, and placebo failed to demonstrate
any significant benefits of nimodipine alone or in combination with MP (Pointillart et al.,

2000).

1.1.3.5 Gacyclidine

Gacyclidine is an N-methyl-D-aspartate antagonist. It blocks the toxic effects of glutamate,
which is released following SCI. A multicenter RCT failed to establish efficacy of
Gacyclidine at 1 year following SCI (Tator, 20006).

1.1.3.6 Minocycline

Minocycline is a tetracycline derivative (a bacteriostatic antibiotic) that is currently in
common clinical use for the treatment of acne and chronic periodontitis. Animal experiments
have shown minocycline has a neuroprotective effect following SCI. It reduces axonal loss at
the site of injury, decreases oligodendrocyte apoptosis, and prevents activation of microglia
and macrophages (Lee et al., 2003; Wells et al., 2003; Stirling et al., 2004). A pilot study to
evaluate minocycline in patients with acute spinal cord injuries has been initiated in Calgary,

Alberta, Canada (Kwon et al., 2005).

1.1.3.7 Estrogen

Early treatment with the estrogen 17 B-estradiol has been shown to have a neuroprotective
effect following experimental SCI in rats (Yune et al., 2004; Sribnick et al., 2006). 17p-
Estradiol reduces apoptosis in the penumbra around the zone of necrosis, thereby minimizing

the secondary damage.
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1.2 TRAUMATIC BRAIN INJURY

Traumatic brain injury is a nondegenerative, noncongenital insult to the brain from an
external mechanical force, possibly leading to permanent or temporary impairment of
cognitive, physical, and psychosocial functions, with an associated diminished or altered state
of consciousness (Topal et al., 2008). TBI can manifest clinically from concussion to coma
and death. Injuries are divided into 2 subcategories: primary injury, which occurs at the
moment of trauma, and secondary injury, which occurs immediately after trauma and
produces effects that may continue for a long time. Changes to the cerebral environment
involve a complex interplay between cellular and molecular processes, in which glutamate-
driven excitotoxic effects, oxidative stress, inflammation, ion imbalance, and metabolic
disarray are major components. These pathways induce progressive neuronal loss through
necrosis and apoptosis (Morganti-Kossmann et al., 2007; Kalia et al., 2008). Also, important
are the intracellular changes that are determined by the excessive influx of calcium, which
affects mitochondrial integrity, depleting cells of an essential source of energy. The metabolic
disarray caused by accumulation of lactate results in cytotoxic swelling of cells, which,
together with the increased permeability of the cerebral vasculature, leads to brain oedema,

elevated intracranial pressure, and reduced cerebral perfusion(Morganti-Kossmann et al.,

2007; Kalia et al., 2008; Bains and Hall, 2012a).
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Figure 4 - Pathophysiology of traumatic brain injury
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In addition, regardless of origin, TBI sufferers experience a relatively stereotyped array of
symptoms associated with the injury: dizziness, confusion, and sometimes loss of
consciousness (especially in severe injury). Even after the initial injury is managed and
resolved, approximately 70-80% of TBI patients develop long-lasting effects such as changes
in personality and cognition, anxiety and depressive-like behaviors (Whitnall et al., 2006;
Kiraly and Kiraly, 2007; Draper and Ponsford, 2008; Ponsford et al., 2008). TBI also
increases the risk for certain neurodegenerative conditions. For instance, repeated concussive
TBI has been associated with the development of chronic traumatic encephalopathy (CTE) in
athletes. Furthermore, both repeated and single TBI show a strong association with increased
Alzheimer's disease (AD) risk or earlier AD onset. Correlations with Parkinson's disease and
amyotrophic lateral sclerosis (ALS) have also been reported, but the supporting evidence is

not as strong as for CTE and AD (Gyoneva and Ransohoff, 2015).

Considering the high prevalence of TBI and its association with serious neurological
problems and risk for neurodegenerative diseases, there is a strong impetus to develop new
TBI therapies that not only promote cell survival immediately after the injury but also address
the development of secondary pathology. Because of the close association between
neuropathology and inflammation in space and time, the latter has emerged as an important
target for the amelioration of TBI (Das et al, 2012; Giunta et al., 2012; Woodcock and
Morganti-Kossmann, 2013).

1.2.1 CLASSIFICATION OF TRAUMATIC BRAIN INJURY

Glasgow Coma Scale (GCS) is the most widely used scoring procedure for mental and
neurological status following head injury in the U.S. and most English-speaking countries
(Gouvier et al., 1987). Its score is based on the sum of three components: eye opening
response, verbal response, and best motor response. For instance, if an individual at the
accident scene opened eyes to voice, used inappropriate words, and demonstrated a flexion
response to motor stimulation, the scoring would be E+ V + M =3 + 3 + 4 = 10 (see

following table).
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Category Best Response
Eye opening
Spontaneous
To speech
To pain
None
Verbal (Modified for Infants)
Oriented Babbles
Confused Irritable
Inappropriate words Cries to pain
Moans Moans
None None
Motor
Follows commands
Localizes to pain
Withdraws to pain
Abnormal flexion
Abnormal extension
None
Glascow Coma Score
Best possible score 15
Worst possible score 3
If tracheally intubated then verbal designated with “T”
Best possible score while intubated 10T
Worst possible score while intubated 2T

—_ N W A

— N W Rk W

— N W R W0

Table 1 — Glasgow Coma Scale.

This in turn produces a graded score in the moderate severity range. The GCS can be further
subdivided into mild injury (GCS = 13 to 15), moderate injury (GCS = 9 to 12), and severe
injury (GCS = 3 to 8). The clinical features of mild injury are loss of consciousness for 20
minutes, no focal neurological signs, no intracranial mass lesion, and no intracranial surgery.
Regardless of mental state, a focal computed tomography (CT) lesion places the patient into
the moderate category. A coma duration of at least 6 h places the patient into the severe
category, regardless of mental state.

In terms of outcome, the most commonly used current scales are the Glasgow Outcome
Scale and the Rancho Los Amigos Level of Cognitive Functioning Scale (see following

table).

Levels Clinical Signs

1. No response Unresponsive to any stimulus

II. Generalized response Nonpurposeful responses, usually to pain only

III. Localized responses Purposeful; may follow simple commands

IV. Confused, agitated Confused, disoriented, aggressive; unable to perform self-care

V. Confused, inappropriate Nonagitated; appears alert; responds to commands; verbally inappropriate; does not learn

VL. Confused, appropriate Can relearn old skills; serious memory defects; some awareness of self and others

VII. Automatic, appropriate Oriented; robot-like in daily activities; minimal confusion; lacks insight or planning ability

VIIL. Purposeful, appropriate  Alert and oriented; independent in living skills; capable of driving; defects may remain in
judgment, stress tolerance and abstract reasoning may not be at preinjury cognitive ability

Table 2 - Rancho Los Amigos Level of Cognitive Functioning Scale.
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The Rancho Scale is widely used by rehabilitation facilities after the patient leaves the
neurosurgical intensive care unit or neurosurgical floor for postacute care. Generally, a final
grading using the Rancho Scale is made prior to the patient’s discharge from a brain injury

rehabilitation unit if such is required (Gouvier ef al., 1987).

1.2.2 EPIDEMIOLOGY, INCIDENCE AND CAUSES

Each year, approximately 30 million injury-related emergency department (ED) visits,
hospitalizations, and deaths occur in the United States. Of the injury hospitalizations,
approximately 16% included TBI as a primary or secondary diagnosis. Of the injury deaths,
approximately one-third included a TBI as a direct or underlying cause of death. In 2010,
CDC estimated that TBIs accounted for approximately 2.5 million ED visits, hospitalizations,
and deaths in the United States, either as an isolated injury or in combination with other
injuries. Of these persons, approximately 87% (2,213,826) were treated in and released from
EDs, another 11% (283,630) were hospitalized and discharged, and approximately 2%
(52,844) died.
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Figure S - Estimates of the global incidence of TBI

These figures, however, underestimate the occurrence of TBIs, as they do not account for
those persons who did not receive medical care, had outpatient or office-based visits, or those
who received care at a federal facility (i.e., persons serving in the U.S. military or seeking
care at a Veterans Affairs hospital) (Faul, 2010). Department of Defense data revealed that
from 2000 through 2011 235,046 service members (or 4.2% of the 5,603,720 who served in
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the Army, Air Force, Navy, and Marine Corps) were diagnosed with a TBI (CDC, NIH, DoD,
and VA Leadership Panel, 2013). In the United States, children aged 0—4 years, adolescents
aged 15-19 years, and older adults aged >75 years are the groups most likely to have a TBI-
related ED visit or hospitalization (Faul, 2010). Adults’ aged >75 years have the highest rates
of TBI-related hospitalizations and deaths among all age groups. Overall, males account for
approximately 59% of all reported TBI-related medical visits in the United States (Faul,
2010). As shown in Table 4, during 2002—2010, the leading causes of TBI-related ED visits
were falls, being struck by or against an object, and motor-vehicle traffic crashes. The leading

causes of TBI-related hospitalizations were falls, motor-vehicle traffic incidents, and assaults.

For TBI-related deaths, the leading causes were motor-vehicle traffic incidents, suicides, and
falls (Coronado et al., 2012). The proportion of TBIs occurring during sports and recreation-
related activities are undetermined because of limitations of the data source. However,
according to the National Electronic Injury Surveillance System — All Injury Program, during
2001-2009 (CDC, 2011) the activities associated with the greatest estimated number of TBI-
related ED visits were bicycling, football, playground activities, basketball, and soccer among

persons younger than 19 years.

ED visits  Hospitalizations

of injury

Falls 658,668 66,291 10,944
Struck by or 304,797 6,808 372
against an object

Motor vehicle 232,240 53,391 14,795
traffic

Assault/Homicide 179,408 15,032 5,665
Self-inflicted/ * * 14713
Suicide

Other 122,667 25,478 4,990
Unknown 97,018 113,172 0

*Estimate not reported because of small numbers

Figure 6 — Major causes of TBI

1.2.3PHARMACOTHERAPY

Despite substantial investments by government, philanthropic, and commercial sources over
the past several decades, TBI remains an unmet medical need and a major source of disability

and mortality in both developed and developing societies.
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1.2.3.1Acetylcholinesterase inhibitors

Central acetylcholinesterase inhibitors (AChEI) increase synaptic acetylcholine by inhibiting
its breakdown in the synaptic cleft. Studies of these compounds for the treatment of patients
with TBI suggest they may have potentially beneficial effects—particularly in patients with
chronic moderate and severe TBI who have persistent cognitive deficits—by increasing
synaptic ACh levels (Tenovuo, 2005). Beneficial effects have been reported in pre-clinical
TBI studies with AChEI, including positive effects on acute injury processes with reduced
TBI-induced neuronal death, preservation of neurons in the CA1 hippocampal region, reduced
blood-brain barrier (BBB) disruption, decreased vasogenic brain edema, and preserved

neurologic and motor function (Chen et al., 1998; Ballesteros et al., 2008)..

1.2.3.2 Amantadine

Amantadine (l1-adamantamine hydrochloride) is a tricyclic amine used for the prophylaxis
and treatment of influenza A and was serendipitously discovered to have modest efficacy for
the treatment of Parkinson disease (PD). The anti-parkinsonian mechanism of action is not
fully understood, but research has suggested that amantadine increases extracellular dopamine
(DA) concentrations either by blocking DA reuptake or facilitating DA synthesis (Bales et al.,
2009). Amantadine may also have post-synaptic effects on DA circuits by increasing DA
receptor density (Gianutsos et al., 1985). One study showed that amantadine treatment,
starting 1 day after a closed controlled cortical impact model of TBI in rats and continuing for
18 days after injury, resulted in modest improvement in Morris water maze (MWM) latencies

(Dixon et al., 1999).

1.2.3.3 Cyclosporine A/FK 506

Cyclosporine A (CsA) inhibits opening of the mitochondrial permeability transition pore after
TBI, thereby maintaining mitochondrial membrane potential. Many studies in animal models
of TBI have suggested that this action of CsA confers benefit by preserving mitochondrial
function and reducing reactive oxygen species (Brustovetsky and Dubinsky, 2000; Sharov et
al., 2007) Inhibition of the protein phosphatase calcineurin via the immunophilin effects of
CsA also has beneficial effects on axonal injury and learning and memory (Van Den Heuvel
et al., 2004; Setkowicz and Guzik, 2007). Similarly, immunosuppressive effects, also
mediated by calcineurin inhibition, may further confer benefit after TBI or mediate potential

side effects. The related compound, FK 506, inhibits calcineurin and exhibits
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immunosuppressive effects but does not inhibit opening of the mitochondrial permeability

transition pore (Singleton ef al., 2001).

1.2.3.4 Progesterone

Progesterone is a steroid that is made in the brain, in addition to its synthesis in the
reproductive organs and adrenal glands. Progesterone has pleiotropic effects, and thus has
multiple candidates for mechanisms of action with regard to its potential therapeutic efficacy
in TBI (Hammond et al., 1983). Multiple pre-clinical models of TBI have demonstrated
neuroprotective properties of progesterone and have shown that it enhances behavioral and
functional outcomes, decreases cerebral edema, apoptosis, pro-inflammatory cytokines, and
other markers of inflammation, and prevents neuronal cell death (Liu et al., 2009).
Progesterone also enhances myelination, neurogenesis, and impacts aquaporin expression, and
modulates neurotrophin expression, among other actions (Koenig et al., 1995; Liu et al.,

2009).

1.2.3.5 Simvastatin/other statins

Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMGA) reductase inhibitors, reduce serum
cholesterol but also have potent effects in the brain relevant to mechanisms of TBI injury and
recovery. Such effects target mechanisms that influence both the acute and chronic phases of
TBI (Li et al., 2009; Chauhan and Gatto, 2010). There is pre-clinical evidence of beneficial
effects including those on acute injury processes such as brain edema, BBB integrity, cerebral
blood flow, neuroinflammation, axonal injury, and cell death, in addition to effects on key
facets of regeneration such as trophic factor production. A variety of molecular outcomes are
influenced including TUNEL staining, CREB, Akt, eNOS, FOXO1, NF-kB, GSK3,
cytokines, BrdU labeling, blood vessel formation, and vascular endothelial growth factor

(Chen et al., 2009a).

1.2.3.6 N-acetylcysteine (NAC)

NAC is FDA-approved as an antidote for acetaminophen overdose and as a mucolytic for
cystic fibrosis and other bronchopulmonary diseases. In animal models of TBI, NAC has
shown strong antioxidant activity by increasing glutathione levels and decreasing markers of
oxidative damage (Hicdonmez et al., 2006). NAC also showed anti-inflammatory activity by
decreasing the activation of NF-kB, while lowering interleukin (IL)-1f, tumor necrosis factor
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(TNF)-a, and intercellular adhesion molecule (ICAM)-1 levels (Yi and Hazell, 2005; Chen et
al., 2008). It is unclear how the anti-inflammatory action of NAC is related to its antioxidant
activity. NAC has been shown to reduce lesion volume while simultaneously reducing levels

of the putative neuroprotective enzyme heme oxidase (Yi and Hazell, 2005; Chen et al.,

2008).

1.2.3.7 Growth hormone (GH)

GH is a polypeptide that is synthesized, stored, and secreted by somatotrophic cells within the
lateral wings of the anterior pituitary gland. GH deficiency/insufficiency (GHD/GHI) is the
most common anterior pituitary abnormality after TBI. Manipulating the GH axis has been
shown to improve motor function, enhance learning and memory retention after TBI in rats,
and to improve spatial learning and memory in a mouse model of AD (Saatman et al., 1997,

Doulah et al., 2009).
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CHAPTER 2: THE ROLE OF NEUROINFLAMMATION

2.1 CYTOKINE RESPONSES TO INFLAMMATION

Cytokines are small and nonstructural proteins with no amino acid sequence motif, their
biological activities allow us in turn to group them into different classes: exit 18 cytokines
called interleukin (IL), some of these promote inflammation and are named pro-inflammatory
cytokines such as IL1f3 and IL1a, IL6, IL8 and TNFa; whereas other cytokines suppress the
activity of pro-inflammatory cytokines and are called anti-inflammatory cytokines such as IL-
4, IL-10, TGFp. The hypothesis that some cytokines function primarily induce inflammation
while others suppresses inflammation is essential to cytokine biology and to clinical

medicine.

Cytokines are secreted by a variety of immune cells such as T-lymphocytes and macrophages,
as well as b non-immune cells such as fibroblasts; the physiological effects mediated by
cytokines comprise the stimulation or inhibition of cell growth, cytotoxicity/apoptosis,
antiviral activity and inflammatory responses. The main function of cytokines is the
regulation of T-cell differentiation from undifferentiated cells to T-helper 1 and 2, regulatory
T cells, and T-helper 17 cells (Steinman, 2007). These regulatory proteins include ILs,
interferons (IFNs) and TNFs. Many of these cytokines have already been shown to be

produced by neurons or glia in CNS disorders in which they are notably increased.
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The cytokine class of inflammatory mediators is secreted by microglia and astrocytes and
their production is increased in inflammatory states, moreover, they act by modulating the
intensity and duration of the immune response. Pro-inflammatory cytokines and chemokines
up-regulate microbicidal activity of neutrophils, and they can be considered as additional

immunomodulatory agents to treat serious or refractory infections in humans.

Through cytokines IL-1 initiate the immune response, having a crucial role in the onset and
expansion of a complex hormonal and cellular inflammatory cascade; the IL-1 family of
cytokines includes IL-1a and IL-1, which generate cell activation upon binding with specific
membrane receptors and has been documented that IL-1 play a role in neuronal degeneration.
In astrocytes, IL-1 induces IL-6 production, stimulates iNOS activity (Hausmann, 2003),
enhances neuronal acetylcholinesterase activity, microglial activation and additional IL-1

production, and astrocyte activation.

Another important pro-inflammatory cytokine is the IL-6, a multifunctional cytokine that
plays an important role in host defense (Okada et al., 2004), and possess main effects during
the inflammatory response (Roxburgh and McMillan, 2016). IL-6 is associated to the
neuropoietin cytokine’s family and it possess direct and indirect neurotrophic effects on
neurons (Teng and Tang, 2006); moreover, IL-6 promotes astrogliosis (Morales et al., 2010),

activates microglia (Inoue, 2002), and stimulates the release of acute phase molecules.

2.1.1 INFLAMMATORY MEDIATOR: ROLE OF TNF a

Through all the cytokines involved in the secondary damage of SCI and TBI, TNF-a plays a
crucial role in fact it is release shortly after injury, it can accumulate rapidly at the site of
injury and it is produced by a number of different cell populations, such as neutrophils,
macrophages and microglia, astrocytes and T cells (Yan et al., 2001). Several cell types are
able to produce TNFa, including macrophages after its activation, dendritic cells, monocytes,
NK cells, CD4+ T cells, CD8+ T cells, microglia and astrocytes. Macrophages/monocytes are
able to produce TNFa in the acute phase of inflammation and this cytokines drives several

range of signalling events within cells, leading to necrosis or apoptosis.

Several biological functions are ascribed to the TNFa and for this reason the mechanism of
action is somewhat complex; although it inhibits the growth of tumor cells and it has an
enhancing effect on the proliferation of normal cells (Mandi et al., 1991) TNF-a is takes part
in septic shock, autoimmunity and inflammatory disorders. The major role of TNFa is

explicated as mediator in resistance against infections; moreover, it was postulated that TNF
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plays a pathological role in a number of autoimmune pathology such as graft vs host rejection
or rheumatoid arthritis. Moreover, TNFa possess potent pro-inflammatory effects that are
associated to its capacity to generate endothelial cell adhesion molecules and subsequently
support neutrophil adherence to vascular endothelium. Neutrophils are exquisite targets of
TNF-a that, under certain conditions, strengthens their expression of adhesion molecules,
induces their degranulation and successive release of lysosomal enzymes, causing the
production of highly reactive oxygen species. TNF-a-induced the migration of neutrophils
mediating the production of chemotactic factors, including IL-8, this testifies cytokine

networking involvement in inflammatory cell recruitment and an active role in inflammation.

TNFa works by binding and clustering high-affinity receptors that are present in a great
numbers on most cell membranes (Loetscher ef al., 1991), the ligand/receptor complex is
easily internalised via clathrin-coated pits and ends up in secondary lysozymes where it is
degraded. Interestingly the binding of TNFa to the 75 kDa TNFR-2 is not sufficient to reach
cytotoxicity, but rather binding to the 55 kDa TNFR-1 is sufficient to reach TNFa mediated
cell killing. TNFa exerts its effects by activating several secondary proteins that provoke a
variety of responses within the cell such as activation of gene transcription and/or production
of reactive oxygen or nitrogen radicals (e.g., NO). Activated proteins include Gprotein,
transcription factors such as NF-kB and AP-1 and serine and cysteine proteases, known as
caspases. Many members of the TNF receptor superfamily have intracellular “death
domains,” which represent protein interaction domains each consisting of 65-80 amino acids;
these proteins participate in TNFa mediated apoptosis process; many evidence demonstrated
that TNF-TNFR interactions are implicated in the pathogenesis of CNS disorders such as
EAE and MS. These interactions are able to monitor the disease outcome by modifying
immune response and the interactions between CNS-resident cells and effector immune cells

in the CNS.

However, recent studies showed a dual nature for TNF-a not only neurotoxic but also it can
be neuroprotective; a study conducted with transgenic mice for TNF-a receptors demonstrated
that the mice lacking for TNF-o showed more tissue loss and functional deficits compared to
wild-type mice, implying that TNF-a mediated a neuroprotective effect (Kim et al., 2001).
The beneficial or deleterious effects of TNF-o dependent when it is being released and on
cellular populations that is acting on, the conflicting actions of TNF-o described above
reflects a growing view of inflammation as a “dual-edged sword,” having neurotoxic and

neuroprotective properties (Bethea, 2000).
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Thus, comprehension of their profile, kinetics of expression and interactions between TNF-a
ligands and their TNFRs on different CNS residents and infiltrating immune cells, would aid
to better design strategies to control neuroinflammation and CNS autoimmunity. Blockers of
TNF o have been acknowledged for human use in treating TNF-linked autoimmune and
inflammatory disorders. Pathways downstream of receptor ligation supply critical points for

interjection for planning new therapeutic strategies.

2.2 MICROGLIA ACTIVATION

Moreover, another important mediators of inflammation that respond rapidly to disturbances
within the microenvironment by change in morphology are the microglia, the expression
‘activated microglia’ is used to define cells that change their immunophenotype and their
morphology after a specific stimuli; the principal role of microglia at the lesion site is a rapid
phagocytosis of fragments and induction of apoptosis (Shuman et al., 1997). The different
response of microglia in vitro suggest that these cells may elicit unique functional properties,
and consequently control the inflammatory response at the injury site. Microglial activation
has been well-known in the spinal cord tissue that receive a trauma and has been shown to
occur from caudal to lumbar enlargement, based on that there are papers supporting the role

of microglia in pain after injury and showing activation of microglia post-SCI.

Microglia activate the innate immune system and are key regulators of inflammatory
processes in CNS pathologies such as trauma and neurodegenerative diseases participation in
both acute and chronic phase of the inflammatory responses. Activated microglia secrete
cytotoxic substances including various cytokines such as TNF-a, IL-1, reactive free radicals,
and nitric oxide. However, the principal effects of microglia at the levels of the lesion core are
probably rapid phagocytosis of debris rather than induction of apoptosis. Microglia when
activated can cause neuronal and glial toxicity through the release of cytokines, free radicals,
eicosanoids, activated neutrophils and macrophages (Schwartz, 2000). On the other hand,
microglia activation lead to beneficial effects producing growth factors that are fundamental
for neuronal and tissue restoration. Moreover, it has been demonstrated that transplantation of

peripherally activated macrophages has beneficial effects on spinal cord regeneration.

2.3 APOPTOSIS
In the last decade the generation of apoptotic process after SCI and TBI was also confirmed,
apoptosis can be triggered by a variety of insults including cytokines, inflammatory injury,

free radical damage and excitotoxicity. The apoptotic process after SCI and TBI is activated
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in neurons, oligodendrocytes, microglia, and perhaps, astrocytes; apoptosis in microglia

contributes to inflammatory secondary injury.

Two main pathways of apoptosis—extrinsic or receptor-dependent and intrinsic or receptor-
independent—have been well characterized, and both appear to be active in SCI and TBI; the
extrinsic or receptor-dependent pathway is mediated by Fas ligand and Fas receptor (Leskovar
et al., 2000) and/or inducible nitric oxide synthase production by macrophages (Satake et al.,
2000), while intrinsic or receptor-independent pathway is mediated via direct caspase-3
proenzyme activation (Citron et al., 2000) and/or mitochondrial damage, release of
cytochrome c¢ and activation of the inducer caspase-9, pathways of caspase-mediated

apoptotic death (Hartley et al., 2000).
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Figure8 — Apoptosis following brain injury

Receptor-dependent apoptosis is evoked by extracellular signals, the most significant of
which is TNF, so the term of “extrinsic” pathway; tumor necrosis factor is known to rapidly
accumulate in the injured spinal cord, and activation of the Fas receptor of neurons, microglia,
and oligodendrocytes induces a programmed sequence of caspase activation. Moreover,
additional control of cell death/survival is provided by the balance between major
proapoptotic proteins such as Bax, Bad, and Bid and antiapoptotic proteins such as Bel-XL
and Bcl-2.

Apoptotic process that is activated in the secondary injury in SCI has recently come under

close study, and the precise contribution and potential therapeutic implications of apoptosis in
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SCI could be help to generate new therapeutic approach to treat the secondary events

associated to spinal cord injury.

2.4 INFLAMMATORY/IMMUNOLOGIC RESPONSE

The inflammatory and immunological response to injury within the CNS, is different than that
which is occurring in other tissues (Schwartz et al., 1999). The inflammatory and
immunologic responses to injury involve activation of innate immune cells that provide
immediate defense against inflammatory stimuli and in turn help to recruit cells of the
adaptive immune system (i.e., T and B lymphocytes). The activation of immune system is
driven by interactions involving presentation of antigen and release of various inflammatory
mediators (Ling et al., 2003). Also, cells present in the injury site may sequester debris and
carry CNS antigens to secondary lymphoid organs (Karman et al., 2004), where trigger
lymphocyte activation. Recent studies in mice showed that the number of activated T and B

cells increases in the spleen and bone marrow within 24 hours of trauma (Ankeny ef al.,

20006).

2.4.1 LYMPHOCYTES INFILTRATION

Under normal conditions, activated T cells can cross the BBB and enter the CNS parenchyma.
In contrast with other inflammatory cells enrolled after a trauma, the number of lymphocytes
remains low (Schnell et al., 1999); however, T-lymphocytes play an important role in the
CNS immune system, since on activation, T-lymphocytes may kill target cells and produce

cytokines (Kierdorf et al., 2010).

Once lymphocytes enter to the lesion site, they persist indeterminately (Sroga et al., 2003;
Ankeny et al., 2006), whereas T and B cell increase in the lesion site at least 9 weeks post-
injury (Bilgen et al., 2002; Whetstone et al., 2003), suggesting that cytokine/chemokine
gradients exist chronically and regulate integrin expression on endothelia and cells (Lee et al.,
2000; Babcock et al., 2003). These chemokine gradients and adhesion molecules represent
molecular targets for manipulating the effects of intraspinal lymphocytes after SCI (Eng and
Lee, 2003; Gonzalez et al., 2003; Bao et al., 2004); the progressive increase in lymphocyte
numbers may also be justified by lymphocyte activation and proliferation within the injured

centre of spinal cord.
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Moreover, induction of immune response could be generating as impaired nerve transmission;
increasing production of pro-inflammatory cytokines in chronic phase of SCI could worsen
the damage increasing the axonal injury and demyelination. Furthermore, there are evidences
that autoreactive lymphocytes promote neuronal survival in vivo through activation not only
of autoreactive-T-cell but also through activation other non- CNS-reactive T cells or B cells

such as resident microglia and infiltrating macrophages.

Thus, because lymphocytes remains for long term at the site of the lesion, new strategy of
treatment could orientate on this cells that posses a fundamental role in regulating

degenerative and regenerative processes after injury.

2.5 DUAL ROLE OF INFLAMMATION IN SPINAL CORD AND BRAIN INJURY

Based on manifold experimental and clinical studies published in recent years, there is
conflicting evidence on the role of the neuroinflammatory response in the injured CNS. Many
of the formerly designated “proinflammatory” mediators have shown to possess potential

effects in mediating deleterious as well as repair processes in the CNS.

“Classic” inflammatory cytokines like TNF have been historically determined as harmful

mediators based on in vitro data of neurotoxicity and in vivo data showing neuroprotection by
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pharmacological inhibition of TNF in various models of neuroinflammation and

neurodegeneration (Shohami et al., 1999)

Moreover, many pro-inflammatory mediators have been found to induce neurotrophin
production after brain injury, as demonstrated for cytokines (e.g., IL-1p, IL-6), chemokines

(e.g., IL-8), and inflammatory complement activation fragments (e.g., C3a) (Stahel, 2004).

In addition to neurotrophin induction, the neuropoietic cytokines like IL-6 have been shown
to possess additional mechanisms of neuroprotection in TBI and SCI models, by mediating

the generation of antioxidants, such as metallothioneins (Penkowa et al., 2003a; Penkowa et
al., 2003b).

Altogether, in order to reconcile the apparently conflicting reports of beneficial and
deleterious effects of various pro-inflammatory mediators, the exact timing and extent of
mediator production and activation must be taken into account, as well as the presence of
additional factors which may take over redundant functions, e.g., in neuropathology models
with use of genetically engineered mice. Thus, appropriate context of concomitant factors and
the kinetics and localization of inflammatory mediator expression and activation will

determine the harmful or protective properties in the context of neuroinflammation.
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CHAPTER 3: AUTOPHAGY AND MTOR

3.1 AUTOPHAGY

The term ‘autophagy’, derived from the Greek meaning ‘eating of self’, was first coined by
Christian de Duve over 40 years ago, and was largely based on the observed degradation of
mitochondria and other intra-cellular structures within lysosomes of rat liver perfused with the
pancreatic hormone, glucagon (Glick ef al.,, 2010). The mechanism of glucagon-induced
autophagy in the liver is still not fully understood at the molecular level, other than that it
requires cyclic AMP induced activation of protein kinase-A and is highly tissue-specific (Yin
et al., 2008). In recent years the scientific world has ‘rediscovered’ autophagy, with major
contributions to molecular understanding and appreciation of the physiological significance of
this process coming from numerous laboratories (Mizushima, 2007; Xie and Klionsky, 2007,

Levine and Kroemer, 2008; Nakatogawa et al., 2009).

Although the importance of autophagy is well recognized in mammalian systems, many of the
mechanistic breakthroughs in delineating how autophagy is regulated and executed at the
molecular level have been made in yeast (Saccharomyces cerevisiae) (Xie and Klionsky,
2007; Nakatogawa et al., 2009). Currently, 32 different autophagy-related genes (Atg) have
been identified by genetic screening in yeast and, significantly, many of these genes are
conserved in slime mould, plants, worms, flies and mammals, emphasizing the importance of

the autophagic process in responses to starvation across phylogeny.
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3.2 MAJOR TYPES OF AUTOPHAGY

Based on the type of cargo delivery, there are three types of autophagy systems in mammals

macroautophagy (autophagy), microautophagy, and chaperone-mediated autophagy.

3.2.1 MACROAUTOPHAGY (AUTOPHAGY)

Whole regions of the cytosol are sequestered and delivered to lysosomes for degradation.
Cargo sequestration occurs in the autophagosome, a double-membrane vesicle that forms

through the elongation and sealing of a de novo generated membrane (Ohsumi and

Mizushima, 2004).

This limiting membrane originates from a tightly controlled series of interactions between
more than 10 different proteins which resemble the conjugation steps that mediate protein
ubiquitinization (Cuervo, 2010). Formation of the limiting membrane also requires the
interaction between a protein and a specific lipid molecule, regulated by conjugating

enzymes.

a Macroautophagy b Microautophagy

\_) —’ °°

=4 OO E
0
Autophagosome -
Isolation Protems and AL N Selective :
membrane organelles ~ C \ @’

°O

Lipid droplet Chaperone
Mitochondrion ‘In bulk’ Organcllcs
Lipophagy ‘ “In bulk’
dh
—n - C§<— @ Substrate
"k protein
Mitophagy Lysosome
Lysosomal
HSC70 Substrate
G) ~Ribosome % protem

Ribophagy

Chaperone —
Aggregated
protein
Chaperone-assisted

selective autophagy

Aggrephagy

Translocation
complex

HSC 70@
Co-chaperonels'ﬂ ’

¢ Chaperone-mediated autophagy

Targetmg
N motif
Vi

Figure 10 Different types of autophagies

-34-



3.2.2 MICROAUTOPHAGY

Microautophagy is the direct uptake of soluble or particulate cellular constituents into
lysosomes. It translocates cytoplasmic substances into the lysosomes for degradation via
direct invagination, protrusion, or septation of the lysosomal limiting membrane. In other
words, microautophagy involves direct invagination and fusion of the vacuolar/lysosomal
membrane under nutrient limitation. The limiting/sequestering membrane is the lysosomal
membrane, which invaginates to form tubules that pinch off into the lysosomal lumen.
Microautophagy of soluble components, as in macroautophagy (autophagy), is induced by
nitrogen starvation and rapamycin. Microautophagy is controlled by the TOR and EGO
signaling complexes, resulting in direct uptake and degradation of the vacuolar boundary
membrane (Uttenweiler et al., 2007). Hence, this process could compensate for the enormous

influx of membrane caused by autophagy.

It seems that microautophagy is required for the maintenance of organelle size and membrane
composition rather than for cell survival under nutrient restriction. Uttenweiler et colleagues
have identified the vacuolar transporter chaperone, VTC complex, required for
microautophagy (Uttenweiler et al., 2007). This complex is present on the endoplasmic
reticulum and vacuoles, and at the cell periphery. Deletion of the VTC complex blocks

microautophagic uptake into vacuoles.

3.2.3 CHAPERONE-MEDIATED AUTOPHAGY

Chaperone-mediated autophagy (CMA) has been characterized in higher eukaryotes but not in
yeast. Because of the particular characteristics of this type of delivery, only soluble proteins,
but not whole organelles, can be degraded through CMA (Cuervo, 2010). CMA is dependent
on the constitutively expressed heat shock cognate 70 (Hsc70), shares 80% homology with
the heat shock protein 70 (Hsp70), and identifies peptide sequences of cytoplasmic substrates;

thus, it is more selective than autophagy in its degradation (Hoffman et al., 2012).

CMA serves to balance dysregulated energy, and is maximally activated by nutrient/metabolic
and oxidative/nitrosative stresses. Cross talk between CMA and autophagy is likely. CMA
differs from the other two types of autophagies with respect to the mechanism for cargo
selection and delivery to the lysosomal lumen for degradation. In other words, CMA is
involved in the delivery of cargo, which does not require the formation of intermediate
vesicles, membrane fusion, or membrane deformity of any type. Instead, the substrates are

translocated from the cytosol directly into the lysosomal lumen across the membrane in a
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process mediated by a translocation protein complex that requires the substrate unfolding. A
chaperone protein binds first to its cytosolic target substrate, followed by a receptor on the

lysosomal membrane at the site of protein unfolding.

This protein is subsequently translocated into the lysosome for its degradation. In this system
the substrate proteins are selectively targeted one-by-one to the lysosomes, and are then
translocated across the lysosomal membrane. Selectivity and direct lysosomal translocation
have thus become trademarks of CMA. An essential requirement for a protein to become a
CMA substrate is the presence of a pentapeptide motif biochemically related to KFERQ in its
amino acid sequence (Dice, 1990). During CMA, proteins are directly imported into
lysosomes via the lysosomal membrane protein type 2a (LAMP-2a) transporter assisted by the
cytosolic and lysosomal Hsc70 chaperone that recognizes the KFERQ-like motif. Substrates
of CMA carry signal peptides for sorting into lysosomes, similar to other protein transport

mechanisms across membranes.

CMA is a generalized form of autophagy present in almost all cell and tissue types. All the
CMA substrate proteins are soluble cytosolic proteins containing a targeting motif
biochemically related to the pentapeptide KFERQ. This motif, present in ~30% of the
proteins in the cytosol, is recognized by a cytosolic chaperone, the heat shock cognate protein
of 73 kDa (cyt-Hsc70). The interaction with chaperone, modulated by the Hsc70 co-
chaperones, targets the substrate to the lysosomal membrane, where it interacts with the
LAMP-2a (Cuervo and Dice, 1996). Substrates are required to be unfolded before

translocation into the lysosomal lumen.

Several cytosolic chaperones associated with the lysosomal membrane have been proposed,
which assist in the unfolding (Agarraberes and Dice, 2001). Translocation of the substrate
requires the presence of a variant of Hsc70, lys-Hsc70, in the lysosomal lumen. This is
followed by the rapid proteolysis of the substrate by residual lysosomal proteases (half-life of

5-10 minutes in the lysosomal lumen).
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3.2.4 SELECTIVE AUTOPHAGIES

There are specific types of autophagy in which specific proteins or cell organelles are

delivered to the autophagosome/lysosome for degradation.

1. Aggrephagy: selective degradation of cellular aggregates, especially proteins (Overbye et
al., 2007).

2. Axophagy: degradation of axons (Yue, 2007).
3. Glyophagy: degradation of glycogen particles (Jiang et al., 2011).
4. Lipophagy: selective degradation of lipid droplets (Singh et al., 2009).

5. Mitophagy: selective degradation of mitochondria (Kanki, 2010; Coto-Montes et al.,
2012).

6. Nucleophagy: selective degradation of parts of the nucleus (Mijaljica et al., 2010).

7. Pexophagy: selective degeneration of peroxisomes; dependent on PEX3 and PEX4
proteins (Klionsky, 1997).

8. Reticulophagy: selective degradation of rough endoplasmic reticulum to balance its

expansion by unfolded proteins (Klionsky et al., 2007).
9. Ribophagy: selective degradation of the 60S ribosomal subunit (Kraft ez al., 2008).
10. Xenophagy: defense against intracellular pathogens (Shpilka and Elazar, 2012).

11. Zymophagy: degradation of zymogen granules (Vaccaro, 2012).
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3.3 MTOR SIGNALLING PATHWAYS

The target of rapamycin (TOR), an evolutionarily conserved Ser/Thr protein kinase, forms the
catalytic core of at least two functionally distinct complexes, TOR complex 1 (TORC1) and
TOR complex 2 (TORC2) (Bhaskar and Hay, 2007; Jacinto and Lorberg, 2008; Cybulski and
Hall, 2009; Dunlop and Tee, 2009). These complexes contain shared and distinct partner

proteins and control a myriad of cellular processes in response to diverse environmental cues.

mTORC]1 and mTORC?2 contain shared and unique partners, the molecular functions of which
remain poorly understood. Each complex contains mTOR, mLST8/GL, and deptor (Bhaskar
and Hay, 2007; Jacinto and Lorberg, 2008; Cybulski and Hall, 2009; Dunlop and Tee, 2009).
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Figure 11 — Graphical representation of mMTOR1 and mTORC2

mLST8/GPBL binds the mTOR kinase domain in both complexes but appears more critical for
mTORC2 assembly and signaling (Guertin et al., 2006). Deptor functions as an inhibitor of
both complexes (Laplante and Sabatini, 2009; Peterson et al., 2009). Other partner proteins
distinguish the two complexes. mMTORCI1 contains exclusively raptor (Kogl in budding yeast)
and PRAS40. Raptor functions as a scaffolding protein that links the mTOR kinase with
mTORCI] substrates to promote mTORCI signaling. PRAS40 functions in an incompletely
defined and controversial regulatory capacity as an mTORCI inhibitor, competitive substrate,
or both (3). Thus, disagreement exists in the field as to whether PRAS40 represents a core
mTORCI partner or an interacting substrate. In contrast, mMTORC?2 contains exclusively rictor

(rapamycin-insensitive companion of mTOR) (Avo3 in S. cerevisiae), mSinl (Avol in S.
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cerevisiae), and PRRS5/protor. Rictor and mSinl promote mTORC2 assembly and signaling;
the function of PRR5/protor remains obscure (Bhaskar and Hay, 2007; Jacinto and Lorberg,
2008; Cybulski and Hall, 2009; Dunlop and Tee, 2009).

3.3.1 FUNCTIONS OF MTORC1

mTORCI senses and integrates diverse extra- and intracellular signals to promote anabolic
and inhibit catabolic cellular processes. Growth factors and nutrients (e.g. amino acids,
energy) promote mTORCI-dependent protein synthesis, cell growth (increase in cell
mass/size), cell proliferation, and cell metabolism (Dunlop and Tee, 2009; Ma and Blenis,
2009). Conversely, insufficient levels of these factors, or signals of cell stress, blunt mTORCI1
action to maintain cellular biosynthetic rates appropriate for suboptimal cellular conditions
(Reiling and Sabatini, 2006; Dunlop and Tee, 2009; Ma and Blenis, 2009). Reduced
mTORCI1 signaling also promotes macroautophagy (Chang et al., 2009). Cell growth, cell
cycle progression, and cell proliferation represent evolutionarily conserved TORC1 functions
(Fingar and Blenis, 2004). Strikingly, mTORC]1-dependent control of cell size extends to
control of organ and organismal size (Ruvinsky and Meyuhas, 2006). Mechanisms underlying
mTORC]1-mediated inhibition of cell growth and proliferation remain incompletely defined

but likely involve reduced protein synthesis.

3.3.2 FUNCTIONS OF MTORC2

The serine/threonine protein kinase Akt (also known as protein kinase B) represents the first
identified substrate of mTORC2. Akt promotes cell proliferation, cell survival, and cell
migration and controls various metabolic processes (Sarbassov et al., 2005; Manning and
Cantley, 2007). Control of actin cytoskeleton organization represents the first noted function
of mTORC?2 (Sarbassov et al., 2004; Feldman et al., 2009). Recently, a role for mTORC2 in

control of cell size and cell cycle progression was also reported (Rosner ef al., 2009).
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3.4 CROSSTALK BETWEEN AUTOPHAGY AND OXIDATIVE STRESS

It has long been known that the conditions that regulate the activity of the autophagic process
are also associated with changes in the production of reactive oxygen species (ROS) and
reactive nitrate species (RNS) in cells. ROS/RNS are a range of oxygen-derived molecules
formed by the incomplete reduction of oxygen during oxidative metabolism and have both
specific mechanisms of production and intracellular targets (Murphy, 2006). The most
important biologically are O," and H,O,, since both can be formed by controlled mechanisms
in cells and are cell-signaling molecules. O2" and H,O; can interact with NO to generate
nitrating species, such as ONOO , and oxidized lipids to produce reactive lipid species (RLS)
(Beckman et al., 1990; Deen et al., 2002). A major endogenous source of both 02" and
H202 is the mitochondrial electron-transport chain (mETC), where continuous electron
leakage to O, occurs during aerobic respiration (Murphy, 2009). In addition to the mETC, low
levels of ROS are produced by membrane-localized NADPH oxidases (NOXs), peroxisomes
and the cytochrome p450 system (Hanukoglu, 2006; Schrader and Fahimi, 2006; Lambeth,
2007).

It is important to recognize that the ROS cannot be considered as discrete or independent

redox messengers since they can be interconverted.
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For example, starvation not only increases ROS levels in the cell, but also stimulates
autophagy . Both O2" and H,O, have been shown to mediate autophagy induction . For
example, H>O, can modify mitochondrial proteins damaging the electron-transfer process, so
that they now generate intramitochondrial O2" (Scherz-Shouval et al., 2007; Bensaad et al.,
2009; Chen et al., 2009b). In a further example, oxidative modification of the nitric oxide
synthases (NOSs) can cause disruption of electron transfer within the enzymes, inhibiting the
formation of nitric oxide and generating O2" (Forstermann, 2006; Velayutham et al., 2011).
In a biological setting, it is then likely that the cell is responding to the combined effects of
ROS/RNS acting at different sites within the autophagic process. Mitochondria generate ROS
from a number of different redox centres in the respiratory chain and other metabolic
pathways. The primary ROS generated from mitochondria is O2™, which can then be
converted into other ROS such as H,O, or ONOO . At low levels, it is thought that
mitochondrial ROS play a role in cell signalling, but, at higher levels, mitochondrial proteins
are susceptible to damage because of the concentration of both oxidizable lipids and abundant
redox-active proteins which can amplify oxidative damage (Ballinger et al., 2000; Murphy,
2009). It is then essential to regulate autophagy at multiple levels, including removal of
defective proteins generating uncontrolled ROS and the entire organelle by mitophagy. Not
surprisingly, the mitochondrion and mitochondrially produced ROS are emerging as
important players in autophagy and mitophagy (Scherz-Shouval et al., 2007; Scherz-Shouval
and Elazar, 2011).
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The reduction of superoxide and generation of H,O, is controlled by the superoxide
dismutases (SODs). The mitochondrial form is located in the matrix and contains a
manganese prosthetic group and is known as SOD2 or MnSOD. Mitochondrial MnSOD-
deficient cells exhibit decreased oxygen consumption and increased O, production,
suggesting a key role in the response to pathological stressors . For example, in response to
acute alcohol binge in mice, MnSOD overexpression prevents, and MnSOD deficiency
exacerbates, NOS expression, plasma nitrites/nitrates, nitration of complex I and V proteins,
and mtDNA (mitochondrial DNA) depletion (Williams et al., 1998; Larosche et al., 2010;
Zhang et al., 2010).

Accumulation of autophagosomes and p62 occurs in motor neurons in ALS patients’ spinal
cords, as well as in experimental animal models (Sasaki, 2011; Zhang et al., 2011a).
Mitochondrial ROS production and oxidation of mitochondrial lipids have been shown to
play a role in autophagy. In yeast, rapamycin induces ROS, fatty acid modification,
autophagy and mitophagy. Resveratrol and, to a lesser extent, the soluble antioxidant NAC
(N-acetyl-L-cysteine) inhibit these effects (Kissova et al.,, 2006). In mammalian cells,
starvation-induced autophagy is associated with increased oxidative stress, and both H,O,
andO," have been shown to induce autophagy. In addition to mitochondrially generated ROS,
NOX activities have also been shown to play an important role in antibacterial phagosome
autophagy, neutrophil autophagy and ER stress autophagy (Scherz-Shouval et al., 2007; Chen
et al., 2009b; Huang and Brumell, 2009).
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3.5 CROSSTALK BETWEEN AUTOPHAGY AND INFLAMMATION

The signaling pathways that regulate inflammatory processes now apparently have a role in
the regulation of autophagy and vice-versa. In addition to classical signals such as starvation
and energy exhaustion, several pathogen-associated molecular patterns (PAMPs) have been

shown to promote autophagic activation (Bertin et al., 2008; Levine et al., 2011).

Recent observations have revealed a relationship between autophagic proteins and
inflammasome-associated proinflammatory cytokine maturation in macrophages (Nakahira et
al., 2011; Zhou et al., 2011b). Inflammasomes are cytosolic multiprotein complexes that
constitute a novel inflammatory signaling mechanism and which govern the maturation and
secretion of select proinflammatory cytokines, such as IL-1p, IL-18, and IL-33 (Schroder and
Tschopp, 2010). Cytosolic receptors of the NOD-like receptor (NLR) family (i.e., NLRP3 and
NLRP1) interact with binding partners to form inflammasome complexes. NLRP3 interacts
with an adaptor protein (apoptosis-associated speck like protein containing CARD (ASC)),
which recruits and activates the procaspase-1 by proteolytic cleavage (Schroder and Tschopp,
2010).

Proinflammatory cytokine secretion (IL-1p and IL-18) was enhanced in atgl6ll or atg7
deleted macrophages in response to LPS (Saitoh et al., 2008). In contrast, atgl/6/l or atg7
deficiency did not affect TNF and IFN-B production or NF-kB pathway activation in
macrophages stimulated with LPS (Saitoh et al., 2008).
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Furthermore, atgl6ll-deleted mice displayed increased susceptibility to a murine model of
colitis, which could be ameliorated by anti-IL-18 therapy (Saitoh et al., 2008). In recent
studies, increased activation of IL-1P and IL-18 has also been observed in macrophages and
monocytes isolated from mice genetically deficient in Beclin 1 and LC3B (Nakahira et al.,

2011).

Cytokine activation in response to LPS and ATP in wild-type macrophages, as well as the
amplification observed in LC3B or Beclin 1-deficient macrophages, required the NLRP3
inflammasome pathway (Nakahira ef al., 2011; Zhou et al., 2011a). The mechanism by which
autophagy deficiency enhanced NLRP3 inflammasome pathway activation was mediated by
deregulation of mitochondrial homeostasis, including the enhanced production of
mitochondrial ROS and increased mitochondrial membrane permeability transition (Nakahira
et al., 2011; Zhou et al., 2011a). The pathway to caspase-1-dependent IL-18 secretion in
macrophages was further shown to be blocked by mitochondrial targeting antioxidants

(Nakahira et al., 2011).

These experiments, taken together, suggest that autophagic proteins dampen inflammasome
pathway activation by stabilizing mitochondria and/or maintaining mitochondrial quality
control through autophagy. Further research in this area may uncover additional mechanisms.
Taken together these studies suggest an important role for autophagic proteins in the
dampening of proinflammatory responses, and that warrants further investigation in models of

inflammatory disease.
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3.6 CROSSTALK BETWEEN AUTOPHAGY AND APOPTOSIS PATHWAYS

Notably, autophagy is often observed in dying cells. In many settings, this represents an
attempt of the cell to mitigate the stress before resorting to the irreversible and final solution
of apoptosis. In other settings, activation of autophagy might reflect a crosstalk between the
two processes,(Rubinstein and Kimchi, 2012). Indeed, autophagy is induced in response to
many stresses that ultimately lead to apoptosis, including organelle dysfunction, metabolic
stress and pathogen infection. If the stress is resolved, cells typically restore autophagy to
baseline levels and return to their initial state. However, if the stress persists and autophagy
can no longer support cell survival, cells might respond by activating apoptosis in order to
ensure their controlled and efficient elimination, without triggering local inflammation
(Rubinstein and Kimchi, 2012). Therefore, it is conceivable that the formation of regulatory
ties between autophagy and apoptosis (and vice versa) conferred an evolutionary advantage to
cells, as it enabled a more controlled and precise response to a given stress signal. Thus,
although autophagy and apoptosis undoubtedly represent distinct cellular processes with
fundamentally different biochemical and morphological features, the protein networks that
control their regulation and execution are highly interconnected (Rubinstein and Kimchi,

2012).
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The regulation of apoptosis by autophagy can be subdivided into three main mechanistic
paradigms: (1) regulation of apoptosis by specific autophagy proteins that can directly
regulate apoptosis in a manner that is not necessarily related to their canonical role in
autophagy signalling; (2) activation of caspases on autophagosomal membranes that can serve
as a platform for caspase activation. (3) regulation of apoptosis by autophagic degradation
that is dependent on the function of proteins that are involved both in the early
(autophagosome formation) and late (lysosomal fusion and cargo degradation) stages of
autophagy. A key characteristic of this paradigm is the dependence on an active autophagic

flux, which requires lysosomal activity (Rubinstein and Kimchi, 2012).

The best-studied example for this type of cross regulation is the dual function played by
BCL2 in the inhibition of both pathways. BCL2 has been identified as a direct binding partner
of Beclin 1, leading to decreased autophagic activity. In resting cells, BCL2 is constitutively
bound to Beclin 1, thereby allowing for only low (basal) levels of autophagy. Under
autophagy inducing conditions, BCL2 dissociates from Beclin 1, resulting in increased

autophagy (Pattingre et al., 2005)

Several mechanisms that control the dissociation of BCL2 from Beclin 1 under autophagy-
inducing conditions have emerged. First, the identification of Beclin 1 as a BH3-only protein
suggested that other members of the BH3-only family competitively displace BCL2 from
Beclin 1 (Maiuri ef al., 2007). Indeed, Maiuri and colleagues have found that knockdown of
the BH3-only protein BAD reduces the extent of autophagy in response to starvation, whereas
its ectopic expression is sufficient to induce autophagy (Maiuri et al., 2007). Moreover, they
showed that starvation leads to an increase in the interaction between BclXL and BAD, which
correlates with decreased binding of BcIXL to Beclin 1 and elevated levels of autophagy,
supporting a competitive type of interaction. Regulation of the BCL2—Beclin-1 interaction by
BAD (Maiuri et al., 2007), as well as by other BH3-only proteins, including Noxa, represents
an additional layer of crosstalk, in which pro-apoptotic BH3-only proteins can act as positive
regulators of autophagy by displacing BCL2 from Beclin 1 (Rashmi ef al., 2008; Zhang et al.,
2008; Chang et al., 2010). Interestingly, Luo and colleagues recently discovered that
overexpression of the BH3-only protein BIM does not affect the interaction between BCL2
and Beclin 1. Instead, BIM functions as an inhibitor of autophagy, by anchoring Beclin 1 to
microtubules (Luo et al., 2012). Phosphorylation of Beclin 1 and BCL2 constitutes another
post-translational mechanism that controls the dissociation of BCL2 from Beclin 1. Multi-site

phosphorylation of BCL2 by c-Jun N-terminal protein kinase 1 (JNKI, also known as
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MAPKS) has been shown to substantially reduce the affinity of BCL2 for Beclin 1, leading to
activation of autophagy in response to starvation or ceramide treatment (Wei et al., 2008a;
Pattingre et al., 2009). Likewise, phosphorylation of Beclin 1 within its BH3 domain by
death-associated protein kinase (DAP kinase) was shown to induce autophagy by promoting
its dissociation from BclXL. Notably, both JNK1 and DAPK have been implicated in the
regulation of apoptosis (Bialik and Kimchi, 2006; Zalckvar et al., 2009).

One of the most intriguing aspects of the crosstalk between apoptosis and autophagy is the
elegant way in which cells balance between the ‘economical’ solution of utilising a single
protein (e.g. BCL2) to regulate two pathways, and the need to maintain a complex and
individual regulation of each pathway. In the case of BCL2, this is achieved, in part, through
differential binding affinities and spatial separation of apoptotic and autophagic components.
For example, Wei and colleagues found that at early time points of amino acid starvation,
JNK1-mediated phosphorylation of BCL2 leads to its rapid dissociation from Beclin 1 and
subsequent induction of pro-survival autophagy (Wei et al., 2008a). Because pro-apoptotic
proteins, such as BAX, bind BCL2 with higher affinity than Beclin 1, this low level of BCL2
phosphorylation is insufficient to displace them from BCL2. However, if the stress of
starvation persists, accumulation of hyper-phosphorylated BCL2 eventually results in the
dissociation of BCL2 from BAX and the activation of apoptosis (Bassik et al., 2004; Wei et
al., 2008b). Thus, differential-binding affinities, fine-tuned by evolution, provide a way to
achieve sequential activation of autophagy and apoptosis with the use of a single protein
regulator. Spatial separation of proteins to different cellular compartments provides an

additional way to achieve independent regulation of autophagy and apoptosis.
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Two distinct cellular pools of BCL2 at the endoplasmic reticulum (ER) and mitochondria
appear to regulate autophagy and apoptosis, respectively (Pattingre et al., 2005). A localised
group of ER proteins ensures the partitioning of BCL2 to the autophagy pathway at this
organelle. For example, regulation of autophagy by binding of BCL2 to Beclin 1 at the ER is
facilitated by the ER protein nutrient-deprivation autophagy factor-1 (NAF1), and is inhibited
by the ER-localised BH3-only protein BIK (Chang et al., 2010).

Moreover, JNK1 specifically phosphorylates the ER pool of BCL2 during starvation to induce
autophagy (Wei et al., 2008b). Conversely, interactions between BCL2, BH3-only proteins
and BAX or BAK at the mitochondrion control the activation of apoptosis. Thus,
compartmentalizations of BCL2, together with organelle specific sets of interacting proteins,
enable the dynamic and independent regulation of autophagy and apoptosis. Nevertheless, it
has been suggested that mitochondria-localised BCL2 is also involved in inhibition of
autophagy, by sequestering a mitochondrial pool of AMBRALI, a positive regulator of Beclin
1 (Adams and Cory, 2007; Martinou and Youle, 2011; Strappazzon et al., 2011).
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3.7 TARGETING MTOR AS AN EMERGING PHARMACOLOGICAL STRATEGY FOR CNS

INJURIES

Original studies on axonal regeneration revealed that, unlike the peripheral nervous system
(PNS), the adult human CNS environment contains extracellular inhibitory factors that limit
the ability of injured CNS neurons to repair themselves after a traumatic injury (Tsang et al.,
2007). These studies have led to the current view that stimulation of intrinsic signaling
pathways might overcome the inhibitory extracellular CNS environment to promote

functional recovery following injury (Tsang et al., 2007).

Several recent evidences have revealed that activation of the intrinsic growth signal in adult
CNS neurons can significantly reduce neuronal death and promote repair and regeneration. In
a rat model of TBI, phosphorylation of mTOR and its downstream targets (p70S6K, S6 and
4E-BP1) increased within 30 min of a moderate injury to the parietal cortex and lasted up to
24 h (Chen et al., 2007). This increase in phosphorylation and activation of mTOR pathway
could provide a mechanism to respond to, and recover from, the TBI. In fact, Park et al.
demonstrated that activation of mTOR signaling pathway in adult retinal ganglion cells
(RGCs) induced robust axon regeneration after optical nerve injury (Park ef al., 2008).
Moreover, a follow-up study from the same research group using corticospinal tract (CST)
axonal injury models demonstrated that mTOR activity was also a crucial regulator of the
regenerative capacity in corticospinal neurons (Liu ef al., 2010). The CST is essential for
voluntary movements and CST axons are often injured during SCI. These investigators
showed that conditional deletion of PTEN enhances axon regeneration from both spared
axons (compensatory sprouting) and injured axons (regenerative growth). The regenerating
injured axons were able to pass through the lesion site and form synapses past these sites.
Therefore, upregulation of mTOR pathway might be sufficient to promote axon regeneration

in the adult CNS after brain injuries and SCI (Park et al., 2008; Liu et al., 2010).

ATP is an important regulator of signaling pathways and is thought to have a central role in
recovery after CNS injuries; therefore, Hu et al. investigated the role of ATP-induced
alterations in mTOR signaling pathway for repair of SCI using a rat compression model (Hu
et al., 2010). Exogenous administration of ATP significantly increased protein and mRNA
levels as well as the phosphorylation and activation of mTOR pathway components in the
spinal cord. Activation of mTOR pathway was associated with improvements in locomotor

function recovery after the injury and increases in expression of neuronal genes, nestin,
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neuronal nuclei (NeuN) and neurofilament 200 (NF200). These findings suggest that
stimulation of mTOR pathway provides beneficial effects for locomotor functional defects
associated with SCI. Nevertheless, mTOR activity is crucial for axonal regenerative response

in adult CNS injuries.

In addition to neuroprotection and axon regeneration, stimulation of mTOR activity might be
beneficial in other aspects associated with TBI. For instance, mTOR activity reduces the
cytotoxic effect of TBI-induced glutamate excitotoxicity. mTOR activity is required for
glutamate transporter expression in cultured astrocytes (Wu ef al., 2010). Given that the
amount of glutamate transporter is associated with glutamate clearance, it is possible that
pharmacological activation of mTOR reduces glutamate-induced excitotoxicity induced by
TBI. Moreover, mTOR activity is required for insulin-induced neuronal differentiation of
neural progenitors in primary culture (Han ez al., 2008). These data suggest that modulation
of mTOR promotes neurogenesis. Therefore, pharmacological activation of mTOR pathway

might significantly improve the condition of patients with traumatic CNS injuries.

Interestingly, inhibition of mTOR with rapamycin in animal models of TBI is beneficial for
ameliorating TBIl-associated symptoms, including epilepsy and adverse inflammatory
responses (Erlich et al., 2007; Wong, 2010; Pignataro et al., 2011; Sunnen et al., 2011). TBI-
induced epilepsy is characterized by numerous abnormalities, including molecular, cellular
and synaptic activities in the brain (Wong, 2010). mTOR might also be involved in these
cellular processes, which cause epileptogenesis following brain injuries. First, mTOR
regulates various cellular functions, such as protein synthesis and synaptic plasticity, that
might cause abnormally excited electrical signals, thereby contributing to epileptogenesis in
the injured brain. Second, tuberous sclerosis protein complex (TSC) is one of the most
common genetic causes of epilepsy. It is caused by mutation of the genes TSC1/2, which
encode the upstream negative regulators of mTOR (Tsang et al., 2008). The role of mTOR in
epilepsy pathogenesis has been demonstrated using the mTOR inhibitor rapamycin in a
variety of mouse models of epilepsy (Ljungberg et al., 2009; Wong, 2010). Therefore,
pharmacological inhibition of mTOR to alleviate TBI-induced epilepsy could represent a

novel anti-epileptogenic therapy for patients with TBI.

In addition to epilepsy, the secondary brain injury is frequently associated with neuro-

inflammatory responses owing to activation of immune cells, such as microglia and
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astrocytes. These cause secondary neuronal damage by releasing cytotoxic molecules,
including reactive oxygen species (ROS) and cytokines (Shohami ef al., 1997). In addition,
early inflammatory response (within hours) contributes to the later stages of brain injuries
(Erlich et al., 2007; DeLegge and Smoke, 2008). As a potent immunosuppressant, rapamycin
has been investigated for its neuroprotective effects in closed head injury TBI models.
Rapamycin injection within 4 h following brain injury reduced microglia and/or macrophage
activation, increased survival of neurons and significantly improved brain functional
recovery(Erlich et al., 2007). Taken together, these encouraging preclinical studies suggest
that pharmacological modulation of mTOR pathway is an attractive therapeutic strategy for

treatment of traumatic CNS injuries.
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CHAPTER 4: MTOR INHIBITORS

Since the discovery of mTOR, much research has been done on the subject, using inhibitors to
understand its biological functions (Xu et al., 2008; Vilar et al., 2011). The clinical results
from targeting this pathway were not as straight forward as thought at first. Those results have

changed the course of clinical research in this field (Vilar ef al., 2011).

4.1 FIRST GENERATION OF MTOR INHIBITORS: RAPAMYCIN AND RAPALOGS

Rapamycin (sirolimus) is a macrocyclic antibiotic produced by the bacterium Streptomyces

hygroscopicus found in the soil of Easter Island.

Initially, rapamycin was developed as an antifungal drug against Candida albicans,
Aspergillus fumigatus and Cryptococcus neoformans (Faivre et al., 2006). Few years later, its
immunosuppressive properties were detected. Later studies led to the establishment of
rapamycin as a major immunosuppressant against transplant rejection, along with
cyclosporine A (Strimpakos et al., 2009). By using rapamycin in combination with
cyclosporin A, it enhanced the rejection prevention in renal transplantation. Therefore, it was
possible to use lower doses of cyclosporine which minimized toxicity of the drug (Faivre et
al., 2000).

In the 1980s, rapamycin was evaluated by the Developmental Therapeutic Branch of the
National Cancer Institute (NCI). It was discovered that rapamycin had an anticancer activity

and was a non-cytotoxic agent with cytostatic activity against several human cancer types
(Faivre et al., 20006).
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Figure 17- Chemical structure of rapamycin, rapalogs and mTOR Kinase inhibitors
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However, due to unfavorable pharmacokinetic properties, the development of mTOR
inhibitors for the treatment of cancer was not successful at that time (Yuan et al., 2009). Since
then, rapamycin has also shown to be effective for preventing coronary artery re-stenosis and

for the treatment of neurodegenerative diseases (Faivre et al., 2006).

The development of rapamycin as an anticancer agent began again in the 1990s with the
discovery of temsirolimus (CCI-779). This was a novel soluble rapamycin derivative that had
a favorable toxicological profile in animals. More rapamycin derivatives with improved
pharmacokinetics and reduced immunosuppressive effects have since then been developed for
the treatment of cancer (Faivre et al., 2006). Rapamycin analogs have similar therapeutic
effects as rapamycin. However, they have improved hydrophilicity and can be used for oral
and intravenous administration. In 2012 National Cancer Institute listed more than 200
clinical trials testing the anticancer activity of rapalogs either as monotherapy or as a part of

combination therapy for many cancer types(Tsang et al., 2007; Zaytseva et al., 2012).

One of the most important reason for the limited success is that there is a feedback loop
between mMTORC1 and AKT in certain tumor cells. It seems that mTORCI inhibition by
rapalogs fails to repress a negative feedback loop that results in phosphorylation and
activation of AKT. These limitations have led to the development of the second generation of

mTOR inhibitors (Sutherlin et al., 2011; Zaytseva et al., 2012).

Treatment with mTOR inhibitors can be complicated by adverse events. The most frequently
occurring adverse events are stomatitis, rash, anemia, fatigue, decreased appetite, nausea, and
diarrhea. Additionally, interstitial lung disease is an adverse event of particular importance.
mTORi-induced ILD often is asymptomatic (with ground glass abnormalities on chest CT) or
mild symptomatic (with a non-productive cough), but can be very severe as well (Willemsen

etal.,2016).
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4.1.1. RAPALOGS

Rapalogs, which are the first generation mTOR inhibitors, have proven effective in a range of
preclinical models. However, the success in clinical trials can limited to only a few rare
cancers. Animal and clinical studies show that rapalogs are primarily cytostatic, and therefore
effective as disease stabilizers rather than for regression. The response rates in solid tumors
where rapalogs have been used as a single-agent therapy have been modest. Due to partial
mTOR inhibition as mentioned before, rapalogs are not sufficient for achieving a broad and
robust anticancer effect, at least when used as monotherapy (Brachmann et al., 2009; Wander

etal.,2011; Zhang et al., 2011b; Tanneeru and Guruprasad, 2012).

Temsirolimus is pro-drug of rapamycin. It is approved by the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency (EMA), for the treatment of renal
cell carcinoma (RCC). Temsirolimus has higher water solubility than rapamycin and is
therefore administrated by intravenous injection. It was approved in May 30, 2007, by FDA
for the treatment of advanced RCC (Vignot ef al., 2005; Yuan et al., 2009).

Everolimus is the second novel Rapamycin analog. From March 30, 2009 to May 5, 2011 the
U.S. FDA approved everolimus for the treatment of advanced renal cell carcinoma after
failure of treatment with sunitinib or sorafenib, subependymal giant cell astrocytoma (SEGA)
associated with Tuberous Sclerosis (TS), and Progressive neuroendocrine tumors of
pancreatic origin (PNET). In July and August 2012, two new indications were approved, for
advanced hormone receptor-positive, HER2-negative breast cancer in combination with
exemestane, and pediatric and adult patients with SEGA. In 2009 and 2011, it was also
approved throughout the European Union for advanced breast cancer, pancreatic
neuroendocrine tumours, advanced renal cell carcinoma, and SEGA in patients with tuberous

sclerosis (Strimpakos et al., 2009).

Deforolimus, or ridaforolimus, is the newest rapamycin analog and it is not a prodrug. Like
temsirolimus, it can be administrated intravenously, and oral formulation is being estimated
for treatment of sarcoma. It was not on market in June 2012, since FDA wanted more human

testing on it due to its effectiveness and safety (Strimpakos et al., 2009; Yuan et al., 2009).
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4.2 SECOND GENERATION MTOR INHIBITORS: KU0063794

The second generation of mTOR inhibitors is known as ATP-competitive mTOR kinase
inhibitors. mTORC1/mTORC2 dual inhibitors are designed to compete with ATP in the
catalytic site of mTOR. They inhibit all of the kinase-dependent functions of mTORCI1 and
mTORC2 and therefore, block the feedback activation of PI3K/AKT signaling, unlike
rapalogs that only target mTORCI. These types of inhibitors have been developed and several
of them are being tested in clinical trials. Like rapalogs, they decrease protein translation,
attenuate cell cycle progression, and inhibit angiogenesis in many cancer cell lines and also in
human cancer. In fact they have been proven to be more potent than rapalogs (Zaytseva et al.,

2012).

Theoretically, the most important advantages of these mTOR inhibitors is the considerable
decrease of AKT phosphorylation on mTORC2 blockade and in addition to a better inhibition
on mTORC1 (Vilar et al, 2011). However, some drawbacks exist. Even though these
compounds have been effective in rapamycin-insensitive cell lines, they have only shown
limited success in KRAS driven tumors. This suggests that combinational therapy may by
necessary for the treatment of these cancers. Another drawback is also their potential toxicity.
These facts have raised concerns about the long term efficacy of these types of inhibitors

(Zaytseva et al., 2012).
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The close interaction of mTOR with the PI3K pathway has also led to the development of
mTOR/PI3K dual inhibitors (Zaytseva et al., 2012). Compared with drugs that inhibit either
mTORCI1 or PI3K, these drugs have the benefit of inhibiting mMTORC1, mTORC2, and all the
catalytic isoforms of PI3K. Targeting both kinases at the same time reduces the upregulation
of PI3K, which is typically produced with an inhibition on mTORC1 (Vilar et al., 2011). The
inhibition of the PI3K/mTOR pathway has been shown to potently block proliferation by
inducing G1 arrest in different tumor cell lines. Strong induction of apoptosis and autophagy
has also been seen. Despite good promising results, there is preclinical evidence that some

types of cancers may be insensitive to this dual inhibition. The dual PI3K/mTOR inhibitors
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Figure 19 —Chemical structure of KU0063794

KU0063794 is a second-generation mTOR inhibitor targeting mTORC1 and mTORC2,
including p70S6K, 4E-BP1 and Akt. Specifically, inhibits the phosphorylation of S6K1 and
4E-BP1, which are downstream substrates of mTORCI, and it inhibits Akt phosphorylation
on Ser473, which is the target of mMTORC2 (Garcia-Martinez et al., 2009; Zhang et al., 2013).
In a recent study it has been demonstrated that KU0063794 decreasing the viability and
growth of renal cell carcinoma cell lines, Caki-1 and 786-0, and showed anti-fibrotic activity

in Keloid disease (Syed et al., 2013; Zhang et al., 2013).
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CHAPTER 5: MATERIAL AND METHODS
5.1 MATERIALS AND METHODS FOR SCI STUDY
5.1.1 IN-VIVO PROCEDURES

5.1.1.1 ANIMALS

Male adult CDI mice (male 25-30 g; Envigo, Italy) were accommodated in a controlled
environment and provided with standard rodent food and water. Mice were housed in stainless
steel cages in a room kept at 22+ 1 °C with a 12-h light, 12-h dark cycle. The animals were
acclimatized to their location for 1 week and had ad libitum access to water and rodent
standard diet. The study was permitted by the University of Messina Review Board for the
care of animals. All animal experiments complied with regulations in Italy (D.M. 116192) as

well as the EU regulations (O.J. of E.C. L 358/1 12/18/1986).

5.1.1.2 SPINAL CORD INJURY

Surgical anesthesia was induced by ketamine and xylazine (2.6 and 0.16 mg/kg body weight
respectively) administered intraperitoneally (i.p.). A longitudinal cut was made on the midline
of the back and the paravertebral muscles were uncovered. The spinal cord was uncovered via
a four-level T6-T7 laminectomy; injury was produced by extradural compression of the
spinal cord by an aneurysm clip with a closing force of 24 g. In all damaged groups, the spinal
cord was compressed for 1 min. Sham animals were just subjected to laminectomy. After
surgery, 1 ml of saline was administered subcutaneously to replace the blood volume lost
during the operation. Throughout recuperation from anaesthesia, mice were sited on a warm
heating pad and covered with a warm towel. Food and water were offered to the mice ad
libitum. During this period, the animal's bladders were physically voided twice a day until the

mice were able to regain normal bladder function.

5.1.1.3 EXPERIMENTAL GROUPS

Mice were randomly allocated into the following groups:

e Sham + vehicle group: mice were subjected to the surgical procedures as the above

groups except that the aneurysm clip was not applied.
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* Sham + Rapamicyn (Img/kg): same as the sham plus intraperitoneal administration of
Rapamicyn (Img/kg) 1 and 6 h after injury.

* Sham + Temsirolimus (0,6mg/kg): same as the sham plus intraperitoneal
administration of Temsirolimus (0,6mg/kg) 1 and 6 h after injury.

*  Sham + KU0063794 (8mg/kg): same as the sham plus intraperitoneal administration
of KU0063794 (8mg/kg) 1 and 6 h after injury.

* SCI + vehicle group: mice were subjected to SCI plus intraperitoneal administration of
vehicle (saline).

* SCI + Rapamicyn (Img/kg): same as the SCI plus intraperitoneal administration of
Rapamicyn (Img/kg) 1 and 6 h after injury.

* SCI + Temsirolimus (0,6mg/kg): same as the SCI plus intraperitoneal administration
of Temsirolimus (0,6mg/kg) 1 and 6 h after injury.

e SCI + KU0063794 (8mg/kg): same as the SCI plus intraperitoneal administration of
KU0063794 (8mg/kg) 1 and 6 h after injury.

Ten mice from each group for each parameter were killed at 24 hours after SCI in order to

evaluate the various considerations.
5.1.1.4 TISSUE PROCESSING AND HISTOLOGY

Briefly, paraffin tissue sections (thickness, 7 pm) were deparaffinized with xylene, stained
with hematoxylin and eosin, and studied using light microscopy (AxioVision, Zeiss, Milan,
Italy) by an experienced histopathologist. Damaged neurons were counted and the
histopathologic alterations of the grey matter were scored on a six-point scale (Lang-
Lazdunski et al, 2003): 0, no lesion detected; 1, grey matter contained one to five
eosinophilic neurons; 2, grey matter contained five to 10 eosinophilic neurons; 3, grey matter
contained more than 10 eosinophilic neurons; 4, small infarction (less than one third of the
grey matter area); 5, moderate infarction (one third to one half of the grey matter area); 6,
large infarction (more than half of the grey matter area). The scores from all the sections of
every spinal cord were averaged to give a final score for distinct mice. All the histological

analyses were completed in a blinded fashion.
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5.1.1.5 GRADING OF MOTOR DISTURBANCE

Recovery from motor impairment was classified using the Basso mouse scale (BMS) open-
field score (Basso et al., 2006). After injury, the motor function of mice exposed to
compression trauma was evaluated once a day for 10 days. The evaluations were completed
by two blind observers for totally analyzed groups. The BMS scale ranges from 0 (indicating
complete paralysis) to 9 (indicating normal hind limb function), and rates locomotion on such
aspects of hind limb function as weight support, stepping ability, coordination and toe

clearance. The BMS score was determined for ten mice in each group.

5.1.1.6 IMMUNOHISTOCHEMICAL LOCALIZATION OF COX2, INOS, BAX, BCL-2 AND GFAP.

At the end of the experiment, 24 h following trauma, spinal cord tissues were taken and fixed
for 24 hours in paraformaldehyde mix (4% in PBS 0.1 M) at room temperature, dehydrated by
graded ethanol and xylene and embedded in Paraplast (Sherwood Medical, Mahwah, NJ).
Thereafter, 7 um sections thick were cut from the paraffin-embedded tissue. Following
deparaffinization with xylene and graded ethanol, endogenous peroxidase was quenched with
0.3% (v/v) hydrogen peroxide in 60% (v/v) methanol for 30 min. Slices were permeablized
with 0.1% (w/v) Triton X-100 in PBS for 20 min. Non-specific adsorption was minimized by
incubating the section in 2% (v/v) normal goat serum in PBS for 20 min. Endogenous biotin
and avidin binding sites were blocked by progressive incubation for 15 min with biotin and
avidin (Vector Laboratories, Burlingame, CA, USA), respectively. Subsequently, slices were
incubated overnight with anti-COX2 mouse polyclonal antibody (Cayman 1:500 in PBS, v/v),
or anti-iNOS mouse polyclonal antibody (BD Trasduction 1:500 in PBS, v/v), anti-Bax rabbit
polyclonal antibody (SantaCruz Biotechnology 1:500 in PBS, v/v), anti-Bcl-2 rabbit
polyclonal antibody (SantaCruz Biotechnology 1:500 in PBS, v/v), and with anti-glial
fibrillary acidic protein (anti-GFAP) mouse monoclonal antibody (1:500; Cell Signaling
Technology). Sections were cleaned with PBS and incubated with peroxidase-conjugated
bovine anti-mouse immunoglobulin G (IgG) secondary antibody or peroxidase-conjugated
goat anti-rabbit IgG (1:2,000 Jackson Immuno Research, West Grove, PA, USA). Specific
labeling was detected with a biotin-conjugated goat anti-rabbit IgG or biotin-conjugated goat
anti-mouse IgG and avidin-biotin peroxidase complex (Vector Laboratories, Burlingame, CA,
USA). To verify the binding specificity for COX2, iNOS, Bax, Bcl-2 and GFAP, control
slices were also incubated with single the primary antibody (no secondary) or with just the

secondary antibody (no primary). In these controls, no positive staining was detected,
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indicating that the immunoreaction was positive in all the experiments. The
immunohistochemical pictures were collected by Zeiss microscope using Axio Vision
software. For graphic representation of densitometric analysis, we measured the intensity of
positive staining (brown staining) by computer-assisted color image analysis (Leica QWin
V3, UK). The percentage area of immunoreactivity (determined by the number of positive
pixels) was expressed as percent of total tissue area (red staining). Replicates for each
experimental condition and histochemical staining were obtained from each mouse in each
experimental group. In sham-operated mice, the central areas of equivalent tissue sections
were taken as reference points, and a comparable number of optical fields were counted.
(Shea, 1994). All the histological examination was carried out without knowledge of the

treatments.

5.1.1.7 WESTERN BLOT ANALYSIS FOR NNOS, FAS-LIGAND, IL-18, TNF-A AND $-ACTIN.

Cytosolic and nuclear extracts were made as previously described with minor modifications
(Bethea et al., 1998). Spinal cord tissue from each mouse were suspended in extraction Buffer
A containing 0.2mM PMSF, 0.15mM pepstatin A, 20mM leupeptin, ImM sodium
orthovanadate, homogenized at the maximum setting for 2 min, and centrifuged at 12000 x
rpm for 4 min at 4°C. Supernatants represented the cytosolic fraction. The pellets, containing
enriched nuclei, were resuspended in Buffer B containing 1% Triton X-100, 150mM NaCl,
10mM Tris—HCI pH 7.4, ImM EGTA, 1mM EDTA, 0.2mM PMSF, 20mM leupeptin, 0.2mM
sodium orthovanadate. After centrifugation 10 min at 12000 rpm at 4°C, the supernatants
containing the nuclear protein were stored at -80 C for further analysis. The levels of nNOS,
Fas-ligand, IL-1B, TNF-a and B-actin were calculated in cytosolic fraction from spinal cord
tissue collected after 24 h following SCI. The filters were blocked with 1x PBS, 5% (w/v) non
fat dried milk (PM) for 40 minutes at room temperature and successively probed with specific
anti-nNOS (1:1000; BD transduction), anti-Fas-Ligand (1:500; Santa Cruz Biotechnology),
anti-IL-1p (1:500; Santa Cruz Biotechnology), anti-TNF-a (1:1000; AbCam), in 1x PBS, 5%
(w/v) non fat dried milk, 0.1% Tween-20 (PMT) at 4 °C overnight. Membranes were
incubated with peroxidase-conjugated bovine anti-mouse IgG secondary antibody or
peroxidase-conjugated goat anti-rabbit IgG (1:2000, Jackson Immuno Research, West Grove,
PA) for 1 hour at room temperature. To establish that blots were loaded with equivalent
amounts of proteic lysates, they were similarly incubated in the presence of the antibody
against B-actin (1:5000; Santa Cruz Biotechnology). The relative expression of the protein

bands of for nNOS (155kDa), Fas-ligand (31kDa), IL-1p (17kDa), TNF-a (17kDa) and B-
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actin (42 kDa) were detected with enhanced chemiluminescence detection system reagent
according to manufacturer’s instructions (SuperSignal West Pico Chemiluminescent
Substrate, Pierce). The relative expression of the protein bands was calculated by
densitometry with Bio-Rad ChemiDoc™ XRS + software and standardized to B-actin levels.
Images of blot signals (8-bit/600-dpi resolution) were imported to analysis software (Image
Quant TL, v2003). A preparation of commercially available molecular weight markers made
of proteins of molecular weight 10 to 250 kDa was used to define molecular weight positions

and as indication of concentrations for each molecular weight.

5.1.2 EX-VIVO PROCEDURES
5.1.2.1 PREPARATION OF SPINAL CORD ORGANOTYPIC SLICE CULTURES

Spinal cord slice cultures were taken from mouse spinal cord at postnatal day 6 as previously
described by Esposito et al (Esposito et al., 2012). Briefly, the dorsal skin as well as the
musculature of the trunk were disconnected nearby the midline, after decapitation with large
bandage scissors. Successively, the dura mater was incised after a total longitudinal
laminectomy and the spinal cord was separated from the denticulate ligaments and
immediately sited in ice-cold dissecting media (pH 7.15). Residues of the adjacent dura mater
were removed under microscopic control. Next, the spinal cord was cut into transverse slices
of 400-um thickness by a tissue chopper (Mcllwain, ON, Canada) to make the spinal cord
organotypic slice cultures and positioned into a sterilized petri dish with Earle’s balanced salt
solution. To acquire reliable data with analysis of cell death, we cultured just thoracic slices
that were very consistent in cross-sectional dimension and in this way each animal generated
up to eight usable slices. Ultimately, spinal slices were transferred into Millicell-CM cultured
plate inserts (Millipore, Billerica, MA, USA). The inserts were located into wells of a 6-well
plate containing 1.5 ml of antibiotic-free medium, containing: 50% MEM with Earle’s
balanced salt solution and glutamine; 25% Hank’s balanced salt solution; and 25% horse
serum supplemented with 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) sodium salt and 6 mg/ml D-glucose (Gibco, Carlsbad, CA, USA). Slices were
incubated at 37°C for 7 days and the medium was changed every two days. Organotypic
cultures were examined day-to-day to observe general structural integrity (white and gray

matter) and neurite outgrowth.
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5.1.2.2 KU0063794 TREATMENTS

7 days after stabilization of development, cultures were distributed into the following groups:

1) Control (CTR): spinal cord slices were cultured with standard culture medium and treated

only with vehicle.

2) Damage: spinal cord slices were sagittally cut with a blade under microscopic control

(Esposito et al., 2012).

3) Damage + KU0063794 (KU0063794): spinal cord slices were sagittally cut, as previously
described, and KU0063794 0.5uM, was placed in culture medium 1 h before injury.

KU0063794 was left in a culture medium for 24 hours after injury. Spinal cord slices were
then used for 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and

nitrite production.

5.1.2.3 VIABILITY OF ORGANOTYPIC CULTURES BY TETRAZOLIUM DYE

The MTT colorimetric assay was used to measure cell growth and viability, as previously
described by Abe et Matsuki (Abe and Matsuki, 2000). Twenty-four hours after mechanical
damage, viability of organotypic cultures was calculated by using a mitochondria-dependent
dye for live cells (tetrazolium dye; MTT) to formazan. Cultures were incubated at 37°C with
MTT (0.2 mg/ml) for one hour. Culture medium was aspired by aspiration and the cells were
lysed with dimethyl sulfoxide (DMSO; 100 pl). The extent of reduction of MTT to formazan
within cells was quantified by the measurement of optical density at 550 nm (ODsso) with the

microplate reader.

5.1.2.4 MEASUREMENT OF NITRITE LEVELS

Total nitrite levels, as an indicator of nitric oxide (NO) synthesis, were measured in the
supernatant. The nitrate in the medium was reduced to nitrite by incubation with nitrate
reductase (670 mU/ml) and B-nicotinamide adenine dinucleotide 3-phosphate (160 mM) at
room temperature for three hours. The entire nitrite concentration was then measured using
the Griess reaction by addition 100 pl Griess reagent (0.1% (w/v) N-(1-Naphthyl)
ethylenediamine dihydrochloride in H,O and 1% (w/v) sulfanilamide in 5% (v/v)
concentrated H3;PO,; volume 1:1) to the 100-ul sample. ODssp was measured using an
enzyme-linked immunosorbent assay (ELISA) microplate reader (Tecan, Minnedorf,
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Switzerland). Nitrite concentrations were analysed by comparison with ODsso of standard

solutions of sodium nitrite prepared in H,O.

5.1.3 MATERIALS

Except otherwise stated, all compounds were obtained from Sigma-Aldrich Company Ltd
(Milan, Italy). All stock solutions were prepared in nonpyrogenic saline (0.9% NaCl; Baxter,
Italy) or 10% dimethyl sulfoxide.

5.1.4 STATISTICAL EVALUATION

All values in the figures and text are expressed as mean ¢ standard error of the mean (SEM)
of N observations. For the ex vivo studies N represents the number of animals studied. In the
experiments involving histology and immunohistochemistry, the figures shown are
representative of at least three experiments performed on different experimental days. A p-
value of less than 0.05 was considered significant. The results were analyzed by one-way

ANOVA followed by a Bonferroni post-hoc test for multiple comparisons.
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5.2. MATERIALS AND METHODS FOR TBI STUDY

5.2.1 ANIMALS

Male CD1 mice (25- 30g, Envigo Milan, Italy), aged 10—12 weeks, were used for all studies.
Mice were housed in individual cages (five per cage) and maintained under 12:12 h light—dark
cycle at 21 + 1°C and 50 + 5% humidity. Standard laboratory diet and tap water were
available ad libitum. Animal care was in compliance with Italian regulations on protection of
animals used for experimental and other scientific purposes (D.M. 116192) as well as with the

EEC regulations (O.J: of E.C.L 358/1 12/18/1986).

5.2.2 CONTROLLED CORTICAL IMPACT (CCI) EXPERIMENTAL TBI.

A number of animal models have been developed to induce brain trauma. Of these, the most
commonly used are weight-drop injury, fluid percussion injury (FPI) and CCI. The use of TBI
models has resulted in an increased understanding of the pathophysiology of TBI, including
changes in molecular and cellular pathways and neurobehavioral outcomes. CCI models
utilize a pneumatic pistol to laterally deform the exposed dura and provide controlled impact
and quantifiable biomechanical parameters. This model produces graded, reproducible brain
injury. Dependent on the severity of injury, CCI results in an ipsilateral injury with cortical
contusion, hemorrhage and blood-brain barrier disruption. CCI injury reproduces changes
reported in clinical head injuries such as cortical contusion, brain edema, subarachnoid
hemorrhage, elevated intracerebral pressure, reduced cortical perfusion, decreased cerebral
blood flow and neuro-endocrine and metabolic changes. The predominantly focal brain injury
caused by CCI makes this model to a useful tool for studying the pathophysiology of the
secondary processes induced by focal brain injury (Xiong et al., 2013). TBI was induced in
mice (n=10 per group) by controlled cortical impactor. The mice were anesthetized under
intra-peritoneal Ketamine + Xylazine (2.6/0.16 mg/kg of body weight, respectively). A
craniotomy was made in the right hemisphere encompassing bregma and lambda and between
the sagittal suture and the coronal ridge with a Micro motor hand piece and drill (UGO Basile
S.R.L., Comerio VA, Italy). The resulting bone flap was removed, and the craniotomy
enlarged further with cranial rongeurs. A cortical contusion was produced on the exposed
cortex using a controlled impactor device Impact OneTM Stereotaxic impactor for CCI
(myNeurolab.com, Richmond). Briefly, the impacting shaft was extended, and the impact tip
was centered and lowered over the craniotomy site until it touched the dura mater. Then, the

rod was retracted and the impact tip was advanced farther to produce a brain injury of
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moderate severity for mice (tip diameter, 4 mm; cortical contusion depth, 3 mm; impact
velocity, 1.5 m/sec). Immediately after injury, the skin incision was closed with nylon sutures,

and 2% lidocaine jelly was applied to the lesion site to minimize any possible discomfort.

5.2.3 EXPERIMENTAL GROUPS

Mice were randomly allocated into the following groups:

e Sham + vehicle group: mice were subjected to the surgical procedures as the above
groups except for TBI.

* Sham + Rapamicyn (Img/kg): same as the sham plus intraperitoneal administration of
Rapamicyn (Img/kg) 1 and 6 h after injury.

*  Sham + KU0063794 (8mg/kg): same as the sham plus intraperitoneal administration
of KU0063794 (8mg/kg) 1 and 6 h after injury.

* TBI + vehicle group: mice were subjected to TBI plus intraperitoneal administration
of vehicle (saline).

* TBI + Rapamicyn (Img/kg): same as the TBI plus intraperitoneal administration of
Rapamicyn (Img/kg) 1 and 6 h after injury.

e TBI + KU0063794 (8mg/kg): same as the TBI plus intraperitoneal administration of
KU0063794 (8mg/kg) 1 and 6 h after injury.

As describe below, mice (n = 10 from each group for each parameters) were sacrificed at 24 h
after TBI in order to evaluate the various parameter. In a separate set of experiments, other 10

animals for each group were observed after TBI in order to evaluate the behavioural testing.

5.2.4 BEHAVIOURAL TESTING

TBI mice display motor and cognitive deficits. Thus, the present behavioural tests involved
analyses of motor asymmetry (Elevated Biased Swing Test and Rotarod test). Training for the
rotarod test was initiated at 1 week, respectively, before the CCI injury, whereas no training
was required for EBST. The retard treadmill (Accuscan, Inc., Columbus, OH, USA) provided
a motor balance and coordination assessment. Data were generated by averaging the scores
(total time spent on treadmill divided by 5 trials) for each animal during training and testing
days. Each animal was placed in a neutral position on a cylinder (3 cm and 1 cm diameter for
rats and mice, respectively) then the rod was rotated with the speed accelerated linearly from
0 rpm to 24 rpm within 60 s, and the time spent on the retard was recorded automatically. The

maximum score given to an animal was fixed to 60. For training, animals were given 5 trials
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each day and declared having reached the criterion when they scored 60 in 3 consecutive
trials. For testing, animals were given 3 trials and the average score on these 3 trials was used
as the individual rotarod score. The EBST provided a motor asymmetry parameter and
involved handling the animal by its tail and recording the direction of the biased body swings.
The EBST consisted of 20 trials with the number of swings ipsilateral and contralateral to the
injured hemisphere recorded and expressed in percentage to determine the biased swing

activity.

5.2.5 QUANTIFICATION OF INFARCT VOLUME

The mice were anesthetized with ketamine and decapitated. Their brains were carefully
removed. The brains were cut into 5 coronal slices of 2 mm thickness. Slices were incubated
in 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) at 37°C for 30 min and
immersion fixed in 10% buffered formalin solution. TTC stains the viable brain tissue red,
while infracted tissue remains unstained (Bederson et al., 1986; Schomacher et al., 2008). For
quantification of infracted area and volumes, the brain slices were photographed using a
digital camera (Canon 4x, Canon Inc, China) and then Image analysis was performed on a
personal computer with an image analysis software program (using an Imagel for Mac). To
compensate for the effect of brain oedema the corrected infarct volume was calculated as
previously described in detail (Schabitz et al., 2000). Corrected infarct area equals left
hemisphere area minus (right hemisphere area minus infarct area). Values are given as
mean+S.D. The corrected total infarct volume was calculated by summing the infarct area in

each slice and multiplying it by slice thickness (2 mm).

5.2.6 TISSUE PROCESSING AND HISTOLOGY

Tissue segments containing the lesion (1 cm on each side of the lesion) were paraffin
embedded and cut into 5-um-thick sections. Tissue sections were deparaffinized with xylene
stained with Haematoxylin/Eosin (H&E) and studied using light microscopy (Dialux 22
Leitz). The segments of each brain contained the lesion (1 cm on each side of the lesion),
were evaluated by an experienced histopathologist. Damaged neurons were counted and the
histopathologic changes of the gray matter were scored on a 6-point scale (Kawai and Akira,

2007): 0, no lesion observed, 1, gray matter contained 1-5 eosinophilic neurons; 2, gray
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matter contained 5-10 eosinophilic neurons; 3, gray matter contained more than 10
eosinophilic neurons; 4, small infarction (less than one third of the gray matter area); 5,
moderate infarction; (one third to one half of the gray matter area); 6, large infarction (more
than half of the gray matter area). The scores from all the sections from each brain were
averaged to give a final score for individual mice. All the histological studies were performed

in a blinded fashion.

5.2.7 WESTERN BLOT ANALYSES FOR IKBO.,, NF-KB, COX-2, INOS, B-ACTIN AND

LAMIN A/C

Cytosolic and nuclear extracts were made as previously described with minor modifications
(Bethea et al., 1998). Brain tissue from each mouse were suspended in extraction Buffer A
containing 0.2mM PMSF, 0.15mM pepstatin A, 20mM leupeptin, 1mM sodium
orthovanadate, homogenized at the maximum setting for 2 min, and centrifuged at 12000 x
rpm for 4 min at 4°C. Supernatants represented the cytosolic fraction. The pellets, containing
enriched nuclei, were resuspended in Buffer B containing 1% Triton X-100, 150mM NaCl,
10mM Tris—HCI pH 7.4, ImM EGTA, 1mM EDTA, 0.2mM PMSF, 20mM leupeptin, 0.2mM
sodium orthovanadate. After centrifugation 10 min at 12000 rpm at 4°C, the supernatants
containing the nuclear protein were stored at -80 C for further analysis. The levels of IkBa,
NF-kB, Cox-2 and iNOS were calculated in cytosolic and nuclear fractions from brain tissue
collected after 24 h following TBI. The filters were blocked with 1x PBS, 5% (w/v) non fat
dried milk (PM) for 40 minutes at room temperature and successively probed with specific
anti-IkBa.  (1:500; Santa Cruz Biotechnology), anti-NF-kB (1:500; Santa Cruz
Biotechnology), anti-Cox-2 (1:1,000; Cayman Chemicals), anti-iNOS (1:1,000; BD
Biosciences), in 1x PBS, 5% (w/v) non fat dried milk, 0.1% Tween-20 (PMT) at 4 °C
overnight. Membranes were incubated with peroxidase-conjugated bovine anti-mouse IgG
secondary antibody or peroxidase-conjugated goat anti-rabbit IgG (1:2000, Jackson Immuno
Research, West Grove, PA) for 1 hour at room temperature. To ascertain that blots were
loaded with equal amounts of protein lysates, they were also incubated in the presence of the
antibody against B-actin or lamin A/C (1:5,000; Santa Cruz Biotechnology). The relative
expression of the protein bands of for IkBa (41kDa), NF-xB (65kDa), Cox-2 (75kDa) and
iNOS (130kDa) were detected with enhanced chemiluminescence detection system reagent

according to manufacturer’s instructions (SuperSignal West Pico Chemiluminescent
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Substrate, Pierce). The relative expression of the protein bands was calculated by
densitometry with Bio-Rad ChemiDoc™ XRS + software and standardized to B-actin or lamin
a/c levels. Images of blot signals (8-bit/600-dpi resolution) were imported to analysis software
(Image Quant TL, v2003). A preparation of commercially available molecular weight markers
made of proteins of molecular weight 10 to 250 kDa was used to define molecular weight

positions and as indication of concentrations for each molecular weight.

5.2.8 IMMUNOFLUORESCENCE FOR BDNF, NT3, NEUN

After deparaffinization and rehydration, detection of BDNF, NT3 and NeuN was carried out
after boiling in 0.1 M citrate buffer for 1 min. Non-specific adsorption was minimized by
incubating the section in 2% (vol/vol) normal goat serum in PBS for 20 min. Sections were
incubated with polyclonal rabbit anti-BDNF (1:100, v/v Santa Cruz Biotechnology), or with
polyclonal rabbit anti-NT3 (1:100, v/v Santa Cruz, Biotechnology), or with monosclonal
mouse anti-NeuN (1:100, v/v Santa Cruz Biotechnology), antibody in a humidified chamber
for O/N at 37 °C. Sections were washed with PBS and were incubated with secondary
antibody FITC-conjugated anti-mouse Alexa Fluor-488 antibody (1:2000 v/v Molecular
Probes, UK) or with TEXAS RED-conjugated anti-rabbit Alexa Fluor-594 antibody (1:1000
in PBS, v/v Molecular Probes, UK) for 1 h at 37 °C. Sections were washed and for nuclear
staining 4',6'-diamidino-2-phenylindole (DAPI; Hoechst, Frankfurt; Germany) 2 pg/ml in
PBS was added. Sections were observed and photographed using Cells were observed at x20
magnification using a Leica DM2000 microscope (Leica). All images were digitalized at a
resolution of 8§ bits into an array of 2560 x 1920 pixels. Optical sections of fluorescence
specimens were obtained using a HeNe laser (543 nm), a laser UV (361-365 nm) and an
argon laser (458 nm) at a 1-min, 2-s scanning speed with up to 8 averages; 1.5-um sections
were obtained using a pinhole of 250. Examining the most brightly labeled pixels and
applying settings that allowed clear visualization of structural details while keeping the
highest pixel intensities close to 200 established contrast and brightness. The same settings
were used for all images obtained from the other samples that had been processed in parallel.
Digital images were cropped and figure montages prepared using Adobe Photoshop 7.0
(Adobe Systems; Palo Alto, CA).
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5.2.9 MATERIALS

Except otherwise stated, all compounds were obtained from Sigma-Aldrich Company Ltd
(Milan, Italy). All stock solutions were prepared in nonpyrogenic saline (0.9% NaCl; Baxter,
Italy) or 10% dimethyl sulfoxide.

5.2.10 STATISTICAL EVALUATION

All values in the figures and text are expressed as mean  standard error of the mean (SEM)
of N observations. In the experiments involving histology and immunohistochemistry, the
figures shown are representative of at least three experiments performed on different
experimental days. A p-value of less than 0.05 was considered significant. The results were
analyzed by one-way ANOVA followed by a Bonferroni post-hoc test for multiple

comparisons.
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CHAPTER 6: RESULTS

6.1 RESULTS FOR SCI STUDY

6.1.1 IN VIVO STUDY

6.1.1.1 The severity of tissue damage following SCI is decreased in KU0063794 and

Temsirolimus treatment mice

Twenty-four hours after SCI, the sections obtained from each group were stained with
hematoxylin and eosin (H&E) for histologic assessment of contusion areas. A substantial
damage to the spinal cord, at the level of the perilesional area, considered by the presence of
edema as well as alteration of the white matter, was observed in SCI mice group (Fig. 20B,
see histological score 20F) compared to sham operated mice (Figure 20A). As shown in figure
20D and relative quantification in figure 20F, a decrease in the severity of trauma was
observed in mice treated with Temsirolimus. Indeed, treatment with the KU0063794 (Fig.
20E, see histological score 20F) reduced histological alterations more effectively than the
treatment with Temsirolimus or Rapamicyn (Fig. 20C, 20D see histological score 20F). To
evaluate whether histological damage to the spinal cord was associated with a loss of motor
function, the BMS open-field score was used. Motor function was not impaired in sham mice.
Mice subjected to SCI showed significant deficits in hind limb movement (Figure 20G). The
treatment of SCl-operated mice with KU0063794 lead to a significant improvement of the
neurological score in comparison with the treatment with Temsirolimus or Rapamicyn.
Moreover, the motor function improvement observed after the treatment with KU0063794

significantly persisted up to 10 days after SCI.
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Figure 20 The severity of tissue damage following SCI is decreased in KU0063794 and

Temsirolimus treatment mice

As showed in figure 20, an extensive damage to the spinal cord, was observed in SCI mice group
(Figure 20B) compared to sham operated mice (Figure 20A). Figure 20 D and relative quantification
in figure 20F, showed a decrease in the severity of trauma in mice treated with Temsirolimus. Indeed,
treatment with the KU0063794 (Figure 20E) reduced histological alterations more effectively than the
treatment with Temsirolimus or Rapamicyn (Figure 20C). Also, mice subjected to SCI showed
significant deficits in hind limb movement (Figure 20G). In the KU0063794-treated mice group, the
neurological score better improved than Temsirolimus-treated or Rapamicyn —treated mice group, and
persisted up to 10 days after SCI (Figure 20G). The figures are representative of at least three
experiments performed on different experimental days. Figures are representative of all the animals in
each group. Values are given as mean+ SEM of 20 animals for each group. #P <0.05 vs SCI group;
***%p<(.001 vs Sham group; ###P< 0.001 vs SCI group.
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6.1.1.2 KU0063794 and Temsirolimus modulates COX2 and iNOS expression and nNOS

formation after SCI

Two important landmarks of secondary tissue loss following SCI injury are the expression of
inducible nitric oxide (iNOS) and Cyclo-oxygenase-2 (COX-2). For this reason iNOS and
COX-2 expression were evaluated by immunohistochemical analysis in the spinal cord
sections 24 h after SCI. Spinal cord sections obtained from sham-operated mice did no stain
either for COX2 and iNOS (Figure 21A and 21B respectively, see densitometry analysis K).
A substantial increase in COX2 and iNOS expression was observed in spinal cord section
obtained at 24 h after SCI (Figure 21C and 21D respectively, see densitometry analysis 21K),
while Temsirolimus treatment significantly reduced the degree of positive staining (Figure
21G and 21H respectively, see densitometry analysis 21K). However, in KU0063794-treated
mice group the decrease of positive staining is more effectively than the treatment with
Temsirolimus or Rapamicyn (Figure 211 and 21J respectively, see densitometry analysis
21K). Besides, to investigate whether the KU0063794 had also effect on neuronal nitric oxide
synthase (nNOS) we assessed by western blot the nNOS expression. As show in figure 21L
we observed a basal levels of nNOS in the spinal cord section obtained from Sham-operated
animals (see densitometry analysis L”). On the contrary, at 24 hours after SCI a loss of nNOS
was detected. The treatment with KU0063794 significantly restored the levels of nNOS up to

that of uninjured mice.
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Figure 21 KU0063794 and Temsirolimus modulates COX2 and iNOS expression and
nNOS formation after SCI

Spinal cord sections obtained from sham-operated mice did no stain either for COX2 and iNOS
(Figure 21A,B). A substantial increase in COX2 and iNOS expression was observed in spinal cord
section obtained at 24 h after SCI, while Temsirolimus treatment significantly reduced the degree of
positive staining (Figure 21G,H). However, in KU0063794-treated mice group the decrease of positive
staining is more effectively than the treatment with Temsirolimus or Rapamicyn (Figure 21 LJ).
Additionally as show in figure 21L we observed a basal levels of nNOS in the spinal cord section
obtained from Sham-operated animals. On the contrary, at 24 hours after SCI a loss of nNOS was
detected. The treatment with KU0063794 significantly restored the levels of nNOS up to that of
uninjured mice. The figures are representative of at least three experiments performed on different
experimental days. Figures are representative of all the animals in each group. Values are given as
mean £ SEM of 20 animals for each group. ##P <0.01 vs SCI group; **P <0.01 vs Sham group;
***%p<(0.001 vs Sham group; ###P< 0.001 vs SCI group.
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6.1.1.3 Effect of KU0063794 and Temsirolimus on astrocyte activation and cytokines

production

The primary mechanical damage to the spinal cord initiates a secondary damage that includes
microglia and astrocytes activation that release a large number of pro-inflammatory cytokines.
To evaluate if in astrocytes, KU0063794, may induce indirectly, by activating mTORC2, the
activation of p-Akt and cell survival we investigated GFAP, IL-1 and TNF-a production,
both inflammation sign. A substantial increase in GFAP expression was found in spinal cord
tissues collected at 24 h after SCI (Fig. 22B see relative densitometric analysis shown in Fig.
22F). Spinal activation of astrocytes was significantly attenuated in KU0063794-treated
mice (Fig. 22E see relative densitometric analysis shown in Fig. 22F) compared to
Temsirolimus-treated or Rapamicyn —treated mice group (Fig. 22C and 22D see relative
densitometric analysis shown in Fig. 22F). Furthermore, western blot analysis revealed a
markedly increase of expression of IL-1B and TNF-a production in spinal tissues collected
at 24 h after SCI compared to sham group. KU0063794 treatment significantly diminished
the post-SCI expression of IL-1B8 and TNF-a (Fig. 22G and Fig. 22H and relative
densitometric analysis shown in Fig. 22 G’ and Fig. 22H").
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Figure 22 Effect of KU0063794 and Temsirolimus on astrocyte activation and cytokines

production

As showed in panel 22, a substantial increase in GFAP expression was found in spinal cord tissues
collected at 24 h after SCI (Figure 22B). Spinal activation of astrocytes was significantly attenuated in
KU0063794-treated mice (Figure 22E) compared to Temsirolimus-treated or Rapamicyn —treated
mice group (Figure 22C,D). Furthermore, western blot analysis revealed a markedly increase of
expression of IL-1f and TNF-a production in spinal tissues collected at 24 h after SCI compared to
sham group. KU0063794 treatment significantly diminished the post-SCI expression of IL-1B and
TNF-a (Figure 22G,H). The figures are representative of at least three experiments performed on
different experimental days. Figures are representative of all the animals in each group. Values are
given as mean + SEM of 20 animals for each group. #P <0.05 vs SCI group; ##P <0.01 vs SCI group;
**P <(0.01 vs Sham group; ***P< 0.001 vs Sham group; ###P< 0.001 vs SCI group;
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6.1.1.4 Effect of KU0063794 and Temsirolimus on apoptosis pathway

The connection between autophagy and apoptosis is a increasing area of research. The
molecular relationship between autophagy and cell death are intricate, complex and still
poorly understood. To test whether spinal cord damage was associated with autophagy and
apoptosis we determined Bax and Bcl-2 expression by immunohistochemical staining.
Immunohistochemistry for Bax and Bcl-2 showed that spinal cord sections from sham-
operated mice did not stain for Bax (Figure 23A), whereas SCl-operated mice exhibited
positive staining for Bax (Figure 23C). Temsirolimus treatment significantly reduced the
degree of positive staining (Figure 23G). However, in KU0063794-treated mice group the
decrease of positive staining is more effectively than the treatment with Temsirolimus or
Rapamicyn (Figure 23G and 231 see densitometry analysis K). Viceversa, spinal cord sections
from sham-operated mice demonstrated Bcl-2 positive staining (Figure 23B), whereas in SCI
mice, the staining was significantly reduced (Figure 23D). Treatment with Temsirolimus
significantly increased the degree of positive staining (Figure 23D). However, in
KUO0063794-treated mice group the increase of positive staining for Bcl-2 is more effectively
than the treatment with Temsirolimus or Rapamicyn (Figure 23F and 23H see densitometry
analysis 23K). In addiction, we investigated the expression of Fas-Ligand a mediator of
apoptosis. A low basal expression of Fas-Ligand was detected in spinal cord samples from
sham-operated mice, whereas Fas-Ligand levels was substantially increased in SCI mice
(Figure 23L, see densitometry analysis 23L’). As showed by densitometric analysis
KU0063794 drastically decreased Fas-Ligand expression.
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Figure 23 Effect of KU0063794 and Temsirolimus on apoptosis pathway

Immunohistochemistry for Bax and Bcl-2 showed that spinal cord sections from sham-operated mice
did not stain for Bax (Figure 23A), whereas SCIl-operated mice exhibited positive staining for Bax
(Figure 23C). Temsirolimus treatment significantly reduced the degree of positive staining (Figure
23G). However, in KU0063794-treated mice group the decrease of positive staining is more
effectively than the treatment with Temsirolimus or Rapamicyn (Figure 23G,I). Viceversa, spinal cord
sections from sham-operated mice demonstrated Bel-2 positive staining (Figure 23B), whereas in SCI
mice, the staining was significantly reduced (Figure 23D). Treatment with Temsirolimus significantly
reduced the degree of positive staining (Figure 23D). However, in KU0063794-treated mice group the
increase of positive staining for Bcl-2 is more effectively than the treatment with Temsirolimus or
Rapamicyn (Figure 23F,H). Moreover, western blot analysis showed a low basal expression of Fas-
Ligand in spinal cord samples from sham-operated mice, whereas Fas-Ligand levels was substantially
increased in SCI mice (Figure 23L). As showed by densitometric analysis KU0063794 drastically
decreased Fas-Ligand expression. The figures are representative of at least three experiments
performed on different experimental days. Figures are representative of all the animals in each group.
Values are given as mean £ SEM of 20 animals for each group. #P <0.05 vs SCI group; ##P <0.01 vs
SCI group; **P <0.01 vs Sham group; ***P< 0.001 vs Sham group; ###P< 0.001 vs SCI group;
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6.1.2 Ex vivo study

6.1.2.1 Effect of KU0063794 on cell viability and nitrite (NO;") concentration in spinal

cord slices

Slices were effectively cultured for up to 7 days. Viable cells within the slices, recognized
using MTT tetrazolium dye, were visualized under light microscopy. The level of cell death
was evaluated in each slice at 24 hours after damage. Slices subject to mechanical damage
showed a significantly reduced viability compared to the uninjured group (Fig. 24A). Pre-
treatment with KU0063794 0.5uM, 1 hour before injury, considerably reduced cell death
compared to the injured group. Also, we investigated the levels of nitrite liberated into the
culture medium by Griess reagent. The untreated control group released a very low levels of
NO2-; instead, damage significantly enhanced the levels of NO2- production (Figure 24B).
KU0063794 treatment decreased the injury-induced NO2- production.
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Figure 24 Effect of KU0063794 on cell viability and nitrite (NO2-) concentration in

spinal cord slices

The level of cell death assessed in each slice at 24 hours after damage showed that slices subject to
mechanical damage showed a significantly reduced viability compared to the uninjured group (Figure
24A). Pre-treatment with and KU0063794 1 hour before injury, significantly reduced cell death
compared to the injured group. Moreover, the untreated control group released a very low levels of
NO2-; instead, damage significantly enhanced the levels of NO2- production (Figure 24B).
KU0063794 treatment decreased the injury-induced NO2- production. The figures are representative
of at least three experiments performed on different experimental days. Figures are representative of
all the animals in each group. Values are given as mean + SEM of 20 animals for each group. ***P<
0.001 vs Sham group; ###P< 0.001 vs SCI group;
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6.2 RESULTS FOR TBI STUDY

6.2.1 Effect of KU0063794 on brain edema, infarction and locomotor activity following
TBI

Brain water content is a sensitive measure of cerebral edema. This measure indicates
pathology associated with endothelial cell activation and endothelial dysfunction. Water
content was significantly different between groups overall with levels significantly higher in
animals subjected to TBI compared to sham controls. The increased water content in the
ipsilateral brain induced by TBI was significantly decreased by Rapamycin as well as by

KUO0063794 treatments at 24 h post-injury.

Directly related to overall brain injury, measurement of brain infarctions is a standard method
to evaluate brain injury after trauma. To evaluate the effect of Rapamycin and KU0063794 on
brain infarctions in the TBI, we performed TTC staining (Figure 25 Al, A2, A3, A4). As
showed in figure 25B and 25C, the infarction area and the infarct volume were significantly
reduced after treatment with Rapamycin (1 mg/kg) as well as KU0063794 (8mg/kg).
Moreover, to investigate the relationship between neurological deficit and motor function in
the setting of TBI, the mice were subjected, 24 h after TBI, to the EBST and the rotarod test.
Mice subjected to moderate injury showed significant hippocampal damage and behavioral
deficits but low mortality. CCl-injured mice displayed a range of impairments in locomotor
tasks as showed in figure D and E. Rapamycin (1 mg/kg) as well as KU0063794 (8mg/kg)

treatment groups gradually and significantly improved latency compared to TBI group.
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Figure 25 Effect of KU0063794 on brain edema, infarction and locomotor activity
following TBI

Representative TTC stained brain section (four out of the six consecutive sections from cranial to
caudate region) corresponding to largest infraction from each group (Figure 25A). Brain sections (2
mm thick) were stained with TTC at 24 hours after TBI and show significant difference after
KU0063794 treatment in terms of area (Figure 25B) and volume (Figure 25C) of infarctions. The
figures are representative of at least three experiments performed on different experimental days. TBI
determined a range of impairments in locomotor tasks, as showed by the rotarod test (Figure 25D) and
the EBST (Figure 25E), after seven days. Both groups of animals that received Rapamycin or
KU0063794 were significantly less impaired in EBST and rotarod tests compared with the TBI group.
KU0063794-treated mice displayed significant improvement in their behavioral performance as
revealed by decreased biased swing activity in the EBST (Figure 25E) and increased time on the
rotating rod in the rotarod test (Figure 25D). Each data are expressed as mean+ SEM from N = four
male CD mice for each group. A P value of less than 0.05 was considered significant. ***P <0.001
versus sham, ##P <0.01 versus TBI, ###P <0.001 versus TBI.
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6.2.2 Effect of KU0063794 treatment on histological parameters

A histological examination of brain sections at the level of the perilesional area, stained 24
hours after injury, revealed significant damage in the TBI group, such as prominent and
thickened blood vessels, ischemic changes and gliosis in the brain parenchyma (Figure 26B,
see densitometry analysis 26E) compared to sham mice (Figure 26A, see densitometry
analysis 26E). Rapamycin (1mg/kg) treatment attenuated the development of inflammation at
24 hours after TBI; moreover, a strong and important protection on the severity of trauma was
observed in the tissue collected from KU0063794-treated mice (8mg/kg) (Figure 26C and
26D respectively, see densitometry analysis 26E).
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Figure 26- Effect of KU0063794 treatment on histological parameters

Brain sections from TBI mice (Figure 26B, see densitometry analysis E) demonstrated brain tissue
injury and inflammatory cell infiltration. Rapamycin treatment did not attenuate completely the
development of acute brain injury at one and six hours after TBI (Figure 26C, see densitometry
analysis 26E). On the contrary, KU0063794 treatment reduced the degree of brain injury and the
inflammatory cells infiltration (Figure 26D, see densitometry analysis 26E). Figure is representative of
at least three experiments performed on different experimental days. ***P <0.001 versus sham, ##P
<0.01 versus TBI, ###P <0.001 versus TBI.
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6.2.3 Effect of KU0063794 on IkBa degradation, NFkBp65 translocation, iNOS and
COX-2 expressions

To investigate whether the cellular mechanism through KU0063794 could attenuate
inflammatory processes we assessed by Western blot analysis of the ipsilateral hemisphere
after TBI, using an IkBa and an NFkB-specific antibodies. The results showed a basal
expression of [kBa in the brain from sham-mice (Figure 27A see densitometric analysis A1),
while IkBa expression was significantly reduced in mice subject to TBI as showed in Figure
27A (see densitometric analysis Al). Rapamycin treatment blunted the degradation of IxBa
but KU0063794 was more able to restore significantly IkBa degradation (Figure 27A, see
densitometry analysis Al). Moreover, p65 subunit translocation was increased after TBI in
the nuclear brain homogenates, compared with sham-group. Indeed, treatment with the
KU0063794 (Figure 27B, see histological score B1) reduced p65 subunit translocation more

effectively than the treatment with Rapamicyn (Figure 27B, see densitometrc analysis B1).

Additionaly, to determine the role of *NO produced during TBI, iNOS expression was
evaluated by Western blot analysis. A significant increase in iNOS expression was observed
in the contused area from mice subjected to TBI (Figure 27C see densitometry analysis C1).
Consequently, Rapamycin (1mg/kg) reduced TBI-induced iNOS expression (Figure 27C see
densitometry analysis C1); on the other hand, a more significant decrease in iNOS expression
was observed after KU0063794 treatment (Figure 27C see densitometry analysis Cl1).
Similarly, COX-2 expression was induced by TBI compared to the sham group (Figure 27D
see densitometry analysis D1). Both treatments with Rapamycin and KU0063794 lowered
COX-2 expression (Figure 27D see densitometry analysis D1).
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Figure 27 - Effect of KU0063794 on IkBa degradation, NFkBp65 translocation, iNOS and COX-2

expressions

Degradation of IkBa was significantly blocked by Rapamycin (Img/kg) and KU0063794 (8mg/kg)
treatment (Figure 27A). Moreover, KU0063794 (8mg/kg) treatment resulted in an inhibition of
nuclear translocation of p65 (Figure 27B). Translocation of NF«kB is a critical step in the coupling of
extracellular stimuli to the transcriptional activation of specific target genes. A significant increase in
inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 (Figure 27C and Figure 27D,
respectively) was observed in the injured area from TBI mice compared with the Sham mice.
KU0063794-treated mice had notably reduced expression of pro-inflammatory enzymes (Figure 27C
and Figure 27D, respectively). Data show one representative blot from three independent experiments
with similar results. Mean £ SEM of four to five animals per group. One-way ANOVA, followed by
Bonferroni’s multiple comparison test. ***P<0.001 vs sham, ##P<0.01 vs TBI, ###P<0.001 vs TBI.
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6.2.4 Effect of KU0063794 on TBI-induced apoptotis

The dialogue between autophagy and cell death pathways influences the normal clearance of
dying cells. Unfortunately, the exact connection was still poorly understood. To test whether
TBI was associated with autophagy and apoptosis we determined Bax and Bcl-2 expression
by immunohistochemical staining. Immunohistochemistry for Bax and Bcl-2 showed that
brain sections from sham-operated mice did not stain for Bax (Figure 28A), whereas TBI-
operated mice exhibited positive staining for Bax (Figure 28B). Rapamycin treatment
significantly reduced the degree of positive staining (Figure 28C). However, in KU0063794-
treated mice group the decrease of positive staining is more effectively than the treatment
with Rapamicyn (Figure 28D, see densitometry analysis I). Viceversa, brain sections from
sham-operated mice demonstrated Bcl-2 positive staining (Figure 28E), whereas in TBI mice,
the staining was significantly reduced (Figure 28F). However, in KU0063794-treated mice
group the increase of positive staining for Bcl-2 is more effectively than the treatment with

Rapamicyn (Figure 28G, see densitometry analysis I).
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Figure 28 - Effect of KU0063794 on TBI-induced apoptotis

Immunohistochemistry for Bax and Bcl-2 showed that brain sections from sham-operated mice did not
stain for Bax (Figure 28A), whereas TBIl-operated mice exhibited positive staining for Bax (Figure
28B). Rapamycin treatment significantly reduced the degree of positive staining (Figure 28C).
However, in KU0063794-treated mice group the decrease of positive staining is more effectively than
the treatment with Rapamycin (Figure 28D). Viceversa, brain sections from sham-operated mice
demonstrated Bcl-2 positive staining (Figure 28E), whereas in TBI mice, the staining was significantly
reduced (Figure 28F). Treatment with Rapamycin significantly reduced the degree of positive staining
(Figure 28G). However, in KU0063794-treated mice group the increase of positive staining for Bcl-2
is more effectively than the treatment with Rapamicyn (Figure 28H). The figures are representative of
at least three experiments performed on different experimental days. Figures are representative of all
the animals in each group. Values are given as mean = SEM of 5 animals for each group. ***P<0.001
vs Sham group; ###P< 0.001 vs TBI group;
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6.2.5 Effect of KU0063794 on TBI-induced activation of astrocytes and microglia

Activation of astrocytes and microglia have a key role in the pathogenesis of TBI.
Accordingly, we used an immunohistochemical approach to assess the presence of GFAP and
Iba-1 in brain sections collected 24h after TBI. Immunohistochemistry for GFAP and Iba-1
showed that brain sections from sham-operated mice did not stain for GFAP and IBA (Figure
29 A and 29 E), whereas TBI-operated mice exhibited positive staining for GFAP and IBA
(Figure 29 B and 29 F). Rapamycin treatment significantly reduced the degree of both
positive staining (Figure 29 C and 29 G). However, in KU0063794-treated mice group the
decrease of positive staining for GFAP and IBA is more effectively than the treatment with

Rapamicyn (Figure 29 D and 29 H, see densitometry analysis 29 I).
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Figure 29 - Effect of KU0063794 on TBI-induced activation of astrocytes and microglia

Immunohistochemistry for GFAP and Iba-1 showed that brain sections from sham-operated mice did
not stain for GFAP (Figure 29A) and Iba-1 (Figure 29E), whereas TBI-operated mice exhibited
positive staining for GFAP (Figure 29B) and Iba-1 (Figure 29F). Rapamycin treatment significantly
reduced the degree of positive staining for GFAP (Figure 29C) and Iba-1 (Figure 29D). However, in
KU0063794-treated mice group the decrease of positive staining is more effectively than the treatment
with Rapamycin (Figure 29D and 29H, see densitometry analysis 291). The figures are representative
of at least three experiments performed on different experimental days. Figures are representative of
all the animals in each group. Values are given as mean+ SEM of 5 animals for each group. ***P<
0.001 vs Sham group; ###P< 0.001 vs TBI group;
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6.2.6 Effect of KU0063794 on TBI-induced pro-inflammatory cytokines production

Microglia and astrocytes activation release a large number of pro-inflammatory cytokines. To
evaluate the effect of KU0063794 on pro-inflammatory cytokine production we investigated
IL-1B and TNF-a production, both inflammation sign, by immunohistochemical approach.
Immunohistochemistry showed that brain sections from sham-operated mice did not stain for
IL-1B and TNF-a (Figure 30 A and 30 E), whereas 24h following TBI, mice exhibited
positive staining for IL-1B and TNF-a (Figure 30 B and 30 F). Rapamycin treatment (1
mg/kg) significantly reduced the degree of both positive staining (Figure 30 C and 30 G).
However, in mice treated with KU0063794 (8 mg/kg) the decrease of positive staining for IL-
1B and TNF-a is more effectively than the treatment with Rapamicyn (Figure 30 D and 30 H,

see densitometry analysis 30 I).
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Figure 30 - Effect of KU0063794 on TBI-induced pro-inflammatory cytokines production

Immunohistochemistry for IL-1p and TNF-a showed that brain sections from sham-operated mice did
not stain for IL-1f (Figure 30A) and TNF-a (Figure 30E), whereas TBI-operated mice exhibited
positive staining for IL-1p (Figure 30B) and TNF-a (Figure 30F). Rapamycin treatment significantly
reduced the degree of positive staining for IL-1p (Figure 30C) and TNF-a (Figure 30D). However, in
KU0063794-treated mice group the decrease of positive staining is more effectively than the treatment
with Rapamycin (Figure 30 D and 30 H, see densitometry analysis 30I). The figures are representative
of at least three experiments performed on different experimental days. Figures are representative of
all the animals in each group. Values are given as mean+ SEM of 5 animals for each group. ***P<
0.001 vs Sham group; ###P< 0.001 vs TBI group;
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6.2.7 Effect of KU0063794 on neurotrophic factor release following TBI

Recent evidence have been demonstrated that neuroprotective effect of brain-derived
neurotrophic factor (BDNF) and neurotrophin 3 (NT-3) was mediated by autophagy (Chen et
al., 2013a). For this reason to test whether KU0063794 modulates the inflammatory process
through regulation of the neurotrophic factors levels, we have examined BDNF and NT-3 by
immunofluorescence. Immunofluorescence showed that BDNF and NT-3 expression
decreased at 24 h after TBI (Figure 31 B and 31 F) compared with sham-operated mice
(Figure A and E). Rapamycin treatment (1 mg/kg) significantly increased the degree of both
positive staining (Figure 31 C and 31 G). However, in mice treated with KU0063794 (8
mg/kg) the increase of positive staining for BDNF and NT-3 is more effectively than the
treatment with Rapamicyn (Figure 31 D and 31 H, see densitometry analysis 31 [ and 31 J).
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Figure 31 - Effect of KU0063794 on neurotrophic factor release following TBI
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Immunofluorescence for BDNF and NT-3 showed BDNF and NT-3 expression decreased at 24 h after
TBI (Figure 31 B and 31 F) compared with sham-operated mice (Figure 31 A and 31 E). Rapamycin
treatment (1 mg/kg) significantly increased the degree of both positive staining (Figure 31 C and 31
G). However, in mice treated with KU0063794 (8 mg/kg) the increase of positive staining for BDNF
and NT-3 is more effectively than the treatment with Rapamicyn (Figure 31 D and 31 H, see
densitometry analysis 31 I and 31 J). The figures are representative of at least three experiments
performed on different experimental days. Figures are representative of all the animals in each group.
Values are given as mean = SEM of 5 animals for each group. ***P< 0.001 vs Sham group; #P< 0.05
vs TBI group; ##P< 0.01 vs TBI group; ###P< 0.001 vs TBI group;
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6.2.8 Effect of KU0063794 on TBI-induced neuronal loss

Recent evidence demonstrates that both acute and delayed neuronal injury occurs after
traumatic brain injury (Sato et al., 2001). Immunofluorescence showed that NeuN expression
significantly decreased at 24 h after TBI (Figure 32 B) compared with sham-operated mice
(Figure 32 A). Rapamycin treatment (1 mg/kg) significantly increased the degree of NeuN
positive staining (Figure 32 C). However, in mice treated with KU0063794 (8 mg/kg) the
increase of positive staining NeuN is more effectively than the treatment with Rapamicyn

(Figure 32 D see densitometry analysis 32 E).
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Figure 32 - Effect of KU0063794 on TBI-induced neuronal loss

Immunofluorescence for NeuN showed a significantly decreased at 24 h after TBI (Figure 32 B)
compared with sham-operated mice (Figure 32 A). Rapamycin treatment (1 mg/kg) significantly
increased the degree of NeuN positive staining (Figure 32 C). However, in mice treated with
KU0063794 (8 mg/kg) the increase of positive staining for NeuN is more effectively than the
treatment with Rapamicyn (Figure 32 D see densitometry analysis 32 E). The figures are
representative of at least three experiments performed on different experimental days. Figures are
representative of all the animals in each group. Values are given as mean + SEM of 5 animals for each
group. ***P<(0.001 vs Sham group; ##P< 0.01 vs TBI group; ###P< 0.001 vs TBI group;
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CHAPTER 7: DISCUSSION AND CONCLUSION

TBI and SCI are physical injuries most often caused by sports, motor accidents and combat
(Nolan and Burton, 1998; Silva et al., 2014). In both cases, the primary insult leads to
unavoidable damage in the epicenter immediately after the event, while the secondary damage
progresses for days and encompasses the areas surrounding the primary injury (Dirnagl et al.,
1999; Masel and DeWitt, 2010). Within minutes of an acute insult, secondary injury starts
with energy failure that results in shutdown of Na'/K'-ATPase leading to ionic balance that
promotes edema. Excitotoxicity (increased release and decreased reuptake of glutamate
leading to overactivation of ionotropic glutamate receptors) also starts within minutes of an
insult to CNS. Glutamate receptor activation allows lethal amounts of Ca>* to enter the cell
that activate proteases, nucleases and enzymes that form free radicals which are toxic to
neurons (Obrenovitch and Urenjak, 1997; Hazell, 2007). Following these events, the second
line of pathophysiological events that include inflammation, oxidative/nitrosative stress and
endoplasmic reticulum (ER) stress starts within hours. Activation of microglia releases pro-
inflammatory cytokines that attracts blood-borne macrophages and neutrophils to extravasate
into CNS. All these cells release pro-inflammatory cytokines and ROS and RNS, which are
highly toxic to neurons (Manzanero ef al., 2013). In addition, activation of NADPH oxidase
forms ROS and curtails functioning of anti-oxidant enzymes like SOD and catalase promotes
oxidative stress. Energy failure also leads to ineffective folding of proteins in ER lumen
leading to accumulation of unfolded/misfolded proteins that activates ER stress pathways.
Inflammation, oxidative/nitrosative stress and ER stress are simultaneous and potentiate each

other .

Autophagy, a highly complex process that cells induced in response to a wide range of

stressful conditions in order to maintain cellular homeostasis was also been connected in
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various neuronal damage models. However, the role of autophagy in SCI is still controversial
and its interrelationship with inflammation and apoptosis remains unclear (Kroemer ef al.,

2010).

The connection between autophagy and inflammation are complex. Each regulates the other
by different mechanism such as toll-like receptors (TLRs) and NOD-like receptor (NLRs) can
elicit autophagy for pathogen clearance (Saitoh and Akira, 2010). Moreover, recently studies,
have hypotized that autophagy acts by at least two means to protect cells from excessive long
lasting inflammation: indirectly by allowing efficient clearance of damaged organelles and

directly by suppressing proinflammatory complexes (Lapaquette et al., 2015).

Previous study conducted by Chen et colleagues have been demonstrated that treatment with
rapamycin enhanced autophagy, has anti-inflammatory and neuroprotective effect and
improved motor function suggesting that it can be applied during the acute phase after SCI
(Chen et al., 2013b). Based on these observations we performed studies in the attempt to
determine if the new second generation mTOR inhibitor targeting mTORC1 and mTORC?2,
KUO0063794, could be more efficient as a novel anti-inflammatory treatment respect first

generation mTOR inhibitor targeting only mTORC1, Rapamicyn and Temsirolimus.

For that purpose, in this thesis, we used an experimental mouse model of SCI and TBI.

SCI was induced by extradural compression of the spinal cord (T6-T7) using an aneurysm
clip with a closing force of 24 g via a four-level T5-T8 laminectomy and using spinal cord
organotypic slice culture. Also TBI was induced in mice by a controlled cortical impactor that
reproduces changes reported in clinical head injuries such as cortical contusion, brain edema,
subarachnoid hemorrhage, elevated intracerebral pressure, reduced cortical perfusion,
decreased cerebral blood flow and neuro-endocrine and metabolic changes (Morales ef al.,

2005).
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In the first step, using H&E staining, we analyzed the severity of both traumas at the level of
the perilesional area. Our results clearly established important damage in the spinal cord and
brain tissue collected from SCI or TBI animals compared with sham-operated mice.
Protection against tissue damage, edema formation and infarct area was observed in the group
of mice treated with Temsirolimus or Rapamicyn. Indeed, treatment with KU0063794
reduced histological alterations more effectively than the treatment with both first generations

of mTOR inhibitors.

Moreover, neurological deficit and motor function was evaluated after SCI and TBI. In mice
subjected to SCI or TBI and than treated with KU0063794, we detected a significantly
increased neurological and motor recovery than Temsirolimus-treated or Rapamicyn-treated

mice group.

It has been demonstrated that on a molecular level, autophagy and NF-xB pathways share
common upstream signals and regulators and can control each other through positive or
negative feedback loops, thus ensuring homeostatic responses (Trocoli and Djavaheri-
Mergny, 2011). In our studies, we found that IkBa expression was significantly reduced in
mice subject to TBI but Ku0063794 (8mg/kg) treatment blunted the degradation of IxBa and

conseguent p65 nuclear traslocation better than Rapamycin (1mg/kg) treatment.

Moreover, previous studies indicated an improved iNOS and peroxynitrite in both injured
spinal cord and brain tissue. In fact, NO production can contribute to cell death, tissue damage
and degeneration observed in SCI and TBI. Moreover, high PGE2 concentrations reflecting
an increased activity of Cox-2 in the damaged spinal cord (Bal-Price and Brown, 2001; Xu et
al., 2001). Thus, in this study we analyzed the expression of iNOS and COX-2 and nNOS.
Our results demonstrated that Rapamycin and Temsirolimus treatment significantly reduced

the degree of Cox-2 and iNOS, but in KU0063794-treated mice group, the decrease of both
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pro-inflammatory enzymes expression was more effectively. In addition, we assessed that the

expression of nNOS was significantly restored after treatment with KU0063794.

After SCI and TBI, reactive astrocytes contributes to the inhibitory environment within the
injured spinal cord and brain, denoted by increased immunoreactivity of GFAP and Iba-1 as
well as gene expression of pro-inflammatory cytokines and their receptors, including IL-1f,
TNF-a is significantly increased (Hausmann, 2003; Esposito and Cuzzocrea, 2011). Our
results demonstrate that activation of astrocytes and microglia was significantly attenuated in
KU0063794-treated mice compared to Temsirolimus-treated or Rapamicyn—treated mice group
as well as KU0063794 treatment significantly diminished the post-SCI expression of IL-1f3

and TNF-aq.

Proinflammatory cytokines stimulate other biochemical signals leading to the degeneration of
myelin and apoptosis of neurons that cause the neurological deficit (Nesic et al., 2001; Dong
et al., 2003). We report in this thesis that in KU0063794-treated mice group the decrease of
positive staining for Bax was more effectively than the treatment with Temsirolimus or
Rapamicyn, conversely, Bcl-2 was expressed much more in mice treated with KU0063794.
Additionally, FasL signaling plays a central role in SCI (Ackery et al., 2006). We found that

KU0063794 treatment lead to a substantial reduction of FasL activation.

More recent studies have suggested a significant role for neurotrophic factors like BDNF, and
NT-3 in regeneration after CNS injury. (Nakamura and Bregman, 2001) In the current work
we have demonstrated that treatment with Rapamycin (Img/kg) significantly restore
neurotrophic factors levels after TBI but KU0063794 (8mg/kg) is more effective than
Rapamycin. Moreover, we found a significantly decrease of neuronal loss following

KUO0063794 treatment.
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At least, to better understand the role of KU0063794, we used an ex vivo model of
organotypic spinal cord slices cultures. This model offers the advantage of improved

knowledge about the mechanism of action of a dual mMTORC1 and mTORC?2 inhibitor.

To validate our data in this study, using spinal cord organotypic slice cultures, we showed a

significant decrease in cell death and in the injury-induced NO, production following

KU0063794 pretreatment.

The necessity for emerging new therapeutics for SCI and TBI treatment and the current
scarcity of specific therapy for this indication underscore the importance of connection and
characterization of novel neuroprotective compounds. Despite the increasing knowledge
about the role of autophagy in modulation of inflammation, this field is still only in its

beginnings.

Taken together, our data demonstrate that modulation of autophagy may represent a
promising therapeutic approach for a wide range of inflammatory conditions such as SCI and
TBI. However, considering the multiple roles of autophagy, further investigations are needed
to examine in which situations stimulated autophagy is beneficial and does not generate

detrimental side effects.
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