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ABSTRACT

The central nervous system (CNS), consisting of the brain and spinal cord,
is supported by various cells including neurons, glial cells, and blood
vessel cells. Neurons are responsible for transmitting signals, while
astrocytes, once considered merely support cells, are now recognized as
vital for CNS function. Astrocytes maintain CNS balance, assist in brain
defense, and regulate several processes. Historically, astrocytes were first
identified in the mid-1800s and develop from radial glia, dividing and
transforming into mature astrocytes during brain development. They

continue to proliferate in the adult brain but at a low rate.

Astrocytes are critical in maintaining CNS homeostasis, including
regulating ions, water, and neurotransmitter levels. They also play a key
role in energy supply to neurons by converting glucose into lactate.
Moreover, astrocytes are essential for synaptic regulation, promoting
synapse formation and stability, and maintaining the blood-brain barrier.
Astrocytes also contribute to neurovascular coupling and waste clearance
via the glymphatic system, and they are involved in regulating blood flow
and oxygen levels. In neuroinflammatory and neurodegenerative
diseases, astrocytes can become reactive, leading to dysfunction. In
diseases like Alzheimer's and Parkinson's, astrocytes lose their ability to
support neurons and remove toxic substances, contributing to disease
progression. Astrocyte reactivity is influenced by various signaling

pathways, but the mechanisms of their dysregulation remain unclear.

Alzheimer’s disease is the most common form of dementia worldwide,
affecting millions of people. It is both sporadic (1%) and hereditary, with
age being the higher risk factor. Inherited Alzheimer’s disease is caused
by mutations in the APP, PSEN1 or PSEN 2 genes. Having the APOE €4 gene
is the primary genetic risk factor for late-onset Alzheimer’s disease. The
disease is characterized by cortical atrophy and enlargement of the
ventricles. A central feature of AD is the accumulation of amyloid- (AB)
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peptides, derived from amyloid precursor protein, prone to forming
plaques. These plaques are linked to cognitive decline, particularly in their
oligomeric form. Another hallmark of AD is the formation of
neurofibrillary tangles, caused by hyperphosphorylation of tau proteins,
which disrupt neuron function and lead to cell death. Neuroinflammation
also plays a key role, with microglia and astrocytes contributing to both
A clearance and neurodegeneration through inflammatory pathways like
the NLRP3 inflammasome, exacerbating synaptic loss and further
progression of the disease. AD treatments are divided into symptomatic
and disease-modifying categories, although no cure exists yet. Promising
new diagnostic biomarkers and therapies focusing on prevention and

early intervention represent the future direction of AD management.

RTP801, is a stress-induced protein involved in regulating various cellular
processes like metabolism, oxidative stress, autophagy, and cell fate. It
plays a role in inflammatory, metabolic, neurodegenerative diseases, and
cancer. Its expression is upregulated by stressors like hypoxia, DNA
damage, and metabolic imbalances. RTP801 is primarily located in the
cytoplasm but also in mitochondria, cell membranes, and the nucleus. A
key function of RTP801 is inhibiting the mTOR pathway, which regulates
cellular growth and autophagy. Elevated levels of RTP801 are linked to
neurodegenerative diseases like Alzheimer's, Parkinson's, and
Huntington's, where it suppresses mTOR activity, leading to neuronal
damage. Its inhibition in disease models has shown potential therapeutic

benefits by preventing cognitive decline and reducing inflammation.

This thesis aims to explore astrocytic RTP801's contribution to
neurodegeneration and neuroinflammation in AD using the 5xFAD mouse
model and a novel triculture in vitro model. The goals include

determining its effects on cognitive deficits, neuron morphology,
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functional connectivity, neuroinflammatory pathways, and intercellular

crosstalk, as well as assessing its role in Af3 clearance.

In the first aim we discovered increased astrocytic RTP801 levels in the
hippocampus of 5XxFAD mice, which were linked to heightened AP toxicity.
Behavioral testing demonstrated that silencing astrocytic RTP801
significantly improved cognitive functions in 5xFAD mice while also
restoring anxiety-like behavior. Even though AB plaque load remained
unchanged. On the other hand, Morphological studies of dentate gyrus
DGCs cells showed that silencing astrocytic RTP801 reverted DGCs to a
healthier phenotype, possibly contributing to improved cognition.
Neuroimaging techniques revealed disrupted functional connectivity
within the default mode network in 5xFAD mice, which could be restored
by astrocytic RTP801 silencing. Altered resting-state networks indicated
that astrocytic RTP801 impacts connectivity, essential for cognitive
processes in AD. Previous investigations demonstrated that 5xFAD mice
exhibited changes in GABAergic signaling, with lower GABA levels
correlating with cognitive decline. Here, silencing astrocytic RTP801
mildly restored GABA levels and normalized functional connectivity. A
reduction in parvalbumin* interneurons was observed in 5xFAD mice,
while astrocytic RTP801 silencing increased their numbers. Increased
expression of GAD65/67 in astrocytes suggests compensatory

mechanisms for GABA loss due to interneuron degeneration.

Overall, the first aim indicates astrocytic RTP801 as a promising target for
AD treatments, linking glial function to cognitive decline. The findings
present a new perspective on the role of astrocytes in neurodegeneration,
emphasizing the importance of astrocytic RTP801 in therapeutic

strategies.
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During the second aim we discovered that astrocytic RTP801 has
significant implications for neuroinflammation in a context of Alzheimer’s
disease. In published studies using the 5xFAD mouse model, researchers
observed heightened microglial densities in the hippocampus as early as
four months of age, with increased astrocyte densities by eighteen
months. Investigating astrocytic RTP801 role in neuroinflammation
revealed that silencing this protein can alleviate the neuroinflammatory
response in these models, reducing the astrogliosis and the microgliosis.
Specifically, astrocytic RTP801 was found to increase levels of
inflammasome proteins like NLRP3, NLRP1, pro-caspase-1, and ASC. In
vitro experiments corroborated these findings, indicating that RTP801
tightly regulates NLRP1 levels. However, the correlation between
inflammasome components and cytokine levels, assessed via Luminex
array, remains unclear. Notably, higher concentrations of osteopontin and
macrophage colony-stimulating factor were noted in the 5xFAD mice
hippocampus. Nevertheless, silencing RTP801 appeared to partially
normalize only CCL3 levels, which is known to impair cognitive functions,
indicating the need for further studies to clarify astrocytic RTP801's role
in cytokine production. Previous research indicates that RTP801 can
activate the NF-kB pathway, suggesting that its silencing may reduce the

expression of inflammasome components influenced by NF-kB.

Neuroinflammation might also disrupt the balance between excitatory
and inhibitory synapses, exacerbating neuronal damage. The proposed
model suggests that neuroinflammation releases cytokines and reactive
oxygen species harmful to neurons, particularly sensitive parvalbumin
neurons. The findings of hyperconnectivity, reduced GABA levels, and
fewer parvalbumin+ neurons in the hippocampus of 5XxFAD mice suggest
that astrocytic RTP801 suppression might offer protective effects. This

silencing could potentially correct neuroinflammatory processes,
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contributing to notable memory preservation in the 5xFAD model.
Further research is essential to uncover the mechanisms by which

astrocytic RTP801 regulates neuroinflammation.

Finally, in the third aim of the thesis we assess the role of RTP801 in an in
vitro model of Alzheimer’s disease using a novel triculture system
composed of neurons, astrocytes, and microglia derived from the same
animal. Traditional organotypic cultures and animal models of AD often
provide limited and inconsistent representations of human AD pathology,
sometimes a more controlled in vitro environment is needed. The
triculture model allows researchers to study intercellular interactions
among brain cell types more accurately. Astrocytic RTP801 is linked to
morphological changes in reactive astrocytes. The study found no
significant changes in astrocyte markers like GFAP after A treatment, but
silencing RTP801 reversed the morphological ramifications of astrocytes,
indicating astrocytic RTP801 influence on cytoskeletal dynamics.
Disruption in astrocytic morphology can impair their neuroprotective

functions and contribute to neurotoxicity associated with A3 oligomers.

Our research demonstrates that knocking out astrocytic RTP801
effectively reduces A oligomer levels, a critical factor in AD progression.
Even though in vivo experiments showed no significant change in A
plaque levels after RTP801 silencing, the complete knock out in vitro
significantly decreased A oligomers. This suggests RTP801 plays a key
role in AP clearance. The findings support the idea that targeting RTP801
could be a promising therapeutic approach for AD, opening avenues for
further research into its interaction with AP clearance pathways.
Understanding these pathways will be crucial for developing more
effective treatments, especially given the complex nature of AD. Future

research should focus on the molecular mechanisms involved and the
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long-term effects of RTP801 modulation on cognitive function and disease

progression.
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INTRODUCTION

1. Astrocytes

1.1. Definition and history

The central, peripheral, and autonomic nervous systems are the three
components that make up the nervous system. Each of these contains
neurons. The autonomic, peripheral, and central nervous systems all have
different supporting cells. The brain and spinal cord make up the central
nervous system (CNS), which is made up of several cell types that undergo
a broad range of changes during pathologic processes. These cells include
Neural cells, glial cells (glia, oligodendrocytes, ependymal cells, and
microglia), and blood vessel and covering cells (leptomeninges and dura
mater). Neurons have long been the most studied cells of the CNS, given
their critical role in transmitting signals and processing information.
However, astrocytes, once considered just support cells, have gained

increasing recognition for their essential functions?.

Astroglia or astrocytes are brain cells of ectodermal, neuroepithelial
origin. They support homeostasis and offer defense for the CNS. With their
remarkably adaptable plasticity and very varied structure and function,
astrocytes determine the functional maintenance of the central nervous
system during development and aging. Moreover, astrocytes are a part of
neuronal networks and function in the CNS. They regulate the central
nervous system's balance at every level of organization, from the

molecular to the organ level?.

The earliest description of a brain cell that was later identified as a glia
was made by Heinrich Miiller. He first described the Miiller cell, a radial-
like glial cell of the retina, in 18513 . Some years later, Max Schulze
characterized these cells down to the smallest detailt. Since then,
neuroscientists of the 19th century paid close attention to parenchymal

glia, and a plethora of names were given to these cells, as
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Bindesubstanzzlelle (binding substance cells) by Otto Deiters in 1865°,
Leim erfiillten Interstitien (glue-filled interstitium) in 1867 by Carl
Frommann® or Sternférmige Zellen (star-form cells) by Albert von Kélliker
in 18967. However, Camillo Golgi in 1870, was the first to show that glia
was a separate cellular population from nerve cells, and he started
referring to them as neuroglia (Figure 1). Golgi described glia as
spherical cells with many tiny processes extending in all directions, many
of which were oriented toward blood arteries. Golgi documented glial
networks, detected glial end feet, and characterized a great diversity of

glial cells in the brain using the silver-chromate staining technique?.

A Fig. 147.

Figure 1. Historic glia drawings. A) Astrocyte drawing from Handbuch der
Gewebelehre by Kolliker 7. B) Drawing of astrocytes and blood vessels by Camillo
Golgis8.

Michael von Lenhossék coined the name "astrocyte" (aotpov ktooc;
astron, star and kytos, a hollow vessel, later cell, i.e., starlike cell) in 1895°.
Santiago Ramén y Cajal popularized the term "astrocytes" to refer to
parenchymal neuroglia. In fact, Cajal created an astroglia-specific gold and
mercury chloride-sublimate staining technique that labeled glial fibrillary
acidic protein (GFAP). The GFAP staining allowed Cajal to verify that

astrocytes originated from radial glia®.

The first information on the dynamic interactions between neurons and

glia emerged after the physiological examination of neuroglia in the late
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1950s when these cells were probed using electrophysiological and
radiotracer techniques applied to in situ and in vivo preparations from
vertebrates and mammals!?12, Jean de Villis created pure neuroglial cell
cultures in the late 1980s, enabling direct investigations of astrocyte

physiology at the single-cell level3.

1.2. Astrogliogenesis

Astrocytes are classical neural cells that develop from the
neuroepithelium-derived radial glia, the universal neural progenitor!4. In
fact, astrocyte development is not the same as that of neurons because
astrocytes not only can arise from glial intermediate progenitors, radial
glia that have undergone metamorphosis, but also from differentiated
astrocytes that have multiplied, and even Nerve/glial antigen 2 (NG2) glial
cells, a kind of glial cells that express a chondroitin sulfate proteoglycan
called NG2 (Figure 2)?5.

In the brain development timeline, astrogliogenesis occurs after
neurogenesis, since neurogenic factors like neurogenin 1, suppress
astrogliogenesis simultaneously. In astrogliogenesis, radial glia divides
asymmetrically in the subventricular zone (SVZ), generating intermediate
glial progenitor cells that develop to immature proliferative astrocytes.
These cells continue to proliferate while migrating across cortical layers?e.
Nevertheless, only a small portion of the astrocytes in the CNS are a result
of embryonic astrogliogenesis; in rodents, the number of glial cells rises
from approximately 4 million to over 140 million during the second and
third postnatal weeks!”. Indeed, half of the astrocytes present in the CNS
are generated by symmetric division of differentiated astrocytes?s.
Furthermore, around 10-15% come from direct transformation of radial

glia, which lose their apical processes at birth and reorganize into
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protoplasmic astrocytes!®. Finally, NG2 glial cells are another potential
source of astroglia; these cells can produce protoplasmic astrocytes that
remain exclusively in the ventral forebrain and do not move to other

regions; also, this astrogenic route appears to be limited in time2%21,

Numerous areas of the adult brain, such as the cerebral cortex, corpus
callosum, striatum, hypothalamus, and septum, have been shown to
exhibit astrocyte proliferation; nevertheless, the rate of division is

extremely low, ranging from 0.05 to 0.45%?22.

Late embryogenesis/Post-natal astrogliogensis Adult astrogliogenesis

astrocyte

microglia ) RN H ( E
3 v
[ \7 | i ’ a

=

/ intermidiate glial

H
~ progenitor cells Q) E U :
svz[ V. ¢ Y i
| : :
: H
L T — : ‘

Neuroepithelial Radial glia . o : Radial glia : R g
cells Simetric division : transforn?ation :AStr(\)/?:(l)\l%ZneSIs

Figure 2. Astrogliogenesis processes in the embryonic and post-natal brain,
and into the adulthood. Figure generated with Biorender software.

1.3. Astrocytic markers

It is far from simple to visualize and identify astrocytes, particularly in in
situ preparations and in the in vivo brain. The notable morphological
variation and lack of a universal marker, that can identify all cells in the
astroglia lineage, provide challenges. Protein markers for astrocytes can
be expressed as intracellular, membrane, or secreted components. These
include energy metabolism markers, transcription factors, membrane
channels and transporters, and structural proteins. They are not all
restricted to astrocytes. Crucially, the amount and specific set of markers

are highly dependent on the activation phenotype as well as its
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physiological state. For the best interpretation of research findings, plural

use of markers is highly recommended?3. Principal astrocytic markers

used are depicted in (Table 1).

Table 1. Principal astrocytic markers and function.

Marker Full name Protein type Function
GFAP Glial fibrillary acidic protein Structural protein BBB mechanical support
$1008 $100 calcium-binding protein B Intracellular protein Ca?*-binding protein
AQ4 Aquaporin 4 Membrane protein Water homeostasis
EAAT1
Excitatory amino acid transporter 1 Membrane protein Glutamate uptake
(GLAST)
EAAT2
Excitatory amino acid transporter 2 Membrane protein Glutamate uptake
(GLT1)
. Anchors membrane to
Ezrin ezrin Structural protein
cytoskeleton
ALDOC Fructose-biphosphate aldolase C Intracellular protein Glycolytic enzyme
Folate enzyme aldehyde Converts NADP to
ALDH1 Glucose related
dehydrogenase 1 family member L1 NADPH
Upregulated in
C3 Complement component 3 Secreted protein
neuroinflammation
Potassium inwardly-rectifying
KIR4.1 Membrane protein Uptake of K*
channels
1.4. Types

Since there are numerous cell subpopulations within the class Astroglia

that have drastically different morphologies and functions, there has

always been disagreement over how to classify and define astrocytic cells

based on their shape and functions. However, there is a common

classification for mammalian astrocytes which distinguish main different

types including protoplasmic astrocytes, fibrous astrocytes, surface-
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associated astrocytes, velate astrocytes, pituicytes, gomori astrocytes,
perivascular and marginal astrocytes, ependymocytes, choroid plexus

cells, and retinal pigment epithelial cells, radial astrocytes.

The major astroglia population in the grey matter are protoplasmic
astrocytes, which consist of a round soma with 5-10 primary processes,
high arborization and at least one process forms an end feet contact with
a blood vessel?%. On the other side, fibrous astrocytes typical of the white
matter are characterized by longer processes and have less and less
organized terminal processes than protoplasmic astrocytes?>. The other
types of astrocytes are minor, slightly different and specific of different
brain regions; surface-associated astrocytes are in cortical surface with
two processes projecting to layer I and surround pial vessels?®. Velate
astrocytes, pituicytes, gomori astrocytes, ependymocytes and retinal
pigment epithelial cells belong to olfactory bulb, hypophysis,
hypothalamus, ventricles and subretinal space, respectively?’-3°. Whereas
perivascular and marginal astrocytes belong to the surrounding of pia
mater, and they do not contact neurons3!. Finally, radial astrocytes are

only present in the developing brain.

In higher primates and specifically in human’s other astrocyte types are
present, including the interlaminar astrocytes present in the cortex and
composed of several short processes with only one or two super long
processes of around 1 mm long. On the other hand, the polarized
astrocytes with one or two long processes are also described in the cortex.
Varicose projection astrocytes only exist in human brains and are
characterized by different long unbranched processes, which contain

equally spaced varicosities32.
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1.5. Functions

In the CNS only neurons have the potential to produce electrical impulses.
However, astrocytes have multiple functions which all contribute to CNS
homeostasis3334, This section will describe the different astrocytic

functions (Figure 3).

Figure 3. Principal astrocytes physiological functions in the CNS.

Astrocytes are the key for ion homeostasis in the CNS, which is
fundamental for the proper functioning of the nervous system. Astrocytes
regulate extracellular potassium (K*) levels through several mechanisms,
including energy-dependent pathways mediated by Na*/K*-ATPase
(NKA), diffusion through K* channels, and transport by SLC transporters.
These processes help buffer excess K* released during neuronal activity,
ensuring stable neuronal function35-37. Astrocytes also contribute to
chloride (Cl-) homeostasis, particularly during intense GABAergic activity,
by releasing CI- to sustain inhibitory neurotransmission38. Additionally,
they help regulate extracellular calcium (Ca%*) and pH levels, both of

which are vital for proper synaptic transmission and overall brain
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function3°40. In this way, astrocytes maintain the delicate ionic balance

necessary for CNS stability.

Water homeostasis is also maintained by astrocytes, they regulate it
through various pathways, most notably involving aquaporin 4 (AQP4)
channels and membrane transporters. Astrocytes also influence
extracellular volume, with AQP4 playing a key role. Deleting AQP4
increases extracellular volume and brain water content*!, dynamic
changes in extracellular volume during neuronal activity are thought to be
due to astroglia swelling from cotransport of water with K+, glutamate,

and other molecules through transporters like EAAT1 and GAT-142.

Astrocytes are central to neutralize reactive oxygen species (ROS)
generated by neuronal metabolism*3. They are rich in glutathione, a key
antioxidant that either directly scavenges ROS or acts as an electron donor
for glutathione peroxidase**. Astrocytes supply neurons with cysteine and
glutamylcysteine, essential for neuronal glutathione synthesis, as neurons
have limited capacity to accumulate cystine*>. Additionally, astrocytes
store and regenerate ascorbic acid, releasing it in response to neuronal
activity to protect neurons from oxidative damage*47. This protective role
is crucial, as it enables neurons to maintain high antioxidant levels,

safeguarding them against ROS toxicity.

The brain's neurotransmitter turnover is largely dependent on astrocytes.
Astrocytes eliminate and deactivate glutamate*8, Gamma-aminobutyric
acid (GABA)*%, adenosine®?, and monoamines®! via accumulation and
metabolic conversion. Moreover, astrocytes generate glutamine, the
necessary precursor for neuronal glutamate and GABAS5253, which are

essential for both excitatory and inhibitory neurotransmission.

Astrocytes are vital for brain energy supply by taking up glucose and

converting it into lactate, which neurons use for adenosine triphosphate
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(ATP) production, particularly during high activity>*>>. While neurons
primarily rely on oxidative metabolism, astrocytes use glycolysis,
producing lactate as a byproduct. This supports the astrocyte-neuron
lactate shuttle hypothesis, though some evidence suggests neurons also
use glucose directly®¢. Additionally, astrocytes store glycogen, to
efficiently store glucose, which helps sustain brain activity, especially
during increased demand®’. The precise balance and roles of glucose and

lactate between neurons and astrocytes are still being studied.

Astrocytes cover around half of all synapses in the CNS with perisynaptic
astroglial processes (PAPs). These processes are essential for synaptic
function, expressing glutamate synthetase and transporters, but lacking
GFAP and most organelles®85°. The extent of astrocyte coverage varies by
brain region and synapse type, ranging from 29% to 90%, with more
complex synapses generally having higher coverage®. The tripartite
synapse model describes the close interaction between astrocytes and
synaptic structures, recognizing astrocytes as integral components
alongside pre- and postsynaptic neurons®!. Additionally, astrocytes are
essential for synapse formation, maturation, and elimination in the
brain®2. They release factors like cholesterol®3® and thrombospondins®*
that promote synaptogenesis and use proteins like hevin and secreted
protein acidic and rich in cysteine (SPARC) to regulate it®>. Astrocytes also
stabilize synapses by dynamically covering them, influencing synaptic
density and preventing unwanted synapse loss®®. They play a role in
synaptic pruning by tagging synapses for elimination®” and can directly
engulf synapses, especially in early development®s. Additionally,
astrocytes regulate neurotransmitter levels in the synaptic cleft,
particularly glutamate and GABA, to maintain synaptic isolation and

signaling specificity®®. Their ability to morphologically adapt and change
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synaptic coverage further modulates synaptic transmission and

plasticity70.

The involvement of astrocytes in neurovascular coupling supports the
concept of a neurovascular unit, a network of neurons, astrocytes,
pericytes and endothelial cells that work together to control cerebral
blood flow. This unit ensures precise regulation of blood flow through
coordinated signaling among its various components. Astrocytes play a
crucial role in regulating local blood flow in the brain through a complex
interplay of mechanisms. They release vasoactive agents, which can be
converted to vasodilators (e.g, epoxyeicosatrienoic acids)’! or
vasoconstrictors (e.g., 20-hydroxyeicosatetraenoic acid)’? depending on
the context. Astrocytes also release ATP, which can either constrict’3? or

dilate blood vessels, influencing vascular tone’4.

The lymphatic system is crucial for the elimination of extra fluid and
metabolic waste from peripheral tissues’>. In the brain, though, there is a
well-organized arrangement for the brain's interstitial solute clearance
that uses the perivascular space as a fast-moving fluid highway. Astrocytic
end feet, which wrap approximately 99% of the vasculature, provide this
distinct perivascular space’®. Moreover, this system relies on astroglial
AQP4 water channels and functions similarly to the peripheral lymphatic
system. Therefore, this organization was named as the "glymphatic

system"77,

Astrocytes across various brain regions are equipped with oxygen sensors
linked to Ca?* signaling. When oxygen levels drop below ~17 mmHg,
astrocytes experience increased intracellular Ca?* levels, mediated by
mitochondria and ROS. This hypoxia-induced Ca?* signaling leads to the
release of ATP from astrocytes, which in turn stimulates neuronal circuits

involved in respiration?s.
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The suprachiasmatic nuclei (SCN) in the anterior hypothalamus houses
the circadian clock, driving rhythmical activity through transcription-
translation feedback loops of core clock genes’. Astrocytes undergo
molecular changes in SCN, with increased glial synaptic coverage at
night8%. Additionally, astrocytes may influence SCN neurons by releasing

Tumor necrosis factor o (TNF-a)81.

The hypothalamus's second most important glucose-sensing cellular
population is represented by astrocytes called tanycytes®2. Tanycyte
processes create direct contact with the pituitary portal blood system's
fenestrated capillaries, enabling them to examine the blood's molecular

composition, which includes hormones and glucose®3.

In conclusion, the wide range of functions performed by astrocytes makes

them essential for the proper functioning of the CNS.

1.6. Reactive astrocytes in neuroinflammation and
neurodegeneration

Although the underlying processes of neurodegenerative disorders like
amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), and
Alzheimer's disease (AD) are still poorly understood, they are known to
be drivers of neuroinflammation. Microglia, as well as infiltrating
peripheral immune cells, such as T cells, play a major role in mediating the
inflammatory response in the CNS. Nevertheless, astrocytes are also

important downstream effectors84.

Astrocytes lose key functions during acute inflammation and chronic
neurodegenerative diseases (Figure 4), affecting their ability to support
and regulate synapses. Typically, astrocytes secrete synaptogenic
molecules like SPARC-like 1 (SPARCL1)85, Thrombospondin 1 (TSP1),
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Thrombospondin 2 (TSP2)86, Glypican 4 (GYP4) and Glypican 6 (GYP6)?7,
which are essential for synapse formation. However, these molecules are
downregulated in neurotoxic reactive astrocytes, reducing their
synaptogenic capacity®. The synapse pruning via MER Proto-Oncogene,
Tyrosine Kinase (MERTK) and Multiple EGF Like Domains 10 (MEGF10)
receptors, which are similarly downregulated in reactive astrocytes,
impairs their phagocytic function®. This loss of function could lead to
developmental issues and exacerbate neurodegenerative diseases by
failing to clear debris or toxic proteins like amyloid 8 (AB)°°. Additionally,
astrocytes in a reactive state show impaired glutamate reuptake and
recycling, potentially causing excitotoxicity, further contributing to

synapse loss and neuronal death®1.

It has been demonstrated that an extensive range of extracellular stimuli,
such as inflammation??, illness®3, and ischaemia®4, can cause an increase
or reduction in astrocyte calcium signaling. In a model of f-
amyloidopathy, it has been demonstrated that normalization of these
calcium transients rescues cognitive impairments®. One of the other
potentially harmful impacts of astrocytic calcium dysregulation is the

release of inflammatory cytokines?®

60



INTRODUCTION

Physiological Reactive astrocyte
astrocyte functions functions

No or decreased trophic
Neuron trophic support support or active
\ neurotoxicity
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Figure 4. Physiological and reactive astrocyte functions. The right side (orange)
displays functional alterations linked to various sub-states of reactive astrocytes,
whereas the left (blue) displays the typical physiological functions of astrocytes.
Models of inflammation and neurodegenerative disease were used to experimentally
characterize the reactive astrocyte functions depicted in the picture. Extracted from
Patani et al, 202397,

It is not clear if extrinsic signals from nearby cells trigger astrocyte
reactivity or if disease-causing or disease-associated mutations drive
astrocyte responses. However, in astrocyte models of AD, Huntington
disease (HD), and PD, the Janus kinase/signal transducers and activators
of transcription (JAK-STAT) pathway is activated downstream of cytokine
or growth factor exposure?8. This pathway is thought to be a key mediator
of the production of astrocytic phenotypes, since downstream effects of
Signal transducer and activator of transcription 3 (STAT3) activation

include upregulation of morphology, migration, and proliferation, as well
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as stimulation of GFAP expression and secretion of inflammatory

cytokines?®°.

Hence, the mechanisms by which astrocytic functions are dysregulated in

a pathological scenario are not yet fully elucidated.
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2. Alzheimer’s disease

2.1. Epidemiology: Incidence and Prevalence

Alzheimer disease is the most common cause of dementia affecting
millions of people worldwide'®. AD is a sporadic and hereditary
neurodegenerative disease. An amnestic cognitive impairment
characterizes AD's prototypical appearance'®l. The epidemiology of AD
and dementia (due to different causes) are linked, even though dementia
can also be brought on by other neurodegenerative or cerebrovascular

disorders, especially in elderly patients02103,

The Alzheimer's disease continuum describes how the disease
progresses, from brain changes that are invisible to the affected person to
brain changes that result in memory issues and eventually physical
incapacity'%4. Individuals spend varying amounts of time in each area of
the continuum. Age, genetics, biological sex, and other factors all have an
impact on the duration of each segment of the continuum%5. With age, the
proportion of those who have Alzheimer's dementia substantially rises.
Alzheimer's disease affects 5% of those in the 65-74 age group, 13.1% of
those in the 75-84 age group, and 33.3% of those in the 85-plus age
group'%, People with Dominantly Inherited Alzheimer's (DIAD) are the
estimated 1% or fewer of Alzheimer's patients who are affected by
mutations in one of three particular genes, the amyloid precursor protein
(APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) genes (Table 2).
Before the age of 65, and perhaps as early as 30, symptoms often start to
appear!?’. We see a genetically complex pattern of inheritance for Late
onset Alzheimer’s disease (LOAD), where lifetime risk for AD is
determined by a combination of genetic risk factors, environmental
factors, and life exposure events8, As a result, identifying novel LOAD loci

with reliability is substantially more challenging. So far, the €4 allele of the
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apolipoprotein E gene (APOE) is the sole gene variant that is recognized
as a LOAD risk factor109,

Table 2. Genetic risk factors for early onset Alzheimer disease.

) Reported
Gene Protein ) Phenotype
mutations
) Increased
Amy101d B AB42/AB40 ratio,
APP protein 24 AP production
and
precursor aggregation
Increased
PSEN1 Presenilin 1 185
AB42/AB40 ratio
Increased
PSEN2 Presenilin 2 14
AB42/AB40 ratio

On the other hand, women make up over two thirds of Americans with
Alzheimer's disease. 4.1 million of the 6.7 million Americans aged 65 and
older who have Alzheimer's disease are female, whereas 2.6 million are
male!l%, However, on average, women live longer than males, and the

biggest risk factor for Alzheimer's is aging!!1.

Eight modifiable risk factors were shown to be linked to roughly 37% of
cases of Alzheimer's and other dementias in the United States in 2022,
with midlife obesity ranking first among them, followed by physical

inactivity and poor educational attainment!12,

Numerous research suggests that in the past 25 years, Alzheimer's and
other dementias may have become less common in the United States and

other high-income countries'12113, However, the total number of people
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with dementia is anticipated to rise dramatically because of the rise in the
population at the oldest ages, even though these findings suggest that a

person's risk of dementia at any given age may be slightly decreasing!!*.

The associated changes to dementia incidence and prevalence, both at the
population level and within racial/ethnic, socioeconomic, and sex/gender
categories, are unknown given the diverse life experiences of prospective
older adult populations. Understanding risk factors and resilience in the
coming decades will depend more and more on a birth cohort perspective,
which considers how a particular group of people has progressed through

various life stages!15.

2.2. Diagnosis and Progression

The degree of cognitive impairment can be categorized using a variety of
terminologies, ranging from cognitively normal (CN) through dementia.
The labels Mild Neurocognitive Disorder (NCD) and Major NCD are used
in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) to

define symptomatic conditions!?e.

Memory, language, visuospatial function, and executive function are the
key cognitive domains that are compromised in AD, and one or more
cognitive domains may be impacted at any grade of cognitive impairment.
The existence of non-AD illnesses further alters the clinical manifestations

of people with AD pathology!1”.

The prevalence of amnestic presentations increases with age of onset
(>70 years), but non-amnestic presentations are more prevalent in
younger people!’8. When cognitive deficits and neuropsychiatric
symptoms co-occur, despair, anxiety, and social withdrawal may be the

most noticeable symptoms in early dementia, whereas delusions,
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hallucinations, emotional dysregulation, or physically aggressive

behaviors may be seen in more severe stages!1°.

Determining the presence and degree of cognitive impairment is the first
step in the diagnostic process, plus a patient's cognitive evaluation by an
experienced physician are the pillars of diagnosis. The use of biomarkers
can then confirm this provisional diagnosis. At the end, the ability of the
clinician to combine data from the informant, the mental status
assessment, the neurological examination, and the technology is what
makes a diagnosis'??. There have been significant improvements in
imaging and fluid-based diagnostic techniques that provide proof of the

pathophysiology underpinning AD2L.

An important factor in delaying the onset of dementia is the timely and
early detection of pathophysiological processes linked with AD, such as
amyloid and tau pathology and neurodegeneration. It can be recognized

utilizing various biomarker modalities 122.

The implementation of a blood test to detect AD patients is necessary.
These blood tests will be used as a component of a diagnostic workup
alongside other exams; they cannot be used as a stand-alone test to
diagnose AD or any other dementia yet. Blood tests are based in the
detection of AD biomarkers'23. Exosomes from nerve cells and glial cells
can be secreted into the peripheral blood, mediating intercellular
communication and better reflecting the pathological changes in
neurological diseases'?*. Some key pathological biomarkers found in AD
patients’ blood represent amyloid deposition and neurofibrillary tangles
(NFTs) (Ap1-42, P-T181-tau, P-S396-tau, and T-tau)25. At the Alzheimer’s
Association International Conference (AAIC) 2023, a new finger-prick
blood test, which can be done at home was presented. Hanna Huber and

associates investigated whether it was possible to measure the
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biomarkers in dried blood spot (DBS) samples from a finger prick. The
biomarkers measured were GFAP, Neurofilament light polypeptide (NfL)
and P-T217-tau. The levels of these biomarkers coincided with its levels in

plasma samples from the same patients?26,

We are shifting from a patient path that was primarily concerned with
diagnosis and post-dementia care to one in which diagnostic biomarkers
are increasingly employed for prediction, monitoring, and (preventive)
treatment. Information sharing is essential throughout the patient
journey and should, whenever possible, be supported by e-tools!?1, The
rate of cognitive progression in AD patients is highly variable, according
to both ordinary clinical practice and clinical trial experience!?’. Those
with less severe cognitive impairment typically undergo a more gradual

decline than those with more severe impairment!28,

Note that numerous comorbidities may not be clinically diagnosed in
people with cognitive impairment caused by AD, which might increase
cognitive dysfunction and performance in everyday tasks. These include

pain, hearing loss, vision loss, depression, anxiety, and sleep difficulties!?°.

2.3. Pathophysiology and molecular mechanisms
2.3.1. Macroscopic Brain changes

The multimodal association cortices and limbic lobe components exhibit
the most pronounced cortical atrophy in the AD brain, which is frequently
at least moderate. Primary motor and somatosensory cortices typically
appear undamaged, in contrast to the frontal and temporal cortices, which
frequently show increased sulcal gaps and atrophy of the gyril30,
Precuneus and posterior cingulate gyrus atrophy are the most

conspicuous examples of atrophy in the posterior cortical areas in AD.
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Most affected people have lower brain weight as a result of this atrophy,
which also frequently causes the frontal and temporal horns of the lateral
ventricles to grow. However, none of the macroscopic characteristics are
unique to AD, and clinically healthy individuals without the disease may

exhibit significant cortical atrophy3! (Figure 5).

HEALTHY BRAIN AD BRAIN

Cerebral cortex

Extreme shrinkage
of cerebral cortex

Severely enlarged
ventricles

Hippocampus —{S~=—

inal cortex

Extreme shrinkage
of hippocampus

Figure 5. Macroscopic brain changes in AD patients’ brains

Even though AD is regarded as a primary gray matter illness, AD patients

also exhibit significant secondary alterations in their white matter32.

2.3.2. AP

One of the major hallmarks of AD is the accumulation of A aggregated
peptides derived from APP. APP is a single-pass transmembrane protein,
composed of a large extracellular domain, a transmembrane domain
(TMD) and a small intracellular domain. The extracellular domain is
composed of E1 and E2 subdomains with an acidic domain between them.
The intracellular domain (AICD) mediates the interaction with several

intracellular proteins?33,

The structure and function of APP can be influenced by post-translational

modifications like N-glycosylation or O-glycosylation. APP is encoded by a
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single gene and the three major isoforms are APP695, APP751 and
APP770134 However the most expressed isoform in neurons is APP695, it
is also the shortest one, because it does not contain the Kunitz protease
inhibitor (KPI) and the OX-2 antigen domains.3*

The APP molecule has several physiological functions and can act as a
synaptic adhesion molecule in vivo forming dimers. This transmembrane
protein can also act as a receptor-like molecule and induce intracellular
signaling, as well as induce signaling in other cells by binding to receptors
like Death receptor 6 (DR6). Furthermore, APP can also interact with
synaptic proteins like soluble NSF-attachment protein receptor (SNARE)
and has a role in synaptic plasticity and neuronal differentiation.
Moreover, fragments of APP produced by the activity of secretases have

also different functions?3s.

APP can be processed by different enzymes, along canonical and non-
canonical pathways. The canonical pathway can be subdivided into
amyloidogenic processing and non-amyloidogenic processing. During the
amyloidogenic pathway [-secretase (mainly (-secretase 1 (BACE1))
cleaves the N-terminal of APP generating the APPsf3 fragment and CTF,
the latter is then cleaved by the y-secretases complex to produce AICD,
and AP that will form plaques in AD!3. In the non-amyloidogenic
processing, a-secretase (normally ADAM metallopeptidase domain 10
(ADAM10)) cleaves APP in the extracellular domain, in the region that
links E2 with the TMD, forming the APPsa and the C-terminal fragments
of APP reflecting alpha-secretase processing (CTFa). CTFq, is then cleaved
by the y-secretases complex to form p3 and AICD. However, as a-secretase
cleaves in the middle of the sequences of A, no A will be formed from
this pathway. However, the p3 fragment is also an amyloid peptide and it
also accumulates in the neuritic plaques. Moreover, the role of p3 is still
not well characterized3®. Another difference is that APPs (formed in
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amyloidogenic pathway) is 16 amino acids sorter than APPsa, eliminating
its neuroprotective and neurotrophic effects in comparison to APPsa.
Some in vivo studies demonstrate that while APPsa improves synaptic
activity, facilitating long-term potentiation (LTP), APPs3 do not show any
such effect'3” (Figure 6)

In both amyloidogenic and non-amyloidogenic pathways, y-secretase
cleavage of the respective CTF can generate AICD, which translocate to the
nucleus and regulates gene expression. However, AICD coming from non-
amyloidogenic pathway does not contribute to gene expression regulation
asithasbeen suggested thatitis rapidly degraded!38. Some genes directly
or indirectly regulated by AICD are cellular myelocytomatosis oncogene

(c-myc), p53 andcyclin D1139,

Non-amyloidogenic pathway Amyloidogenic pathway
APPsa . APPsp
! p3 a-secretase B-sectretase AB '
y- sacrutaso ' v -secretase
‘ CTFa CTFB ‘
AICD AICD

Figure 6. Canonical pathway of APP processing, non-amyloidogenic processing
by a-secretase and amyloidogenic processing by B-secretase.

Senile plaques are microscopic abnormalities in the brain's parenchyma
that are characterized by an aberrant buildup of protein. They frequently
include reactive glial cells and dystrophic neuronal processes. The isoform
of AP that is most frequently produced by neurons is AB4o; however, AB42
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has two hydrophobic residues at the C-terminus that increase its
propensity to self-assemble into plaques. Therefore, compared to Afao,
more plaques exhibit immunoreactivity for Af42'%%. Moreover, A
multimerizes into a variety of oligomeric species that can interact with
cells and affect brain function, in addition to plaques. It seems that
oligomers are a crucial intermediary step in the assembly of all forms of
polymeric amyloid!4!. In fact, the quantity of oligomeric Af3 is more closely

correlated with cognitive loss than is the total number of plaques!*2.

The prevailing molecular explanation for the abnormal self-assembly and
spread of misfolded proteins in the brain is now the prion paradigm.
According to the prion paradigm, misfolded proteins rich in B-sheets
conformation into oligomeric/polymeric assemblies that can cause other
protein molecules of the same kind to take on a similar shape at the
molecular level. The proteins in this disease tend to clump together, and

the assemblies frequently form amyloid deposits!43.

The progression of amyloid plaques has been divided in 5 phases, called
the Thal phases for amyloid deposition, determined by immunostaining
of A in brains of post-mortem patients. In the first phase A is found in
isocortical regions; after, in phase two, A3 appears in the limbic regions;
during the third phase, plaques occur in basal ganglia; at the fourth phase,
amyloid aggregates appear in the forebrain and midbrain; and finally in

the fifth phase, medulla oblongata and cerebellum are affected#4.

2.3.3. Neurofibrillary tangles (NFT)

The second major hallmark of AD is the presence of neurofibrillary
tangles. Hyperphosphorylated tau proteins aggregate and separate from

microtubules to produce NFT, which are twisted threads. The NFT
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conform a dynamic neuronal lesion that progresses through three distinct

stages in AD: pretangle, mature tangles and ghost tangles!*> (Figure 7)

Neurofibrillary Tangle Morphology
Mature Tangle Ghost Tangle
%) | [Ae3e v

] [PHFA1

Figure 7. Different stages of the NFT. Pretangles, mature tangles and ghost tangles
are shown To distinguish the different stages AT8 marked the pretangles, PHF-1
marked neuritic plaques and Ab39 ghost tangles. Figure modified from Moloney et
al, 2021146,

Tau, a member of the family of microtubule associated proteins (MAPs), is
largely found on the axonal tracts of neurons and, to a lesser extent, in glia,
which can be either oligodendrocytes or astrocytes!4’. Six distinct Tau
protein isoforms result from alternative splicing of the microtubule
associated protein Tau (MAPT) gene. A balance between assembly and
disassembly is maintained in healthy neurons by Tau function. Recent
data suggests that tau has additional roles. For instance, by maintaining
B-catenin, tau phosphorylation allows neurons to avoid an abrupt
apoptotic death. Additionally, by regulating the anterograde transport by
kinesin and the retrograde transport driven by dynein, tau plays a crucial
part in maintaining the equilibrium of microtubule-dependent axonal

transport of organelles and biomolecules!48,

The proper functioning of Tau is dependent on phosphorylation, which
lowers Tau affinity in the microtubules. Hyperphosphorylation, however,
may take place in neurodegenerative disorders, resulting in a loss of

neurons. Two to three tau residues are phosphorylated in the healthy
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brain. However, tau is substantially more phosphorylated in AD and other
tauopathies, with about nine phosphates per molecule!#°. Notably,
alterations in tau kinase and tau phosphatase expression and/or
activation have been well-documented in AD and associated diseases!>°.
Glycogen synthase kinase 33 (GSK 38), cyclin-dependent protein kinase 5
(CDK 5), cAMP-dependent protein kinase (PKA), mitogen-activated
protein kinases (MAPK), calcium-calmodulin-dependent kinase II (CaMK
II), and microtubule affinity-regulating kinase (MARK) are the key tau
kinases?>l, The protein phosphatase 2 (PP2A) enzyme has been linked to
the dephosphorylation of aberrant tau more than any other

phosphatase?s2,

In 1991 Braak and Braak developed the Braak stages of AD that classifies
the NFT progression in the brain. It is composed of 6 stages, divided in the
Transentorhinal (stages I-1I), limbic (stages I1I-IV) and neocortical stage
(stages V-VI)153,

2.3.4. Neuroinflammation in AD

The healthy brain is an immunologically active organ that is protected by
resident immune cells as well as peripheral immune cells that infiltrate!>4,
It is now obvious that the adaptive immune system exists under
homeostatic settings. Despite their low levels, adaptive immune cells,
such as T cells and B cells, which can penetrate the brain meninges and
occupy the dura via skull channels. They play critical roles in brain
maintenance such as neuronal function, brain development, and spatial
learning?®. Changes in brain-resident (microglia and astrocytes) and
peripheral immune cells (neutrophils, monocytes, T cells, and B cells), as
well as interaction between innate and adaptive immune cells, have been

linked to the development of AD neuropathology?>°.
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Microglial cells have several roles in the etiology of AD. Microglia has been
classified as M1 (pro-inflammatory) or M2 (neuroprotective)!>’. However,
single-cell transcriptome and comprehensive proteomic studies have
revealed multiple functionally different microglial cell types covering a
range of activities in the healthy brain and during AD. This includes
disease-associated microglial cells (DAM)158, microglia
neurodegenerative phenotype (MGnD)° morphologically activated
microglia (PAM), and a slew of unidentified subgroups'®®. The uptake and
removal of debris by microglia is crucial for maintaining tissue
homeostasis. In fact, microglia phagocytose a range of substrates,
including AB'©l. Moreover, microglia mediate synapse loss via
complement in AD¢?, it also worsens tau pathology through the same
mechanism! . As disease-associated molecular patterns, B-Amyloid
plaques and oligomers can activate Toll-like receptors (TLRs) and the
NOD-like receptor protein 3 (NRLP3) inflammasome, which causes
microglia to produce Tumor necrosis factor o (TNFa), interleukin-1f (IL-
1B), and other inflammatory cytokines!®4. The hypothesis that "classical”
inflammation exacerbates AD pathogenesis is supported by the findings
that genetic deletion of NLRP3, caspase-1, and TLRs ameliorates A

accumulation and cognitive deficits in amyloidosis mice models165-167,

Astrocytes can also exacerbate neurodegeneration by acquiring the
reactive phenotype. Al reactive astrocytes (pro-inflammatory), with high
expression of glial fibrillary acidic protein (GFAP), complement C3 (C3),
and S100 calcium-binding protein  (S100p3) have been identified in AD
patients’ brains!®8. A1 reactive astrocytes exhibited elevated expression
of genes involved in the classical complement cascade, which are linked to
synaptic loss'®. Furthermore, in mice models of AD, Al reactive
astrocytes released proinflammatory cytokines such TNF-q, IL-6, IL-1(3,

and IL-1a170,
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Matrix metalloproteinases (MMPs) secreted by astrocytes help remodel
the extracellular environment and degrade AB'7. Transport proteins like
Low density lipoprotein receptor-related protein 1 (LRP1) and Receptor
for Advanced Glycation Endproducts (RAGE) play crucial roles in Af
clearance, but dysregulation can lead to increased AP levels and
toxicity!’2. Furthermore, astrocytes can transfer tau to nearby neurons
through mechanisms like exocytosis and exosome release, further
spreading tau pathology!’3. Hyperphosphorylation of tau is partly
mediated by astrocytes, with ApoE4 influencing this process via the

astrocyte-secreted protein glypican-4174.

Astrocytic dysfunction may have a substantial impact on glutamate
homeostasis. Dysregulation or dysfunction of the excitatory amino acid
transporters (EAATSs), particularly EAAT2, which is mostly expressed in
astrocytes, can result in excitotoxicity, neuronal death, and cognitive

impairment!7>,

Finally, Astrocytes play a crucial role in cholinergic dysfunction by
supporting neurogenesis in the hippocampus through cholinergic
receptors like Cholinergic Receptor Muscarinic 1 (CHRM1), mediated by
Brain-derived neurotrophic factor (BDNF) signaling!’¢177, In AD,
astrocytes' a7 nicotinic acetylcholine receptors (nAChRs) are linked to the
regulation of Af accumulation. Overexpression of a7 nAChRs in regions
like the prefrontal cortex and hippocampus correlates with the formation
of AB plaques!’8. Dysfunctional astrocytic a7 nAChRs may contribute to

AP buildup, exacerbating AD progression and cognitive decline!??.
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2.4. Treatments

Even though no definitive cure has been found yet, a variety of drugs are
available for the treatment of AD decline. These drugs are categorized into
two main groups: symptomatic treatments and disease-modifying
treatments. Symptomatic treatments are designed to alleviate cognitive
symptoms such as memory loss and confusion’®. Among these,
cholinesterase inhibitors, like Donepezil (Aricept), Rivastigmine (Exelon),
and Galantamine (Razadyne), work by increasing the levels of
acetylcholine, a neurotransmitter critical for memory and judgment.
Donepezil is approved for all stages of AD'81, while Rivastigmine!8? and
Galantamine'®?® are used in mild to moderate stages of the disease.
Another class of symptomatic treatments includes NMDA receptor
antagonists, such as Memantine (Namenda), which help regulate
glutamate, a neurotransmitter that can be excitotoxic in excess!84.
Memantine is approved for moderate to severe AD and is sometimes
combined with Donepezil in a combination therapy known as Namzaric,

also approved for moderate to severe cases!8>,

In addition to these symptomatic treatments, there are disease-modifying
therapies that aim to slow the progression of AD by targeting its
underlying causes. One of the key focuses of these therapies is on reducing
AP plaques, a hallmark of AD pathology. Aducanumab (Aduhelm) was the
first of these anti-amyloid therapies, controversially approved in 2021 for
early-stage AD'8¢, followed by Lecanemab (Leqembi) in 2023, which also
targets AP plaques in the early stages of the disease'®’. Donanemab,
another anti-amyloid therapy, was also approved in 2023 and specifically
targets a modified form of beta-amyloid!®8. While these therapies
represent significant advancements, research into anti-tau therapies is

ongoing, though no drugs have yet been approved in this category.
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Beyond these approved treatments, various experimental and off-label
therapies are being explored. Drugs like Bapineuzumab and Solanezumab,
continue to be studied in clinical trials. Researchers are also investigating
the potential of gene therapies and stem cell treatments, though these

remain experimental and are not yet available for general use!8%19,

The medications, often used alongside lifestyle interventions and
supportive therapies, form part of a comprehensive approach to
managing AD, aiming not only to alleviate symptoms but also to slow the

disease's progression’®l.
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3. RTP801

3.1. Structure and expression regulation

The stress-induced protein known as Regulated in Development and DNA
Damage-Response 1 (REDD1), also known as RTP801 or Dig2, regulates
several cellular processes, including metabolism, oxidative stress,
autophagy, and cell fate. RTP801 also plays a role in the etiology of

inflammatory and metabolic diseases, neurodegeneration, and cancer!?2.

Low amounts of RTP801 expression are seen ubiquitously!93. As a protein,
RTP801 is an acidic, serine-rich protein with 232 amino acids and a
projected molecular weight of 25 kDa'%%. In 2010, a section of human
RTP801 was crystallized by Vega-Rubin-de-Celis et al, and the crystal
structure included two a-helices and four [-sheets'> (Figure 8).
However, no RTP801/REDD1 enzymatic activity has been reported yet.
Although it is predominantly located in the cytoplasm, RTP801 is also
present in the mitochondria, the cellular membranes, and the
nucleus’®197. RTP801 has a variety of biological roles; nevertheless,
amino acid sequence analysis has not been able to definitively identify its

functional motifs or domains.

Figure 8. RTP801 protein
structure. A) RTP801
crystalized structure from
residues 89 to 226. B)
Topology diagram. Figure
obtained from Vega-Rubin-
de-Celis et al, 20191%5, ()
RTP801 predicted structure
by AlphaFold software.
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RTP801 is encoded by the gene called DNA damage-inducible transcript 4
(DDIT4) on chromosome 10'93. DDIT4 gene expression is upregulated, not
only by cellular stressors such as hypoxial?8, ischemial®®, DNA damage!°*
and ROS'7, but also by metabolic imbalances brought on by an excess or
shortage of nutrients (e.g., high glucose levels?%? ,amino acid depletion?°?
or high free fatty acid levels?%?, fasting or starvation??3. The previous
mentioned stressors and metabolic imbalances activate different
transcription factors with binding sites at the RTP801 promoter, including
p531%4, E-26-like protein 1 (Elk-1), CCAAT enhancer-binding protein
(CEBP), hepatic nuclear factor-4, Hypoxia-inducible factor 1-alpha (HIF-
la) and nuclear factor kappa B (NF-kB)?04. Different expression
mechanisms have been described for RTP801, for instance during ER
stress or amino acid shortage conditions the double stranded RNA-
activated protein kinase-like ER kinase-eukaryotic initiation factor-2a
(PERK-elF-2a) axis activates the stress-induced transcription factor
Activating transcription factor 4 (ATF4), which in turn causes RTP801
expression?%>. Furthermore, through their unique nuclear receptors,
other hormones like vitamin D and estrogen also promote the expression
of RTP8012%, Inflammatory factors as lipopolysaccharides (LPS) can also
upregulate RTP801 expression??7.

Many cell types express low levels of RTP801 protein due to its brief half-
life of 5-10 minutes2%8. It is known that the stability of the RTP801 protein
is controlled by proteasomal breakdown?%?. A further investigation
revealed that glycogen synthase kinase 3 beta (GSK3[) phosphorylates
RTP801 at Ser19, Thr23, and Thr25. Subsequently, RTP801 is swiftly
degraded by the ubiquitin-mediated degradation pathway, which is
facilitated by the Cullin 4A-damage specific DNA binding protein 1- RING-
box protein 1- 3 - Transducin repeat-Containing Protein (CUL4A-DDB1-
ROC1-B-TRCP) E3 ligase complex?10. Indeed, RTP801 is ubiquitinated to
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target it for the ubiquitin-proteosome system (UPS) and the
endolysosomal system by Parkin?l! and neuronal precursor cell-

expressed, developmentally down-regulated gene 4 (NEDD4)?12,

3.2. Function

One of the most popular functions of RTP801 is the inhibition of the
mammalian target of rapamycin (mTOR), which is a serine/threonine
protein kinase and a major signaling hub that unifies networks involved
in cellular metabolism, energy management, and cell development?!3. The
mTOR kinase is found in two different complexes, mTORC1 and mTORC?2.
In addition to promoting the manufacture of lipids, proteins, and
nucleotides needed for cell growth and proliferation, nTORC1 suppresses
autophagy and lysosome biogenesis to prevent catabolism, which breaks
down intracellular bulk proteins and damaged organelles?!3. The
mTORC1 has two upstream negative regulators, RTP801 and a complex
consisting of Tuberous sclerosis (TSC1) and Tuberous sclerosis (TSC2).
RTP801 keeps TSC1/2 active, which suppresses mTORC1 activities.
Mostly found in endomembranes, TSC1 forms a complex with TSC2 to
stabilize it?14. On the other hand, TSC2 acts as a GTPase-activating protein
(GAP) towards the small GTPase Rheb?!5, RTP801 binds to 14-3-3
proteins and dissociates the inactive TSC2/14-3-3 complex, this preserves
GAP activity and inhibits mTORC1 activation. In the endomembrane
system, RTP801 colocalizes with TSC2, grows in local concentration in
relation to 14-3-3 proteins, and improves its capacity to sequester 14-3-3
proteins, hence blocking the connection between TSC2/14-3-319,
Another mechanism for mTOR inhibition via RTP801 is by affecting
mTORC2 activity over Protein kinase B (Akt), an upstream regulator of

TSC2, through the action of protein phosphatase 2A (PP2A)?¢ (Figure 9).
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Figure 9. Simplified mTOR pathway and RTP801 function.

RTP801 has a role in developmental neurogenesis and neuron migration,
noting its dynamic expression in neuroprogenitors and subsequent
decline as neurons mature in the cerebral cortex. In vitro studies also
reveal an RTP801 upregulation in response to differentiation signals,
suggesting a role in neuroprogenitor differentiation. On the other hand,
by in-utero electroporation, knocking down RTP801 in the ventricular
zone neuroprogenitors forced their cell cycle exit and promoted early
neuron migration and differentiation in the developing cortex. On the
other hand, RTP801 over expression hinders neuronal differentiation,

emphasizing its role as a temporal brake 217.

RTP801 is likely an important risk factor for the development of various
diseases, including cancer, muscle atrophy, obesity, osteoarthritis and

neurodegenerative diseases, such as Alzheimer’s or Parkinson’s1%2,

In metabolic diseases like obesity, RTP801 stimulates adipogenic

differentiation and adipogenesis. RTP801 is enough to cause weight gain
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and eventually obesity through aberrant NF-«kB activation?!®. In other
diseases as skeletal muscle atrophy, glucocorticoids promote protein
breakdown and disrupt protein synthesis, which results in muscular
atrophy. Skeletal muscle atrophy is associated with RTP801, which in turn
promotes anabolic and inhibits catabolic pathways by phosphorylating

target substrates?1°.

In cultured neurons, RTP801 was either overexpressed or silenced, and
the extracellular vesicles (EVs) were characterized. By administering
RTP801-EVs to healthy cultured neurons and measuring apoptotic cell
death and branching, the toxicity of these EVs was evaluated. RTP801
produced a unique proteomic signature of EVs, with a greater number of
pro-apoptotic markers. Via EVs, RTP801-induced toxicity was transmitted
to neurons, where it triggered apoptosis and reduced the complexity of
neuronal morphology. On the other hand, recipient neurons showed
increased arborization in response to shRTP801-EVs. All these findings
point to the possibility that RTP801-induced toxicity is spread by EVs and
may thus accelerate the development of neurodegenerative disorders?2°
(Figure 10).
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Figure 10. Extracellular vesicles contain RTP801. When neurons overexpress
RTP801, the EVs protein cargo is proapoptotic and toxic (left panel) while when
RTP801 is silenced in neurons, EVs contain anti-apoptotic proteins and have a trophic
function (right panel).

3.3. RTP801 in neurodegenerative diseases

In neurodegenerative diseases RTP801 has been shown to play an
important role. In the hippocampal regions of gerbils ??! and in the post-
mortem brain tissues of individuals suffering from neurodegenerative
diseases such as AD 222 and Parkinson's disease (PD), RTP801 is elevated
and suppresses mTOR signaling??3. RTP801 overexpression in the central
nervous system in neuropsychiatric and neurodegenerative diseases may
have a deleterious effect on neuronal activity and function. For instance,
chronic unpredictable stress exposure increased the expression of
RTP801 in the rat prefrontal cortex, as was also seen in patients with
major depressive disorder. This, in turn, resulted in a decrease in mTORC1

activation and protein synthesis-dependent synaptogenesis, which in turn

83



INTRODUCTION

caused synaptic loss, neuronal atrophy, and behaviors resembling those

of depression and anxiety??4.

In PD, the specific molecules causing neuron loss are not well understood.
One study identified RTP801 as a gene highly induced in PD cellular
models and animal models. RTP801 protein levels were elevated in
postmortem brains of PD patients, particularly in substantia nigra
neurons. Overexpressing RTP801 led to neuron death, and its induction
was found to be necessary for cell death in PD models. The mechanism
involves the repression of the mTOR and Akt Kkinase activities?2.
According to this work, a plausible explanation for the early stages of
many neurodegenerative diseases could be that cellular stressors that
induce RTP801 lead to mTOR depression to maintain neuron viability and
function. However, as suggested by the PD research, at more advanced
stages, persistent RTP801 overexpression can finally lead to
neurodegeneration and neuronal death through mTOR and pro-survival

enzyme Akt inactivation?23,

In Huntington Disease (HD), RTP801 mediates mutant huntingtin toxicity
and is elevated in human samples. RTP801 was increased in the synapses
of cultured neurons by ectopic mutant Huntingtin (mhtt). In both animal
models and striatal synapses from HD patients, RTP801 was also
upregulated. Impairment to motor learning was avoided in the R6/1
mouse striatum by knocking down RTP801. These findings suggest a
potential role for mhtt-induced RTP801 in mediating motor
impairment?26, In another study, gliosis markers and elevated RTP801
levels in the hippocampal regions of HD patients are correlated. Although
the expression of RTP801 remains unaltered in the R6/1 mouse model,
RTP801 silencing in the hippocampal region ameliorates cognitive

deficits, restores synaptic markers, and lowers inflammation, indicating
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RTP801 as a possible marker and therapeutic target for hippocampal

neuroinflammation associated with HD227,

RTP801 is elevated in the hippocampus of both human AD patients and
murine models of AD, such as 5xFAD and tauopathy. RTP801 levels in
postmortem human hippocampal samples correlate with disease
progression stages and astrogliosis markers. Inhibition of RTP801 in the
5xFAD mouse hippocampus prevents cognitive decline associated with A3
deposition and exhibits an anti-inflammatory effect, reducing astrogliosis,
microgliosis, and inflammasome sensor proteins. RTP801 elevation is
observed in compromised structures of the 5xFAD and tauopathy mouse
models, with dysregulation specifically noted in the synaptosomal
compartment. Moreover, behavioral testing confirms the rescue of
cognitive skills in 5xFAD mice by silencing RTP801 in neurons, suggesting
RTP801's role in mediating associative and declarative memory loss.
RTP801 is also involved in inflammatory pathways, demonstrating its
silencing effect on Tropomyosin-related kinase B (TrkB.T1) and
implicating astroglia response in RTP801-dependent cognitive
alterations. Genetic RTP801 inhibition in hippocampal neurons shows a
general anti-inflammatory response, potentially mediated by
downregulating inflammasome receptors and their effector. The study
suggests that targeting RTP801 levels, commonly upregulated in
neurodegenerative conditions, could be more effective than mTOR
modulation, positioning RTP801 as a promising biomarker and

pharmacological target for AD?22.
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HYPOTHESIS AND AIMS

RTP801, also known as REDD1, is a stress responsive protein that is
expressed ubiquitously and presents a wide variety of biological
functions. Nevertheless, the full structure and the functional motifs are
not yet identified. Indeed, RTP801 does not present any known canonical
enzyme activity either. Among the RTP801 physiological functions the
most studied one is the negative regulation of mTOR/Akt axis, followed

by the NF-kB activation.

RTP801 has been widely studied in different diseases as cancer and
muscle atrophy. Nevertheless, RTP801 have also an important role in
neurodegenerative diseases including Huntington’s, Parkinson’s and
Alzheimer’s where its RNA and protein levels are upregulated. The
participation of RTP801 in different diseases is proven, nonetheless the

exact underlying mechanisms are still unknown.

AD is a devastating neurodegenerative disease characterized by the
presence of AP plaques and neurofibrillary tangles which in turn causes
neuroinflammation and neuronal death. For more than 100 years of AD
research, no cure has been found yet. Investigating the role of RTP801 in
AD is crucial to understand its pathophysiology and it approaches us a bit

more to an effective treatment.

Although RTP801 is expressed in neurons and astrocytes, all the prior
investigations focus on neuronal RTP801, whereas the potential
contribution of astrocytic RTP801 to hippocampal pathology and
cognitive dysfunction of neurodegenerative diseases such as AD has never

been investigated.

We hypothesized that astrocytic RTP801 is contributing to the
severity of Alzheimer’s disease, exacerbating the cognitive

symptoms and neuroinflammation.
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Overall, the general objective of this thesis is to investigate the putative
role of astrocytic RTP801 in neurodegeneration and

neuroinflammation in Alzheimer’s disease.

AIM 1. To investigate the putative role of astrocytic RTP801 in cognitive

impairment and neurodegeneration in AD using the 5XxFAD mouse model.

1. To evaluate whether RTP801 increases in astrocytes in the AD
mice model 5xFAD and whether its genetic normalization in
hippocampus prevents cognitive deficits.

2. To study whether astrocytic RTP801 affects hippocampal neurons
morphology.

3. To determine whether astrocytic RTP801 changes the functional
connectivity, metabolism and neighboring neurons’ integrity in

the 5xFAD mice model.

AIM II. To investigate the contribution of astrocytic RTP801 in

neuroinflammation in the context of AD using the 5XFAD mouse model.

1. To elucidate astrocytic RTP801 influence on astrogliosis and
microgliosis.
2. To explore the signaling pathways by which RTP801 mediates

neuroinflammation.

AIMIILI. To identify the neuroinflammatory intercellular crosstalk induced
by astrocytic RTP801 using a novel in vitro AD model based on primary

tricultures of neurons, microglia, and astrocytes.

1. To establish and characterize a new in vitro AD model.
2. To determine whether astrocytic RTP801 can influence the

neuroinflammatory crosstalk between neurons, microglia and

astrocytes.
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3. To study the effect of astrocytic RTP801 in the AP oligomers

clearance.
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4. Animals

4.1. DDIT4™™ mice

For the mice primary tricultures, the hippocampi were obtained from
DDIT4/%/fx mice (generated by Notini et al.,,(2012) and provided by our
close collaborator Dr. Florian Britto (Cochin Institute, Paris, France).
Briefly, Ozgene Pty Ltd (Canning Vale, W.A., Australia) used the Cre/loxP
technique to produce RTP801-deficient mice.

In the DDIT4fx/fix mice, the gene coding for RTP801 is flanked by specific
DNA sequences called loxP sites. The enzyme Cre recombinase recognizes

the loxP sites and delete the gene between them.

To knock out the expression of DDIT4, the overexpression of Cre
recombinase is needed. For our experiments we transduce the primary
cultures prepared from the DDIT4*/fx mice with adenoassociated viral
particles (AAV) containing the Cre recombinase gene construct under a
GFAP promoter. The Cre recombinase recognizes the LoxP sequences,
cleave them and then the DDIT4 gene fragment is eliminated. As a result,

a knockout for RTP801 is generated in a cell specific manner.

4.2. 5xFAD mice model of AD

The transgenic mouse line 5XFAD (MMRRC catalog #034840-JAX,
RRID:MMRRC_034840-JAX) was utilized in this study as an AD mouse
model. The 695-amino acid isoform of the human amyloid precursor
protein (APP695), which carries the Swedish, London, and Florida
mutations and is overexpressed in 5xFAD mice, is controlled by the

murine Thy-1 promoter. Additionally, human presenilin-1 (PSEN-1)
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carrying the M146L/ L286V mutation is also overexpressed in these mice.
The animals were all six months old and male. The animals were housed
at 19-222 and 40-60% humidity, with food and water in a colony room.
Animals were under a 12:12 h light/dark cycle. The ethical guidelines
(Declaration of Helsinki and NIH Publication no. 85-23, revised 1985,
European Community Guidelines, and Spanish guidelines (RD53/2013)
for handling animals and approved by the local ethical committee
(University of Barcelona, 225/17 and Generalitat de Catalunya, 404/18)

were followed.

The 5xFAD model of AD shows AP plaques at 2 months old??8 and
hyperphosphorylation of Tau protein??°. At 2-4 months the gliosis
associated to the amyloid pathology can be detected?3?. The model also
presents a decline in the neurogenesis?3l. This model also presents
significant early caspase-3 activation and at 9 months old shows neuronal
loss?32. Lower levels of synaptic markers have also been detected as well
as alterations in synaptic transmission?33 . Importantly 5xFAD mice model

show cognitive impairment at 6-month-old?34235 (Figure 11).

3 MONTHS 6 MONTHS 9 MONTHS
. Int_racfellularAﬂ deposition
: %gse.':hosphow.ﬁm Tau : i\rﬂa:;er:iz;?lptic « Cognitive impairment
[ Gompme e |+ Lossolomaptomaniers |+ Neorales

Figure 11. Alterations found in the 5XFAD mouse model of AD. The alterations
start as soon as 1 month old with early intracellular A deposition, micro and
astrogliosis, hyperphosphorylation of Tau protein, caspase-3 activation and
decreased neurogenesis. After 3 months mice shown altered synaptic transmission
and loss of synaptic markers. Later at 6 months old the cognitive impairment starts
and the neuronal loss.
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5. Cell cultures

5.1. Rat primary hippocampal cultures

Rat primary hippocampal cultures from embryonic day 18 (E18) Sprague-
Dawley rats (Envigo) were prepared by dissecting out the hippocampi, as
previously described?3¢. The hippocampi were digested for 15 minutes
with 0,05 % trypsin (Thermo Fisher Scientific). Following the digestion,
the tissue was mechanically dissociated with rounded-end glass pipettes.
Previously to the cell culture 12 mm coverslips were coated with 0.25
mg/ml poly-L-lysine (Sigma). Following mechanically dissociation of the
embryonic hippocampus cells were count and 300 cells/mm2 were

seeded.

During the first hour cells were cultured with MEM medium
supplemented with 10% Horse serum. Afterwards, cultures were
maintained in Neurobasal medium supplemented with B27 (1:50), 2ZmM
GlutaMAX and penicillin/streptomycin (all the media and supplements

from Thermo Fisher Scientific).

Every 7 days one third of the medium was replaced by new media. Rat
primary hippocampal cultures were maintained in a 5% CO2 atmosphere

at 37°C. The neurons were used for experiments at DIV14.

5.2. Mice primary hippocampal triculture

One day before starting the triculture protocol all the media and plate
coating was prepared. For the coverslip coating poly-L-lysine was diluted
in a prepared B buffer containing boric acid 3,1 g/L and Borax 4,75 g/L.

Final concentration of Poly-L-lysine of 0,5 mg/mL. The plates were
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washed four times with Mili-Q water prior cell plating, after the last wash
Mili-Q water was replaced with 500 pL of plating media, containing
Neurobasal A, 0,1% Horse serum, 0,02% of B27, 0,02% of 1M HEPES pH
=7,5 and 0,01% of GlutaMAX

The hippocampi of postnatal day 1 or 2 (P1-P2) were dissected and
digested equally to previously described in the rat primary hippocampal
culture. After the enzymatic digestion with the 0,05% trypsin the tissue
was washed twice with plating media following a mechanical dissociation
with the rounded-end glass pipettes. Cells were counted and seeded in a

p24 at a density of 421 cells/mm? or 263 cells/mm?.

After four hours growing the plating media was changed by the growth
media, containing Neurobasal A with 0,02% B27, 0,01% GlutaMAX,
0,001% IL-34, 0,0005% TGF- 3 and 0,001% cholesterol (all the media and
supplements were from Thermo Fisher Scientific). After 3 days, 500uL of
new triculture growth media was added at DIV7, 500uL of the medium
were replaced with new 500uL of new growth media. Half of the media
was changed every 4 days. Cultures were maintained in a 5% CO:
atmosphere at 37°C. The tricultures were used for experiments at DIV 13-

14.

6. Cell Culture treatments

6.1. AP oligomer preparation and culture treatment

The lyophilized AB1-42 (Abcam) was re-suspended under the fume hood in
ice cold 100% 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) until obtaining a

1mM solution with a GasTight Hamilton syringe (Teknorama). Following
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the resuspension the solution was aliquoted and concentrated under a
SpeedVac centrifuge (800 g, maximum 25°C). The aliquots were stored at
-80°C until 48 hours before treatment. AB1.42 film as resuspended by
adding DMSO up to 5mM AP1.42. the mixture was sonicated in the water
bath at room temperature for 10 minutes to ensure complete
resuspension. Afterwards, the oligomers were prepared by diluting them
in PBS with 2%SDS at a concentration of 400uM and then incubated for
24 hours at 37°C. The following day the oligomers were diluted again only
in PBS to a final concentration of 100uM and incubated for 18 hours at
37°C. At treatment day the oligomers were added to the media until reach
a concentration of 0,5 uM for the triculture or 1 um to the glial culture for

24 hours (Figure 12).

) - Triculture DIV10
24h 37° 18h 37° /X7 \
Tmg Ve A=Y

HFIP to 1 mM DMSO to PBS+2% SDS PBS to
5mM to 400 uM 100 uM

Figure 12. Protocol for ABi-4: oligomerization for cell culture treatment.
Astrocytes were treated at day 7 with 1uM of AB1-s2 oligomers and tricultures were
treated with 0,5 uM of AB1-42 oligomers.

6.2. Plasmid description

The plasmid constructs used in this thesis and their specifications are
listed below (Table 3). The plasmid sequences used for over expressing
or knocking down RTP801 were previously validated in Malagelada et al.
(2006). For the lentiviral production the plasmids used were pCMV-VSV-
G (envelope vector) and pCMV-dR8.2 dvpr (packaging vector) (Addgene).
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For the in vitro astrocytic infection of primary tricultures and glial

cultures AAVs with serotype 5 (rAVV5) were used. This serotype is

preferred to infect astrocytes. For the in vivo experiments the plasmids

packed in AAV with serotype 2 and 5 (rAVV2/5) were used for the same

reasons. Furthermore, for the in vivo experiments the construct were

packed into a miRNA instead of a shRNA because of the GFAP promoter

plus the sequence to target DDIT4 transcript was to big.

Table 3. List of plasmids used. CMV = Cytomegalovirus; sh = short hairpin; HIV1 =
Human immunodeficiency virus 1; UBC=Ubiquitin-C.

Empty .
Promoter | Resistance | Reporter | Construct | Source
vector
pLL3.7-shCT
pLL3.7 ue6 Ampicillin | CMV-eGFP pLL3.7- Addgene
shRTP801
UBC- FUGWm-eGFP Provided by
FUGwm | CMV-HIV1 | Ampicillin FUGWm-eGFP- | Dr. Clarissa
eGFP RTP801 Waites
rAAVZ/5-GFAP- Viral vector
rAAV2/5 |  GFAP Ampicillin eGFP miet production
rAAV2/5-GFAP-
miRTP801 Unit
rAAV5-GFAP-
GFP University of
rAAvV5 GFAP Amp1C1111n eGFP North Carolina-
TAAVS-GFAP- Vector Core
GFP-Cre
6.3. Bacterial transformation and DNA plasmid

amplification

Escherichia coli DH5a competent cells were used to amplify DNA

plasmids for posterior cell culture lentiviral infection. The DNA vector and

E.coli were mixed and exposed to 40°C for 30 seconds. The mix was then
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placed at 4°C for 5 minutes. Next the mixture was diluted in S.0.C media
(thermos Fisher Scientific) and kept at 37°C for 1 hour. Afterwards the
transformed bacteria were seeded on lysogeny broth agar (LB agar Sigma)
plates containing 100pg/ml ampicillin (Thermo Fisher Scientific) and

incubated overnight (O/N) at 37°C.

A single colony containing the plasmids of interest was grown in Terrific
Broth medium supplemented with 100 pg/ml ampicillin (Thermo Fisher
Scientific) at 200 rpm until reaching saturation. The plasmid was isolated
using the commercial kit HiPure Plasmid Filter Midiprep Kit (Thermo
Fisher Scientific). Finally, the DNA concentration was measured with
NanoDrop™ One Microvolume UV-VIS Spectrophotometer (Thermo

Fisher Scientific).

6.4. Lentiviral preparation

Lentiviral particles were prepared using HEK293T cells at a confluency of
80% in P100 plates. The cell line cultures were transfected with
polyethyleneimine (PEI) (Cliniscience). PEI in 1xPBS was mix with the
following DNA vectors, previously prepared (ratio 1:4): pCMV-VSV-G,
pCMV-dR8.2 dvpr, and the target vector (PLL 3.7 - shCT, pLL3.7-
shRTP801, pCMS-eGFP or pCMS-eGFP-RTP801). The mix was incubated
at room temperature for 20 minutes. After the mentioned time HEK293T
were transfected with the mix. Three days later, lentiviruses were purified
from the cell medium by the polyethylene glycol (PEG) precipitation. The
media was collected and centrifuged for 5 minutes at 5000 x g to remove
cell debris. The supernatant was then incubated 90 minutes at 4°C with a

mix of 8,5% PEG 6000 and 0.5 M Nac(l, it was mixed every 20 minutes. The
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mix was centrifuged at 7.500 x g for 15 minutes in a SS-34 fixed angle rotor
in a Sorvall R5-5C Superspeed Centrifuge. Finally, the pellet was
resuspended with PBS-Ca%*/Mg?* and stored at -80°C. Transduction of

several viral dilutions was used to assess viral titer.

7. Protein expression in cell cultures

7.1. Lentiviral transduction: RTP801 knock down

Rat primary hippocampal neurons and astrocytes were transduced at DIV
7 with lentiviral particles containing the shRNA vector against
RTP801(pLL3.7-shRTP801) or the scrambled control sequence (pLL3.7-
shCt) or at DIV 12 with the lentiviral particles containing the eGFP or
eGFP-RTP801 constructs. Using a MOI of 100.000 and for 4 days.

7.2. Adenoviral transduction: RTP801 knock out

Mice tricultures of neurons, astrocytes and microglia and glial cultures
were transduced at DIV10 or DIV 7 respectively with the Adeno-
associated viral particles containing the constructs (rAAV5-GFAP-eGFP or
rAAV5-GFAP-GFP-Cre). The cultures were infected at a MOI of 100.000

viral units /cell. Cre recombinase was expressed for 5 days.

8. Immunocytochemistry staining

Primary cultures were fixed with 4% paraformaldehyde (PFA) (Santa
Cruz) followed by a permeabilization step using 0,25% Triton X-100
(Sigma-Aldrich) for 5 minutes. The blocking was carried out with
Superblock™ PBS Blocking Buffer (Thermo Fisher Scientific) for 20

minutes. Primary antibodies diluted in Superblock-PBS were incubated
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shaking and at 4°C O/N. Primary antibodies information is listed in the

table below (Table 4).

Following the primary antibodies incubation, cells were washed three

times with 1xPBS and incubated with the secondary antibodies (Table 4)

and Hoechst 33342, to visualize the nuclei, diluted in SuperBlock-PBS for

2 hours at RT. Coverslips were mounted with ProLong® Gold Antifade

Mountant (Thermo Fisher Scientific).

Table 4. Primary and secondary antibodies used for immunofluorescence of

cultured cells.

Antibody Host Specie Dilution Source
Synaptic systems
GFP Chicken pAb 1:1000
(#1320006)
GFP Rabbit mAb (D5.1) 1:500 CST (#2956)
GFAP Mouse mAb (G-A-5) 1:500 Sigma (#G3893)
GFAP Rabbit pAb 1:500 Proteintech (#16825-1-AP)
Davids Biotechnologie, GE.
RTP801 Chicken mAb 1:200 (specially customized for
us)
NLRP1 Rabbit pAb 1:500 Proteintech (#2981)
MAP2 Mouse mAb [AP-2] 1:500 Abcam (#ab11268)
Ibal Goat pAb 1:500 Abcam (#ab5076)
Synaptic system (#218
Ap Mouse mAb (NT78) 1:500
111)
S100pB Rabbit pAb 1:500 Proteintech (#15146-1-AP)
Parvalbumin Rabbit 1:500 Proteintech
Mouse mAb(6C6- Thermo Fisher (#MA1-
PSD95 1:500
1C9) 045)
VGLUT Rabbit pAb 1:500 Synaptic system (#135303)
AlexaFluor488 Jackson Immunoresearch
Donkey polyclonal 1:500
anti chicken IgG (#703-545-155)
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AlexaFluor 555
Donkey polyclonal 1:500 Thermo Fisher Scientific
anti rabbit IgG
(#A31572)
AlexaFluor 647 Thermo Fisher Scientific
Donkey polyclonal 1:500
Anti rabbit IgG
AlexaFluor 647 Thermo Fisher Scientific
Donkey polyclonal 1:500
anti mouse IgG (#A31571)
AlexaFluor 488 Thermo Fisher Scientific
Donkey polyclonal 1:500
Anti goat IgG (#A11055)
AlexaFluor 488 Thermo Fisher Scientific
Goat polyclonal 1:500
anti rabbit IgG (#A11070)
AlexaFluor 647 Thermo Fisher Scientific
Goat polyclonal 1:500
anti mouse IgG (#A21237)
AlexaFluor 488 Thermo Fisher Scientific
Goat polyclonal 1:500
Anti mouse IgG (#A11017)
AlexaFluor 555 Thermo Fisher Scientific
Goat polyclonal 1:500
anti chicken IgG (#A32932)
AlexaFluor 488 Thermo Fisher Scientific
Goat polyclonal 1:500
anti chicken IgY (#A11039)

9. Hippocampal injection of adeno-associated viral

particles in 5xFAD mice

6-month 5xFAD animals were anesthetized with a mixture of 2% oxygen
and isoflurane (2% induction, 1’5% maintenance), after that, we
performed bilateral hippocampal injections of rAAV2/5-GFAP-miRNA-
CONTROL-GFP and rAAV2 /5-GFAP-miRNA-RTP801-GFP sequences under
the GFAP promoter, expressing GFP and packed in AAV serotypes 2/5. To
achieve widespread hippocampal AAV transduction, stereotaxic surgery
was performed using the following coordinates (millimeters) from
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Bregma (anteroposterior and lateral) and from the skull (dorsoventral);
anteroposterior: —2.0; Lateral +/-1.5, and dorsoventral: -1.3 (CA1) and
-2.1 (DG) (Figure 13). We delivered 1ul of 1:1 Virus in each depth for 4
minutes, followed by 2 minutes to complete virus diffusion. Mice had 2
hours of carefully monitoring after surgery and were returned to their
home cage. Total recovery took place in 1 month before starting the

behavioral tests.

Figure 13. Specific brain coordinates for hippocampal injection of adeno-
associated viral particles. rAVV2/5 were bilaterally injected to knock down
RTP801 or control in CA1 and DG.

10. Behavioral assessment

10.1. Plus maze

To evaluate the anxiety level of the animal, mice were placed at the Plus
maze for 5 minutes. The maze is composed of two opposing 30 x 8 cm
open arms, and two opposing 30 x 8 cm arms enclosed by 15 cm-high
walls. The apparatus was placed 50 cm above the floor and dimly lit (60
1x).

10.2. Morris water maze

To evaluate the spatial memory, mice were placed at the Morris water

maze (MWM). The water maze test was performed in a circular pool of
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100 diameter and 40 cm high, with a water depth of 25 cm. the first day
to discard visual or physical deficiencies each animals underwent four
trials without any distal cue and with a visible platform. The following
phase (learning/acquisition phase) last 6 more days, including a four
trials per day. The pool had four positions north (N), south (S), east (E)
and west (W), where the visual cues were adapted (round, star, square
and triangle). The platform was then submerged 1 cm below the water
and placed in a midpoint between two coordinates. Time and distance to

arrive to the platform in each trial was measured.

11. MRS and resting-state fMRI acquisition

Mice were scanned, on a 7.0T BioSpec 70/30 horizontal animal scanner
(Bruker BioSpin, Ettlingen, Germany) with an actively shielded gradient
system (400 mT/m, 12 cm inner diameter). Each animal underwent
magnetic resonance spectrometry acquisition (MRS) to determine the
concentration of metabolites. Afterwards, functional magnetic resonance
imaging (rs-fMRI) was used to assess functional brain connectivity. Thus,
mice were fastened using tooth and ear bars, adhesive tape, in prone
position in a Plexiglas holder. A combination of medetomidine (bolus of
0.3 mg/kg, 0.6 mg/kg/h infusion) and influsiorane (0.5%) was used to

sedate the animals using a nose cone in the holder.

The head was precisely positioned at the magnet's isocenter using 3D-
localizer images. Reference T2-weighted images were acquired in axial,
coronal and sagittal orientations to accurately position the MRS voxel in
the hippocampus (voxel size 5.4 ulL). MRS was acquired with PRESS
localization (TE = 12 ms, TR = 5000 ms) using local 1st and 2nd order
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shimming (MapShim) performed in the voxel, followed by a reference
water spectrum acquired with 8 repetitions, to ensure a peak full width at
half-maximum < 12 Hz; then, MRS was acquired with 256 repetitions and
VAPOR water suppression, adjusted to keep the water peak amplitude 30-
50% higher than the upfield metabolite peaks.

Rs-fMRI acquisition was performed using an Echo Planar Imaging (EPI)
sequence with TR = 2 s, TE = 19.4, voxel size 0.21 0.21 mm?2, and slice
thickness 0.5 mm. 420 volumes were acquired, and the total scan time was

14min.

12. Rs-fMRI processing and analysis

The resting-state fMRI acquisition was processed to extract functional
brain networks by independent component analysis (ICA) and evaluate
differences between experimental groups as described previously?3’.
Each fMRI acquisition was pre-processed including slice timing, motion
correction, pass-band frequency filtering, spatial normalization to a mice
brain atlas template and smoothing (ANTs and Python 3). All the pre-
processed images were considered to extract the group ICA using FSL
MELODIC. The resulting ICs were compared with the functional networks
described in Grandjean et al 2020232 .to identify the components
corresponding to functional networks of interest. Afterwards, dual
regression was performed to identify voxel-wise differences by using fsl-
randomize, that performs non-parametric permutation test including

family-wise error correction on neuroimaging data?3°.
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13. Histology staining techniques

13.1. Fluorescence immunohistochemistry

After the behavioral and MRI assessment, animals were euthanized by
cervical dislocation. Left hemispheres where isolated and fixed for 1 day
in 4% paraformaldehyde in PBS. Free-floating coronal brain sections of 40

pum were obtained using a cryostat (Leica CM1950).

For the immunofluorescence experiments, brain sections were washed
twice in PBS-T (1xPBS 0.3% Triton X-100) and incubated in 50 mM NH4Cl
for 30 minutes. For the blocking and permeabilization PBS-T with 3% NGS
and 0.2 % BSA was used for 1 hour. For amyloid plaque staining a 4-hour
blocking was performed, the blocking buffer in this case was PBS 0.25%
Triton X-100 with 10% donkey serum. Primary antibodies were diluted in
blocking solution. Slices with primary antibodies were incubated at 42C
in agitation overnight. Brain sections were washed with PBST-T and
incubated with secondary antibodies diluted in blocking solution for 2
hours at room temperature. Finally, Hoechst33342 (Thermo Fisher
Scientific, #H3570) 1:5000 in PBS was added to stain the nuclei, for 15
minutes. Sections were washed with PBS-T and mounted with ProLong

Gold Antifade Mountant. The antibodies used are listed below (Table 5).
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Table 5. Primary and secondary antibodies used for fluorescence
immunohistochemistry.

Antibody Host species Dilution Source
GFP Rabbit mAb (D5.1) 1:1000 CST (#2956)
GFAP Mouse mAb (G-A-5) 1:1000 Sigma(#G3893)
Proteintech (#16825-
GFAP Rabbit pAb 1:500
1-AP)
Davids Biotechnologie,
RTP801 Chicken mAb 1:200 GE. (specially
customized for us)
Ibal Goat polyclonal 1:500 Abcam (#ab5076)
NeuN 1:500 Abcam (#ab104224)
Parvalbumin Mouse 1:500 Sigma
Parvalbumin Rabbit 1:500 Proteintech
Proteintech (#16473-
AQ4 Rabbit pAb 1:200
1-AP)
Proteintech (#15146-
S100pB Rabbit pAb 1:500
1-AP)
Rabbit mAb
ASC 1:500 CST (#67824S)
(D2W8U)
Novus Biologicals
APP Rabbit mAb (6E10) 1:1000
(#NBP2-62566)
AlexaFluor 488 anti Thermo Fisher
Goat polyclonal 1:500
chicken IgY Scientific (#A11039)
AlexaFluor 647 anti Thermo Fisher
Goat polyclonal 1:500
mouse IgG Scientific (#A21237)
AlexaFluor 555 anti Thermo Fisher
Goat polyclonal 1:500
rabbit IgG (#A21429)
AlexaFluor 555 anti Thermo Fisher
Donkey polyclonal 1:500
rabbit IgG Scientific (#A31572)
AlexaFluor555 anti Thermo fisher
Donkey polyclonal 1:500
goat IgG Scientific(#A21432)
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For the AP plaques visualization, we immunostained brain sections for
ThioS/APP. Briefly, slices were blocked for 4 hours with blocking buffer
composed of 10% normal donkey serum in PBS 1x 0.25% Triton X-100.
Thioflavin S (ThioS, Sigma #T1892) staining was performed as described
in 240 and APP antibody (#NBP2-62566) was also added. Free-floating
slices were washed for 1 minute sequentially in 70% and 80% ethanol
after the secondary antibody, next they were incubated with 1% ThioS in
80% ethanol for 15 minutes. Before mounting with ProLong Gold Antifade
Mountant slices were washed twice first with 80% ethanol followed by

70% ethanol (1 minute each).

13.1.1. Perineuronal networks staining in brain sections

To visualize the perineuronal networks that surrounds hippocampal
parvalbumin-positive interneurons, we used biotinylated Wisteria
Floribunda lectin (WFA) (1:250, VectorLabs #B-1355-2), reagent that
binds to the carbohydrate structures terminating in N-
acetylgalactosamine.  Alexafluor555-Streptavidin ~ (Thermo  Fisher
Scientific) was used to detect the biotinylated conjugates, along with the

other secondary antibodies used in each occasion.

Images were obtained with confocal microscopy (Zeiss LSM 880 and ZEN
Software) at the Microscopy Service (Campus Clinic) with a x10, x25, or
x40 magnification and standard (1 airy disc) pinhole (1 AU). Two sections

from the dorsal hippocampus were analyzed per animal.
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13.2. Golgi staining and neuron morphology analysis

After cervical dislocation, mouse hemispheres were collected in fresh for
Golgi-Cox staining. The FD Rapid GolgiStain™ (FD Neurotechnologies) kit

was used following manufacturer’s protocol.

Superfrost slides were prepared with a gelatin solution (5 g/L) and 0,5
g/L of chromium potassium sulfate dodecahydrate and air dried prior to
use. Brains were sliced (100um each slice) using a Leica Vibratome and
mounted on the abovementioned slides before final staining steps. Finally,
slices were dehydrated with 50%, 75%, 95% ethanol and a final
incubation with 100% ethanol and xylene, twice for 5 minutes each.
Finally, samples were mounted with DPX mountant medium (Sigma).

Neurons were analyzed with Image J.

14. Western Blotting

For western blot analyses hippocampi were dissected out and stored at -
802C. Samples (15-20 pg) were resolved with NuPAGE polyacrylamide
gels (12% and 4-12%) using MOPS SDS running buffer. Proteins were
transferred to nitrocellulose membranes with the iBlot2 system. All
reagents and machinery were obtained from Thermo Fisher Scientific.
Membranes were blocked with 5% non-fat dry milk (BioRad) diluted in
TBS-T (Tris-buffered saline containing 0.1% Tween-20). Primary
antibodies were diluted in TBS-T with 5% BSA (Sigma) and incubated
overnight at 4 °C by shaking. The primary antibodies are listed below
(Table 6). Mouse anti-actin primary antibody was already conjugated to
horseradish peroxidase, so it was incubated for 30min before
chemiluminescent protein detection. Anti-mouse and anti-rabbit
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secondary antibodies produced in goat and conjugated to HRP (Thermo
Fisher Scientific, #31460 and #31430) were diluted 1:10.000 in blocking
solution for 1h at room temperature. Proteins were detected with
SuperSignalTM West Pico Plus chemiluminescent substrate (Thermo
Fisher Scientific). Images were acquired with ChemiDocTM (Bio-Rad) and

quantified by densitometric analysis with Image] software (NIH).

Table 6. Primary and secondary antibodies used in western blot.

Antibody Host species Dilution Source
GFP Rabbit 1:1000 CST (#4858)
Santa Cruz
NLRP1 Mouse 1:1000 Biotechnology
(#sc-166368)
Rabbit mAb
NLRP3 1:1000 CST (#15101)
(D4D8T)
Rabbit mAb
Caspase 1 1:1000 CST (#24232T)
(E2Z210)
Rabbit mAb
ASC-TM1 1:1000 CST (#67824S)
(D2wW8U)
IKBau Rabbit 1:500 Proteintech (#
Mouse mAb (Ac-
[B-actin 1:10000 Merck (#A3854)
15)
Thermo Fisher
HRP Anti-mouse
oG Goat polyclonal 1:10000 Scientific
8
(#31430)
Thermo Fisher
HRP Anti-rabbit
oG Goat polyclonal 1:10000 Scientific
8
(#31460)
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15. Cytokine Luminex

A customized panel for Luminex detection of cytokines and chemokines
was used (R&D Systems). The panel included the following analytes:
interleukin-4 (IL-4), IL-6, IL-10, IL-1a/IL-1F1, IL-1B/IL-1F2, IL-17A,
interferon gamma (IFN-y), macrophage colony-stimulating factor (M-
CSF), osteopontin (OPN), tumor necrosis factor alpha (TNF-a), monocyte
chemoattractant protein-1 (MCP-1/CCL2), macrophage inflammatory
protein-1a (MIP-1a/CCL3). Briefly, 50 uL of all samples were tested in
single replicates following manufacturer’s instructions. The assay plate
included 11 2-fold serial dilutions in single replicates of a standard sample
provided by the vendor with known concentration of each analyte. Two
blank controls were included in the plate for quality control purposes.
Samples were acquired on a Luminex 100/200 instrument and analyzed
in xPONENT software 3.1. The standard curve was fitted based on five-
parameter log-logistic model. To account for background noise, median
fluorescent intensity (MFI) of blank controls was subtracted to MFI of
samples. The higher limit of quantification (HLOQ) was based on the
higher dilution of the standard curve; and the lower limit of quantification
(LLOQ) was calculated as the mean of blanks plus 2SD. Results were

reported as pg/ml.

16. Experimental design and statistical analysis

The power analysis approach was used to calculate sample sizes: 0.05
alpha value, 1 estimated sigma value, and 75% of power detection. Data is
expressed as mean + SEM. With the d’Agostino and Pearson omnibus

normality tests, the normal distribution was examined. If the test was
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passed, a parametric statistical analysis was used to do the statistical
analysis. We used the F test to examine variances prior to pairwise
comparisons. In trials with a normal distribution, statistical analyses were
carried out using t-test, one-way ANOVA or two-way ANOVA with
Bonferroni's or Tukey's post hoc tests as stated in the figure legends, as
well as the unpaired, two-sided Student's t test (95% confidence interval).
The T test with Welch'’s correction is used when the variances were not
equal. The significant outlier values were identified using the Grubbs and
ROUT tests. Blocks of animals were used to blind and randomize each
experiment in this investigation. All the mice were divided randomly into
experimental groups. Data were randomly gathered, prepared, and
examined and data was analyzed blindly. Statistics were judged significant

at P equal to 0.05 or lower.
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17. Role of astrocytic RTP801 in neurodegeneration

In neurodegenerative diseases overexpression of neuronal RTP801 is
detrimental to neuronal activity and function. The hypothesis is that at
early stages of a neurodegenerative disease mTOR is hyper activated,
inducing an upregulation of RTP801 expression. Then, progressively,
RTP801 starts to inactivate mTOR as a regulatory loop. However, at more
advanced stages of these diseases, chronic overexpression of RTP801 can
over-inactivate mTOR activities, inhibiting protein synthesis and the pro-

survival kinase Akt, among others 241,

Building on the previous point, postmortem brains of PD patients showed
increased amounts of RTP801 protein, specifically in the neuromelanin
positive substantia nigra neurons. Besides, RTP801 overexpression
resulted in the death of neurons, and in PD models, its induction was
sufficient and necessary for cell death?#2. Interestingly, in HD, higher levels
of RTP801 were found in the striatum of both animal models and in

human postmortem samples?43244,

Not surprisingly, in AD postmortem hippocampal samples RTP801 was
also elevated and the levels correlated with the Braak and Thal stages of
the disease. Indeed, RTP801 levels were upregulated in the 5xFAD mouse
model of AD and silencing its neuronal expression prevented cognitive
impairment and exhibited anti-inflammatory effects. Interestingly,
silencing neuronal RTP801 in hippocampal neurons in the 5xFAD mouse
model, led to an indirect reduction of RTP801 in astrocytes, suggesting
that astrocytic RTP801 could contribute to the AD phenotype in these
mice. Moreover, this suggested that RTP801 could be mediating a

crosstalk between neurons and astrocytes worthy to investigate??2,

Hence, to investigate the contribution to cognitive impairment and

neuroinflammation of astrocytic RTP801, we knocked down RTP801,
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specifically in astrocytes in the 5xFAD mice model of AD and investigate

the effect on neurodegeneration and brain homeostasis.

17.1. RTP801 levels are elevated in hippocampal astrocytes
in the 5xFAD mice.

Six-month-old animals were anesthetized, and we bilaterally injected
adeno-associated virus (AAV) vectors expressing either scrambled
microRNA (rAAV2/5-GFAP-miCT) or microRNA targeting RTP801
(rAAV2/5-GFAP-miRTP801) under the GFAP promoter into the dorsal
hippocampus of wild-type (WT) and 5xFAD mice model of AD. After one
moth recovery when 5xFAD already presents cognitive symptomatology,
we performed a behavioral characterization followed by MRI analyses.
Then, we sacrificed the animals at 7 months and 3 weeks old and
performed all the immunohistochemistry and biochemical
characterization (Figure 14A). This experimental design resulted in four
groups of mice: WT miCT, WT miRTP801, 5xFAD miCT, and 5xFAD
miRTP801. First, we confirmed that viral transduction after the injections
in the DG and CA1 of the dorsal hippocampus was performed correctly
(Figure 14B).
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| Stereotactic surgery | | Behavioral tests H MRI experiments H Sacrifice || Immunofluorescence and biochemical experiments

o !

6 months old 7 months old 7 months old 7 months old
+2weeks +3weeks

WT miCT WT miRTP801 5xFAD miCT 5xFAD miRTP801

Figure 14. Experimental design and AAVs infection of the four groups. (A)
Schematic representation of the experimental procedure. AAVs expressing GFAP-
miCT or GFAP-miRTP801 were bilaterally injected in the dorsal hippocampus of 6-
month-old WT males (WT miCT or WT miRTP801 groups) or 5xFAD males (5xFAD
miCT or 5xFAD miRTP801 groups). Four weeks later, behavioral tests were
performed, followed by MRI analyses and biochemical characterization. (B)
Representative immunostaining of GFP fluorescence, showing the specific
transduction with AAV2/5 in the CA1 and DG in the four groups. Scale bar = 500um

Next, we confirmed that the AAV2/5 containing the GFAP promoter had
specific tropism for astrocytes. Hence, by immunostaining we observed
that indeed the transduced cells (eGFP* cells) were astrocytes (GFAP*
cells), but not neurons (NeuN* cells) or microglia (Ibal* cells) (Figure
15).
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WT miCT

WT miRTP801

SxFAD miCT

5xFAD miRTP801

Figure 15. Specific transduction of astrocytes in the dorsal hippocampus of
the rAAV2/5-GFAP-miCT and rAAV2/5-GFAP-miRTP801. (A) Representative
NeuN, Ibal and GFP staining immunofluorescence microscopy imaging.

As expected, the levels of RTP801 in the 5XFAD astrocytes were elevated
in both CA1 and DG compared with the WT animals and the miRTP801
decreased the astrocytic RTP801 levels around a 30% at the CA1 (Figure
16) and the DG (Figure 17) as judged by immunofluorescence image

analysis.
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Figure 16. Hippocampal CA1 astrocytes show higher levels of RTP801 in the
5xFAD mouse model and the miRTP801 normalizes this upregulation. A)
Representative CA1 images from dorsal hippocampus where transduced cells (GFP+,
astrocytes (GFAP +, white), and RTP801 (red) are depicted. Scale bar = 50 um. B)
Immunofluorescence quantification of RTP801 protein levels in GFP+ astrocytes of
the CA1 in the four groups is shown (treatment effect: F(1, 34y=12,99, P=0.001,
genotype effect #P < 0,05).
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Figure 17. Hippocampal DG astrocytes show higher levels of RTP801 in the
5xFAD mouse model and the miRTP801 normalizes this upregulation. A)
Representative DG images from dorsal hippocampus where transduced cells (GFP+,
astrocytes (GFAP +, white), and RTP801 (red) are depicted. Scale bar = 50 um. B)
Immunofluorescence quantification of RTP801 levels in GFP+ astrocytes of the DG in
the four groups is shown (treatment effect: F(1,34=12,99, P=0.05, genotype effect
#P < 0,05).

17.2. Astrocytic RTP801 silencing does not affect the
number of AB plaques.

To investigate whether astrocytic RTP801 silencing affects the number of
AP plaques, one of the major hallmarks of AD, we performed an
immunohistochemistry combining Thioflavin S staining with an antibody
that recognizes APP protein. Interestingly, RTP801 silencing (miRTP801)
did not have any effect on APP or AP plaque load in the dorsal
hippocampus in the 5xFAD mice in comparison to the 5xFAD injected with

the miCT (Figure 18).
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Figure 18. Amyloid plaques in 5XxFAD miCT and 5xFAD miRTP801 mice’s dorsal
hippocampus. A) Representative dorsal hippocampi from 5xFAD miCT and 5xFAD
miRTP801 immunofluorescence images 7’5 months after injection. Amyloid plaques
were co-stained with Thioflavin S (ThioS, green) and for APP protein (red). Scale bar
= 500 pum. B) Quantification of the APP+ plaques/field. C) Quantification of Ap+
plaques/field in the hippocampus. Data are means + SEM. T-test was performed.

Our findings collectively demonstrate that astrocytic RTP801 is elevated
in the hippocampal region of 5XxFAD mouse model, and it is sensitive to
our GFAP-miRTP801 AAV particles. However, silencing astrocytic RTP801
does not change the AB plaque load.
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17.3. Genetic normalization of astrocytic hippocampal
RTP801 levels in 5xFAD mice prevents cognitive
deficits and mildly restores anxiety.

To investigate whether astrocytic RTP801 silencing could contribute to
prevent the appearance of cognitive impairment, one month after AAVs
injection, we performed a battery of behavioral tests. We started with the
plus-maze paradigm to test the levels of anxiety in the four experimental
groups. We observed that 5xFAD mice, independently of the treatment,
spent more time in the open arm, meaning that these animals were less
anxious. However, when we silenced astrocytic RTP801 in the 5xFAD
mice, we lost this trait in comparison to the WT miCT. Interestingly, the

difference between the time they spend in the open and the closed arm is

also lost (Figure 19)
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Figure 19. Astrocytic RTP801 regulates anxiety-like behavior. Animals were put
in the elevated plus maze to measure their anxiety-like behavior. The time spent in
the open arms was monitored for 5 min. Two-way ANOVA showed a significant
general time effect. Bonferroni post hoc test was performed (open vs close *p< 0.05.,,
*¥%k p < 0.0001 and genotype effect WT vs 5xFAD ####p<0.0001).
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Next, we investigated whether astrocytic RTP801 contributed, in the
5xFAD mouse model, to associative and spatial learning impairment by
using the Morris water maze (MWM). First of all, the grid test revealed
that all groups had normal muscular strength, indicating that any
potential changes in the MWM are not the result of deficiencies in
muscular strength. The grid test consists on testing the ability of the
rodents to hang on the inverted mesh measured by seconds to fall (WT
miCT 51.06+4.393, 5xFAD miCT 49.71+5.022, WT miRTP801
49.33+4.882 and 5xFAD miRTP801 43.67 +5.154; two-way ANOVA
genotype effect P=0.4786; two-way ANOVA miRNA effect: P=0.4323).
Second, although 5xFAD mice showed decreased body weight, as
previously reported in 245, we did not find any differences in mice weight
(g) associated with astrocytic RTP801 silencing (WT miCT 32.15 + 0.592,
5xFAD miCT 28.61+0.6715, WT miRTP801 32.15 +0.5435, and 5xFAD
miRTP801 29.66 + 0.5460; two-way ANOVA treatment effect: P=0.3791;
two-way ANOVA genotype effect P = <0.0001). Third, all the 5xFAD groups
were tested in the visible platform task (four trials/mouse) to rule out
poor vision, changed motivation, and/or sensorimotor disabilities. We
compared escape latencies during training with the visible platform
between WT miCT, WT miRTP801, 5xFAD miCT, and 5xFAD miRTP801
mice and found no differences between groups from trial 1 to trial 4,
meaning that they could learn to identify the visible platform (Figure
20A). Afterwards, all the animals went through the hidden version of the
MWM to assess spatial learning. We observed that 5XFAD miCT mice did
not significantly improve throughout training from day 1 to day 6, in
comparison to WT miCT. However, in the 5XFAD miRTP801 mice, after
silencing RTP801, this trait was prevented. (Figure 20B).
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Figure 20. Astrocytic RTP801 affects spatial memory. A) The distance (in cm) to
reach the visible platform was monitored in a 4-trials session to evaluate potential
visual or physical impairments in 7-month-old mice. Paired t-test showed a
significant general time effect in this procedural version of the MWM (***p <0.0001)
indicated that animals significantly improved their latencies in trial 4 compared to
trial 1. C) Morris water maze time curve, Time (in s) to reach the hidden platform was
monitored in a daily 4-trials session performed for 6 days to evaluate spatial learning.
The distance (in cm) to reach the hidden platform was monitored in a daily 4-trials
session performed for 6 days to evaluate spatial learning in 7-month-old mice. Two-
way ANOVA showed a significant general time effect in this spatial version of the
MWM (F(1,76) = 29.37, P<0.001) and post hoc (Tukey’s test) multiple comparisons
indicated that WT miCT groups and 5xFAD miRTP801 significantly improved their
latencies to reach the hidden platform on the day of training 6 compared to the day
of training 1, the 5XFAD shCt group who showed no significant differences comparing
its latencies on day 6 with those on day 1 (see graph). The number of mice in F, G, WT
shCt (n=11), WT shRTP801 (n=10), 5xFAD shCt (n=10), and 5xFAD shRTP801
(n=10). Two-way ANOVA showed a significant general time effect. Turkey’s post hoc
test was performed *p< 0.05, *** p < 0.001, $$$ < 0.001.

Overall, these data demonstrate that 7.5-month-old 5xFAD mice miCT
show associative and spatial learning deficits that are prevented when

astrocytic RTP801 levels are silenced in the hippocampus.
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17.4. Astrocytic RTP801 shows a partial recovery of the
apical dendrite neurons.

The literature reported that the dentate granule cells (DGCs) in AD
patients have early morphological changes that worsen with the course of
the illness. The initial morphological alteration seen in patients at Braak-
Tau I/II stages is an abnormally elevated number of DGCs with multiple

main apical dendrites. This change continues as AD progresses?4°.

One of the primary cortical inputs that reach the DG is the perforant
pathway, which is built with the axons of pyramidal neurons in the
entorhinal cortex (EC). The dendrites of DGCs form the initial synaptic
connection with the previously stated axons and its morphological
maturity is essential for the establishment appropriate afferent
connections from the perforant route. Hippocampal areas CA3 and CA2
are in touch with DGC axons, also known as Mossy fibers?47. The dendrites
of CA1 pyramidal neurons, which project back to the subiculum and the
EC and the axons of CA3 pyramidal neurons. For learning and memory, the
traditional hippocampus trisynaptic circuit (EC-DG-CA3-CA1l) is

essential?48,

Given that silencing astrocytic RTP801 prevented cognitive deficits in the
5xFAD mice, we investigated whether this involved a morphological

change in the DGC apical dendrites.

By Golgi staining, we analyzed the total dendritic width, the total dendritic
length, the number of ending tips and the % of neurons with only one
apical dendrite. Our results reveal that there was no difference in total
dendritic width or number of ending tips. However, 5XFAD mice presented
neurons with shorter dendritic length in comparison to WTs.
Interestingly, the DGCs in the 5XxFAD mice showed more than one apical

dendrite compared to the WT, and silencing astrocytic RTP801 mildly
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prevented this trait, since this significant difference was lost in the 5xFAD
miRTP801 group. (Figure 21).
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Figure 21. Astrocytic RTP801 mildly affects DGCs morphology. A) Schema of a
neuron showing the primary apical dendrite, the ending tips, the dendritic length and
the dendritic width. B) Representative images of Golgi staining. C) Quantification of
total dendritic width (um). D) Quantification of total dendritic length (um). E)
Quantification of number of ending tips in each neuron. F) Quantification of the % of
neurons with more than one apical dendrite. Data are means + SEM. In all panels
Two-way ANOVA with Bonferroni’s post hoc test was performed: *p < 0.05, ***p <
0.001.

17.5. Resting-state functional connectivity is restored by
knocking down astrocytic RTP801 in 5xFAD mice

To investigate whether the brain connectivity was affected in the 5xFAD
mice and whether astrocytic RTP801 could be involved, MRI analyses
were conducted one week after the behavioral tests. We explored the
functional brain connectivity in established resting-state networks
(RSNs) obtained by independent component analysis (ICA). From ICA20,

six components were identified representing these functional networks.
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Based on their relevance to functional alterations related to aging and
AD?249-251  the selected RSN were named by their main representative
hubs, and were the following: 1) cingulate-cortex (as part of the default
mode network), 2) amygdala - insular cortex (as part of the salience
network), 3) hypothalamus - mammillary bodies (as part of the
autonomic network), 4) ventral hippocampus-ventral striatum, 5)
sensory cortices including piriform, auditory, somatosensory and visual
(also known as lateral cortical network), and 6) pons - striatum. The
anatomical structures comprised in these networks were selected by

visual inspection of their spatial maps based on previous studies?>2.

Significant perturbations in brain functional connectivity were evidenced
by statistical maps showing significant differences (green voxels) in
multiple networks in 5xFAD mice comparing with age-matched controls
at 7.5 months of age (comparison 5xFAD miCT>WT miCT; p < 0.01) (n =
7). The significant voxels were used as a mask to plot the Z-score values
of the 3 experimental groups. We observed that the functional
connectivity was higher in the 5xFAD mice compared to that in WT mice,
while the connectivity decreased when astrocytic RTP801 was silenced,
likely to the WT animals. Focusing on the different networks, we found
significant higher connectivity of the cingulate cortex in the 5XxFAD mice
that significantly deceased in 5XxFAD miRTP801 mice. As previously
mentioned, this region is considered a central region of the default mode
network which has been widely studied in the AD field, both in humans?>3
and animal models?54, A similar effect was observed in the amygdala-
insular cortex. These regions represent part of the salience network
whose function is linked to the default mode network and has been also
been shown to be altered in both normal aging and AD progression5°0n
the other side, the autonomic network includes connectivity of

hypothalamus and mammillary bodies. Again, a significant increase of
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functional connectivity was observed in 5xFAD miCT compared to WT
miCT. In this case a strong decrease was observed in 5xFAD miRTP801
mice when comparing to both WT miCT and 5xFAD miCT. Similar effects
were observed for ventral hippocampus-ventral striatum and the
association cortices. Dysregulation of the corticothalamic network may be
a common denominator that contributes to the diverse cognitive and
behavioral alterations in AD. The only network we saw a different pattern
was the pons striatum where no significant differences were observed
between WT miCT and 5xFAD miCT. Moreover, 5xXFAD miRTP801 showed

significant hyperconnectivity compared to both miCT groups).

Hence, data suggest that elevated levels of astrocytic RTP801 mostly
produce a functional hyperconnectivity in different RSN of the 5xFAD
mouse model, contributing to the typical cognitive impairment of AD.
When astrocytes normalize their expression of RTP801 the resting state
functional connectivity is decreased, except for pons-striatum

connectivity (Figure 22).
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Figure 22. Silencing astrocytic RTP801 in 5xFAD mice changes functional
connectivity. (A) Spatial maps of the independent components of the resting-state
functional Magnetic Resonance. Imaging data, grouped into six resting state
networks, namely. Statistical maps showing significant differences (green voxels) in
the corresponding ICA connectivity in WT and FAD miCT animals (FAD miCT>WT; p
< 0.01) (n = 7). (B) Cingulate-Cortex (C) Amygdala (D) autonomic network (E)
Hippocampal-striatal (F) Piriform-auditory-visual cortex and (G) Pontine-striatal.
Values of Z-score in these voxels were plotted for the 3 experimental groups. Data are
means * SEM. In all panels one-way ANOVA with Bonferroni’s post hoc test was

performed: *p < 0.05, **p<0.01,***p < 0.001
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Hence, data suggest that elevated levels of astrocytic RTP801 mostly
produces a functional hyperconnectivity in different RSN of the 5xFAD
mouse model, contributing to the typical cognitive impairment of AD.
When astrocytes normalize their expression of RTP801 the resting state
functional connectivity is decreased, except for pons-striatum

connectivity.

17.6. Astrocytic RTP801 mediates the loss of DG and CA1
Parvalbumin+ interneurons, negatively affecting the
levels of GABA in the 5XxFAD mouse model.

Silencing RTP801 in the 5XxFAD mouse astrocytes led so far to prevent the
loss of spatial memory and to prevent the percentage of DGCs with one
apical dendrite. Moreover, it also contributed to conserve the resting state
functional connectivity as in the WT. Hence, to investigate the mechanisms
by which silencing astrocytic RTP801 was beneficial, we first assessed the
metabolites in the dorsal hippocampi of WT miCT, 5xFAD miCT and 5xFAD
miRTP801 mice by Magnetic resonance spectroscopy (MRS).

To normalize the metabolites’ concentrations we used creatine, since it’s
the common value to normalize in MRI experiments because its
concentration tends to remain stable under physiological and
pathological conditions. Furthermore, it helps to reduce the variability
cause for other experimentation factors as voxel size differences or
magnetic field inhomogeneities?>6. (Figure 23A). We observed no
differences in the levels of aspartate, glutamine, glutamate, glycine or
glutathione (Figure 23B-F). However, we detected a decrease in an
important precursor of the neuropeptide N-acetylaspartylglutamate
(NAAG), the NAA (N-acetyl aspartate), in the 5xFAD mice injected with the
miCT and the miRTP801 compared to the WT mice (Figure 23G). Glucose
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was diminished in the 5xFAD miRTP801 compared to the WT miCT
(Figure 23H). We detected also lower levels of the neurotransmitter and

neuroprotector taurine and in the 5XxFAD mice (Figure 23]J).

Interestingly, we observed a reduction of GABA levels in the 5XFAD miCT
compared to WT miCT which was partially rescued after knocking down
astrocytic RTP801 in the 5xFAD (Figure 23I).
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Figure 23. Changes in hippocampal metabolites in the 5XxFAD mouse model.
Metabolites concentration quantification (mmol/kg w.w) was measured using MRS
(Magnetic resonance spectrometry). A) Creatine, B) Aspartate, C) Glutamine, D)
Glutamate, E) Glycine, F) Glutathione, G) NAA, H) Glucose, I) GABA, J) Taurine. Each
point represents data from an individual mouse. Data are means + SEM. One-way
ANOVA with Bonferroni’s post hoc test was performed *p < 0.05, **p < 0.01.
Abbreviations: GABA: Gamma-aminobutyric acid; NAA: N-Acetylaspartate.

Since the reduced GABA levels observed in 5xFAD miCT could explain
their hyperconnectivity which seemed to be sensitive to the levels of
RTP801 in astrocytes, we aimed to investigate the possible reasons for
this GABA deficit. Hence, we first examined the number of GABAergic
interneurons by quantifying the number of Parvalbumin* (PV) cells in the
CA1 and DG regions across the three experimental groups. We also
measured their perimeter and their area. As expected, the number of PV+
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neurons was lower in the 5xFAD miCT group, silencing astrocytic RTP801
preserved the amount of CA1 and DG PV* interneurons in comparison to
5xFAD miCT mice. Moreover, these interneurons were bigger in the 5xFAD
miRTP801 mice in the DG (Figure 24).
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Figure 24. Astrocytic RTP801 protects Parvalbumin* interneurons from
neurodegeneration. A) Representative immunostaining of hippocampal PV+
interneurons in the different groups. Scale bar = 500 um and 50 pm. B) Number of
PV* interneurons in the CA1. C) Area covered by PV* interneurons in the CA1. D)
Mean perimeter of PV* interneurons in the CA1 E) Number of PV* interneurons in the
DG. F) Area covered by PV+ interneurons in the DG. Each point represents data from
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an individual mouse. G) Mean perimeter of PV+* interneurons in the DG. Data are
means * SEM. One-way ANOVA with Bonferroni’s post hoc test was performed *p <
0.05, ***p < 0.001.

Interestingly, differences in the levels of GABA-producing enzymes
GAD65/67, which is expressed by GABAergic neurons?>’ and
astrocytes?s8. were observed between WT and 5xFAD mice but they were

not prevented by silencing astrocytic RTP801 (Figure 25).
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Figure 25. GAD65 and GAD67 in WT miCT, 5xFAD miCT and 5xFAD miRTP801
mice’s dorsal hippocampus. (A) Representative GAD65/67 immunofluorescence
microscopy imaging from the CA1 and DG. (B) Quantification of GAD65/67 intensity
in CA1 and (C) DG. Data are means + SEM. One-way ANOVA with Bonferroni’s post
hoc test was performed: *p < 0.05.

Hence, our results suggest that the hyperconnectivity seen in the 5xFAD

brains could be explained in part, by the toxicity of astrocytic RTP801 over
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hippocampal PV* interneurons, one of the main sources of the GABA

neurotransmitter.

17.7. Astrocytic RTP801 might be involved in the PNN
degradation observed in the 5xFAD

Perineuronal nets (PNN) surrounds some neurons’ soma and proximal
dendrites as a part of the extracellular matrix. These PNNs are made up of
link proteins, hyaluronan, tenascin, and highly charged chondroitin
sulfate proteoglycans (such as aggrecan, neurocan, and brevican)?>°.
PNNs surround different kinds of neurons within the regions where they
are located, and their distribution is similar in different mammalian
species?®0. Interestingly, most cells ensheathed by a PNN are GABAergic
interneurons, particularly PV* interneurons?¢!. Due to their high
metabolic requirement and increased mitochondrial density, and fast-
spiking features make PV~ cells more susceptible to oxidative stress than
other interneurons like calretinin and calbindin cells2¢Z, In this line, PNN

seems to protect PV* interneurons from oxidative stress263.264,

Glia is an important source of PNNs components during development and
adulthood?¢5. Importantly, astrocytes release a wide range of matrix-
remodeling proteases and their inhibitors to closely regulate PNN

structural integrity?266.267,

Considering that in the 5xFAD mice model showed a decrease of PV*
interneurons and that silencing astrocytic RTP801 seems to prevent PV*
interneurons loss, we next assessed whether RTP801 contribute to PNN
impairment in our animal model. To do so, we used lectin Wisteria
floribunda agglutinin (WFA) to stain the PNNs. WFA, which has been

frequently employed as a PNN marker in histology examinations, can be
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bound by a wide variety of PNNs, but not all of them. Hence, it is
noteworthy that WFA-negative PNNs exist, as well268,

We stained the brain slices with WFA-biotin and Streptavidin-
AlexaFluor555. In the CA1 we observed a reduction in the number of PNN
in the 5xFAD mice, while in the 5xFAD miRTP801 there are more PV*

surrounded by a PNN and more PNN structures in general.

On the other side, in the DG there are lower numbers of PNN in the 5xFAD
with no differences after knocking down astrocytic RTP801, probably due
to the low amount of PV* interneurons in this area. However, the
proportion of PV* neurons wrapped with PNN was not different among

groups (Figure 26).
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Figure 26. RTP801 negatively affects the PNN integrity at least in the CA1 of
5xFAD mice. A) Representative immunostaining of hippocampal Parvalbumin*
interneurons (grey) and PNN (red). Scale bar = 500 pum B) Representative
immunostaining of hippocampal Parvalbumin+ interneurons (grey) and PNN (red) in
CA1. Scale bar = 50 um . C) Number of Parvalbumin* interneurons with PNN in the
CA1. D) PNN number in the CA1. E) Parvalbumin* interneurons with or without PNN
(%) in the CA1 F) Number of Parvalbumin* interneurons with PNN in the DG. G) PNN
number in the DG. H) Parvalbumin* interneurons with or without PNN (%) in the DG.
Data are means * SEM. One-way ANOVA with Bonferroni's post hoc test was
performed *p < 0.05, **p < 0.01.
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18. Role of astrocytic RTP801 in neuroinflammation

In AD, AB plaques accumulation causes neuroinflammation due to over-
reacting microglia and astrocytes. Thus, this inflammation. When
becomes chronic, leads to a sustained release of cytokines, chemokines,
prostaglandins and ROS?¢, which in turn causes synaptic dysfunction?”°,
neuronal death?”? and inhibition of neurogenesis?’2. Therefore,

neuroinflammation is a major hallmark of AD.

Astrogliosis have been described as a process by which astrocytes
undergo biochemical, morphological, metabolic, physiological, and
transcriptionally regulated program modifications in response to
pathology. These modifications ultimately lead to the acquisition of new
functions or the loss or upregulation of homeostatic ones?’3. On the other
hand, microgliosis is the term used to describe the morphological,
molecular, and functional remodeling of microglia in response to brain

stressors, such as the deposition of AB or a-synuclein?74.

Inflammasomes are cytoplasmic multiprotein complexes formed by
sensor and adaptor proteins along with inflammatory caspases. Briefly,
activation of inflammasomes by endogenous and/or exogenous stimuli,
leads to enzymatic activation of caspase 1, resulting in secretion of
interleukins, and committing the cell to a consequent programmed cell
death, such as apoptosis or pyroptosis?’>. Therefore, fine-tuned

modulation of the inflammasome activity is imperative for cell survival.

In a previous work of our group, neuronal RTP801 upregulation in the
5xXFAD contributed to astrogliosis, microgliosis and to the inflammasome
activation, by upregulation caspase 1, NLR family pyrin domain containing
1 (NLRP1), NLR family pyrin domain containing 3 (NLRP3) and apoptosis
associated speck-like protein containing a CARD (ASC)?222.
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In the previous section of the thesis, we described the role of astrocytic
RTP801 in cognitive impairment, metabolism, functional brain
connectivity, DGCs morphology and interneuron numbers in the 5xFAD
mice model of AD. To investigate whether astrocytic RTP801 also
contributes to neuroinflammation and to explore in-depth its precise
mechanisms, here we investigated astrogliosis, microgliosis,
inflammasome and cytokines levels in the 5XxFAD mouse model after
silencing RTP801.

18.1. Astrocytic RTP801 contributes to astro- and
microgliosis in the in 5xFAD mouse model.

In this aim we focused on neuroinflammation. To investigate the levels of
astrogliosis we monitored the levels of glial proteins GFAP and S100(. The
major constituent of astrocyte intermediate filaments is GFAP, and it has
been the most widely used marker for astrogliosis?’¢. Nevertheless, GFAP
is not the only and absolute marker of reactivity, for this reason we used
itin a combination with S100f. The Ca?*-binding protein S100f is mainly

found in reactive astrocytes?7’.

By immunofluorescence, we observed that 5xXxFAD presents higher
intensity and numbers of GFAP* astrocytes in the CA1 and the DG as well.
Interestingly, silencing RTP801 in the 5XFAD mice mildly decreased the
GFAP* intensity of in both regions (Figure 27). On the other hand, the
intensity and the number of S1003* cells diminished after knocking down

astrocytic RTP801 only in the DG of both WT and 5xFAD (Figure 28).
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Figure 27. Silencing astrocytic RTP801 mildly recovers astrogliosis in the
5xFAD mice. A) Representative GFAP immunofluorescence microscopy imaging
from the CA1 and DG. Scale bar = 50um. B) Quantification of GFAP intensity in CA1.
C) Quantification GFAP+ cells number /field CA1. D) Quantification of GFAP intensity
in DG. E) Quantification GFAP+ cells number /field DG. Data are means * SEM. Two-
way ANOVA with Bonferroni’s post hoc test was performed: *p < 0.05.
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Figure 28. Silencing astrocytic RTP801 recovers astrogliosis in the 5XFAD mice
A) Representative S100p immunofluorescence microscopy imaging from the CA1 and
DG. B) Quantification of S100f intensity in CA1. Scale bar = 50um. C) Quantification
S100B* cells number /field CA1. D) Quantification of S100f intensity in DG. E)

Quantification S100B* cells number /field DG. Data are means + SEM. Two-way
ANOVA with Bonferroni’s post hoc test was performed: **p< 0.01.

250

n
=3
=3
N
=3
k=3

0O
$100 relative intensity (%) in DG
8
S$100B* cell number/ field in DG

°

o

e o
e ©
» a
° S
o
°
o o
o
05 ©
-
o
=3
°0 o

o
S
o

$1008* relative intensity (%)in CA1 U9

S$100B* cell number/ field in CA1
b

The removal of interstitial metabolic waste products is accomplished by
the glymphatic system, the central nervous system version of the
lymphatic system composed by the end-feet of the astrocytes surrounding
the blood vessels. AQ4 is a water channel protein, that regulates the
extracellular medium's composition and clearance. AQ4 can be found in
the perivascular space, in the astrocytic end-feet close to this blood-brain
barrier. Furthermore, AQ4 aids in the removal of tau protein and A3, which
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are linked to AD?78, Depolarization of AQ4 and a decrease in the clearance
of AD-associated proteins are observed in AD pathogenesis?’°. For the
abovementioned reason we decided to investigate whether astrocytic
RTP801 could affect the levels of AQ4 in a pathological condition such as
AD. We observed a significant decrease in AQ4 intensity in the CA1l
between the WT and the 5xFAD mice but we did not observe changes after
silencing RTP801 in any genotype (Figure 29).
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Figure 29. AQ4 protein levels are decreased in the 5XxFAD mouse model and are
insensitive to astrocytic RTP801 levels. A) Representative AQ4
immunofluorescence microscopy imaging from the CA1 and DG. Scale bar = 50um. B)
Quantification of AQ4 intensity in CA1. C) Quantification of AQ4 intensity in DG. Data
are means + SEM. Two-way ANOVA with Bonferroni’s post hoc test was performed:
*p < 0.05.
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We next investigated whether astrocytic RTP801 can affect microgliosis,
as we saw with neuronal RTP801 in the 5xFAD mouse model. Indeed, we
observed the same effect seen in our previous work after silencing
neuronal RTP801222, Not surprisingly, in the 5xFAD mice model there are
more Ibal* cells both in the CA1 and the DG compared to the WT mice.
Interestingly, silencing astrocytic RTP801 mildly prevented this elevation
in Ibal+ cells in the 5XFAD mice. This effect was more evident in the DG
probably because there were more microglia cells in comparison to CA1.
(Figure 30A-C). Unfortunately, this mild effect was not translated to
significant changes in microglia morphology in either CA1 or DG (Figure
30D-G).
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Figure 30. Silencing astrocytic RTP801 mildly prevents microgliosis in the
5xFAD mouse model of AD. A) Representative Ibal immunofluorescence
microscopy imaging from the CA1 and DG. Scale bar = 50um. B) Quantification Ibal+
cells number/field CA1. C) Quantification Ibal+ cells number/field DG. D) Microglia
mean perimeter (um). E) Microglia mean area (um?). F) Microglia mean circularity.
G) microglia mean solidity. (Data are means * SEM. Two-way ANOVA with
Bonferroni’s post hoc test was performed: *p < 0.05, ***p<0.001, ###p<0.001.
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Altogether, these results suggest that normalization of astrocytic RTP801
levels in the CA1 and DG ameliorates astrogliosis and microgliosis,

suggesting an important role in neuroinflammation.

148



RESULTS

18.2. Silencing astrocytic RTP801 change the
inflammasome protein levels but does not change the
cytokine profile of the 5xFAD mice.

To further gain insight into the hippocampal neuroinflammatory
processes mediated by astrocytic RTP801 in the 5XxFAD mice, we then
evaluated the level of inflammasome effectors and their constituent parts
by WB, including NLRP1, NLRP3, ASC and pro-caspase 1. We confirmed
that they are upregulated in the 5xFAD vs WT hippocampal lysates and
then, we observed that silencing RTP801 in astrocytes reduced the
inflammatory response by decreasing the levels of both NLRP1 and
NLRP3 (Figure 31A-B) in the 5xFAD mouse model. Interestingly, we also
observed the same effect over the adapter protein ASC (Figure 31C) and
the effector pro-caspase 1 (Figure 31D).
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Figure 31. Astrocytic RTP801 contributes to inflammasome activation in a
context of AD. Immunoblottings for A) cleaved-NLRP1, B) NLRP3 C) ASC and D) pro-
caspase 1 and GFP as loading control for transduced astrocytes in the dorsal
hippocampus of 7-month-old WT miCT, WT miRTP801, 5xFAD miCT, and 5xFAD
miRTP801 groups of mice. Densitometric quantifications were normalized by GFP
levels as readout of astrocytic infection. Data are means = SEM. Two-way ANOVA with
Bonferroni’s post hoc test was performed: *p < 0.05, **p< 0.01.
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Next, we investigated whether these significant changes in the
inflammasome after silencing RTP801 could be translated in differences
in the production of hippocampal cytokines and chemokines. We used a
customized panel for Luminex detection of cytokines and chemokines in
hippocampal lysates from the 4 experimental groups. Although we did not
observe significant differences in the levels of IL-13, IL-6 or IL-4 between
any of the 4 experimental groups, we observed an up regulation of
osteopontin (OPN), Macrophage colony-stimulating factor (MCSF) and C-
C Motif Chemokine Ligand 3 (CCL3) between the WT and 5xFAD mice.
However, only CCL3, was mildly affected by RTP801 silencing in the 5xFAD
mice, since the statistical difference between WT miCT versus 5xFAD
miRTP801 was lost. Overall, further studies with more sensitive
techniques will be needed to investigate in depth the role of astrocytic

RTP801 in cytokine production (Figure 32).
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Figure 32. Astrocytic RTP801does not influence the cytokine profile.
Concentration in pg/ml of cytokines measured with the Luminex (R&D Systems). (A)
IL1-B, (B) IL-6 (C) IL-4 (D) OPN, (E) MCSF(F) and CCL3 (G) in hippocampal lysates
of the for groups (WT miCT, WT miRTP801, 5xFAD miCT and 5xFAD miRTP801. Data
are means * SEM. Two-way ANOVA with Bonferroni’s post hoc test was performed:
*p < 0.05, **p< 0.01, **p<0.001.
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19. In vitro approaches to understand the mechanisms of
RTP801 in astrocytes in the context of AD

RTP801 regulates several cellular processes, including autophagy,
metabolism, oxidative stress, and cell fate. It also plays a role in the
pathophysiology of inflammatory and metabolic diseases, cancer, and
neurodegeneration. Higher levels of RTP801 often have negative
consequences, such as muscular dystrophy, carcinogenesis, metabolic
inflammation, and neurodegeneration. RTP801 has been shown to
interact with 14-3-3 proteins, IkBa, thioredoxin-interacting protein, or 75
kDa glucose-regulated protein to modulate mTORC1 signaling, NF-xB
activation, and cellular pro-oxidant or antioxidant activity, respectively. Its
role depends on cell type, cellular context, interaction partners, and
cellular localization!92. Consequently, it is critical to comprehend the
molecular processes and biological functions of RTP801 in physiological

and disease conditions.

During decades the studies of the CNS have improved considerably by the
establishment of in vitro models and recently with the establishment of
brain organoids. The difficulty of dissecting molecular mechanisms in in
vivo models is massive. Hence the combination of in vivo and in vitro
approaches is crucial to understand the signaling pathways and the

molecular mechanisms associated to neurodegeneration.

For these reasons, we deepened our studies regarding the physiological
function of RTP801 using a novel primary culture containing neurons,
astrocytes and microglia exposed to AP oligomers as a new in vitro model
of AD.
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19.1. Characterization of a novel in vitro triculture of
neurons, astrocytes and microglia

Neurons, astrocytes and microglia interact closely in the brain, influencing
synaptic function, neuroinflammation, and overall brain homeostasis, but
in a primary culture this crosstalk is very difficult to reproduce. Hence
developing a triculture prepared from the same animal is crucial for
accurately studying neurodegenerative diseases, as it better mimics the

complexity of the brain's microenvironment.

The supplements included to allow microglia growth were IL-34,
cholesterol and TGF-f. The IL-34 is the ligand of the Colony-stimulating
factor 1 (CSF1FR) and contributes to the development of microglia?8°. On
the other hand, the cholesterol and the TGF-p are necessary for the
activation and mobility of microglia during the brain's immune

responses?®! and microglial maturation?8?, respectively.

First, we characterized the mice primary triculture by
immunocytochemistry, staining neurons with MAP2*, astrocytes with
GFAP* and microglia with Ibal*. The triculture at DIV14 presented a 68%

of neurons 25% of astrocytes and a 7% of microglia (Figure 33).

MAP2 GFAP IBA1 Hoechst Merge
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Figure 33. Proportion of neurons, astrocytes and microglia in the mice primary
triculture. Cells were subjected to immunofluorescence analysis. MAP2 (magenta),
GFAP (red) and Ibal (green). A) Representative images. Scale bar of 50 um. B)
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Quantification of proportions. Values represented from three independent cultures
and are represented as mean + SEM (n=3).

We also checked whether different populations of astrocytes and neurons
were present in the triculture and indeed we found PV* interneurons and

S100B* astrocytes (jError! No se encuentra el origen de la referencia. 34).

Parvalbumin Hoechst Merge

$1008 Hoechst Merge

Figure 34. Parvalbumin*interneurons and S100p+ astrocytes are present in the
hippocampal mouse primary triculture. Immunocytochemistry for A)
Parvalbumin or B) S100f (red) was performed. Representative images are shown.
Scale bar of 50 pm.

We also performed an immunostaining of PSD95 and VGLUT markers of
presynaptic and post-synapsis, to check the presence of synapses in the
triculture model. We observed the presence of clusters PSD95/VGLUT
(jError! No se encuentra el origen de la referencia. 35). However, further
characterization of the synapses is needed to conclude that the neurons

are completely mature and functional.
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VGLUT PSD95 Hoechst

Figure 35. Presence of PSD95/VGLUT clusters in the mice primary triculture.
Cells were subjected to immunofluorescence analysis. VGLUT (green) and PSD95
(red). Scale bar of 50 um and 5 pum.

These results validated our novel hippocampal triculture model to study

neuroinflammation.

19.2. Study of the toxicity of AB in the hippocampal triculture
model

AP, has been extensively used to mimic certain conditions given in AD due
to its toxicity. Research on Alzheimer's disease (AD) initially focused on
amyloid plaques composed of AB. However, plaque burden didn’t
correlate with disease severity, as plaques were found in cognitively
normal individuals. This led to a shift in focus to smaller, soluble AR
oligomers, which were shown to cause cognitive deficits even without
plaques. Studies revealed these oligomers as the toxic species, forming
protofibrils that trigger inflammatory responses and neurotoxicity.
Research suggests a common toxic mechanism across amyloid diseases,
involving interactions with receptors and cell membranes?83. To study
whether this novel triculture is sensitive to A and whether astrocytic
RTP801 is directly involved in such toxicity we treated the triculture at

DIV10 with 0,5 uM AP oligomers for 24 h. These oligomers were prepared
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two days before treatment. We used the same proportion of DMSO as

vehicle.

AR decreased the number of neurons, did not change the number of
astrocytes but increased the number of microglia. Moreover, we
confirmed the presence of oligomers in the triculture by immunostaining

against AB. (jError! No se encuentra el origen de la referencia. 36).
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Figure 36. Characterization of the mice primary hippocampal triculture after
AB1.42 oligomer treatment for 24 hours. A) Representative images, cells were
subjected to immunofluorescence analysis. MAP2 (magenta), GFAP (red) and Ibal
(green). Scale bar= 50 um. B) Proportion of neurons, astrocytes or microglia. C)
Immunocytochemistry of AP oligomers. Scale bar = 100 um

AB
0,5 M

19.3. Silencing Astrocytic RTP801 diminishes the
complexity of astrocytes’ morphology

To investigate whether astrocytic RTP801 contributed to AP toxicity, we
knocked out DDIT4 over expressing the Cre recombinase under the GFAP
promoter in primary tricultures prepared from DDIT4fx/flx mice

Specifically we used the rAAV5-GFAP-GFP-Cre or the rAVV5-GFAP-eGFP
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(as a control) adeno-associated viral particles at DIV10 and at DIV14,
cultures were treated with APi.42 oligomers for 24 h. Following the
treatment the cells were fixed, and immunocytochemistry experiments
were performed. First, we confirmed the knockout of RTP801 in
astrocytes by immunostaining. Note that in controls, eGFP expression is
staining the whole astrocyte but in the Cre overexpression, the staining is

reduced to the nuclej, as expected (Figure 37).

RTP801 Hoechst

eGFP

GFP-Cre

Figure 37. RTP801 expression was silenced in the hippocampal triculture
model. Cells were treated at DIV10 with rAAV5-GFAP-GFP-Cre to knock out RTP801
or with rAAV5-GFAP-eGFP as a control for 5 days. Representative images, cells were
subjected to immunofluorescence analysis. Astrocytes (GFAP, magenta), transduced
astrocytes (GFP, green) and RTP801 (red). Scale bar = 50 pum.

Following the RTP801 silencing validation, we characterized the
astrocytes phenotype after AB treatment. After immunocytochemistry,
the relative intensity of GFAP was measured and the number of GFAP+* cells

was counted, but any difference was observed among conditions (Figure
38)
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Figure 38. RTP801 does not affect GFAP intensity or in GFAP+ cell number in a
mouse primary hippocampal triculture. A) Representative images, cells were
subjected to immunofluorescence analysis. GFAP (red) and GFP (green). Scale bar=
50pM. B) Quantification GFAP relative intensity (%) C) Quantification of GFAP+
number of cells in each field. Values of three independent cultures are represented
as mean * SEM(n=3).

Historically, astrocytes were recognized as a distinct cell type due to their
distinctive appearance. It's now known that the description of astrocytes
as "star-like cells" is oversimplified and that they have very complex
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morphologies. In fact, every single mature protoplasmic astrocyte found
in the gray matter is composed of a soma, major branches and numerous
smaller branchlets and leaflets that contact synapses. These branchlets
and branchlets are commonly referred to as processes, sheets, or
alternatively as perisynaptic or peripheral astrocyte processes (PAPs).
The diameter of an astrocyte territory in rodent hippocampi can be of
approximately 40-60 um, while branches, branchlets, and leaflets make
up 90-95% of an astrocyte's surface area. Interestingly, immunostaining
for GFAP can only estimate approximately 15% of the total astrocyte. Even
with the widespread use of diffraction-limited light microscopy, their
PAPs have not been precisely quantifiable, leaving the organization of

astrocyte morphology a mystery 284,

For this reason, here, in an attempt to have a wider perspective, we
measured the amount of primary and secondary processes, being the
primary processes, the major branches coming out the soma and the
secondary processes the branches coming from the major branches. We
observed that RTP801 silencing reduced astrocytes’ complexity by
reducing the number of secondary branches or processes (jError! No se

encuentra el origen de la referencia. 39).
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Figure 39. Astrocytic RTP801 contributes to increase astrocytic complexity. A)
Representative images of cells were subjected to immunofluorescence analysis. GFAP
(red) and GFP (green). Scale bar= 50uM. B) Quantification of primary processes
(major branches) C) Quantification of secondary processes. > than 15 astrocytes
were analyzed for each condition. Values of three independent cultures are
represented as mean + SEM(n=3). *p<0.05

19.4. Silencing astrocytic RTP801 diminishes the number of
AP oligomers

Finally, we performed a staining of the AP oligomers to see if there was a
difference in the number of oligomers by silencing astrocytic RTP801. We
observed that after knocking out astrocytic RTP801 with the rAAV5-
GFAP-GFP-Cre for 5 days and treating the cells with 0,5 uM of AB1.42 for 24
h, the number of AP oligomers diminished comparing with the control
rAAV5-GFAP-eGFP, suggesting a role of astrocytic RTP801 in the AP
engulfment and degradation (Figure 40).
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Figure 40. Silencing RTP801 decreases dramatically the AP oligomers in the
triculture. Astrocytic RTP801 was knocked out by Cre recombinase expression
under GFAP promoter at DIV10 and then the tricultures were exposed to 0,5uM Ab
oligomers for 24 h and then cells were subjected to immunofluorescence analysis. A)
Representative images, Ap (magenta) and GFP (green), nuclei were visualized by
Hoechst 33325 (blue). Scale bar = 50 um. B) Quantification of APi-42 oligomer
numbers. Values of three independent cultures are represented as mean + SEM(n=3).
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20. Astrocytic RTP801 implications in neurodegeneration

With aging populations, both the prevalence of neurological disorders and
the cost of patient care is rising. The discovery of disease-modifying
medicines is hampered by the intricate biology of neurodegenerative
diseases. In fact, current therapies mostly focus on symptom relief as
opposed to solve or modify the underlying causes. Therefore, dissecting
specific molecular mechanisms are essential to create effective

pharmacological treatments to stop neurodegeneration.

The development of AD is significantly influenced by mTOR kinase
signaling, an important regulator of numerous cellular and metabolic
processes. Aggregation of AB is encouraged by autophagy inhibition
caused by mTOR activation. Therefore, there is strong evidence that Af3
deposits cause mTOR to become hyperactivated, which then
hyperphophorylates Tau that will evolve into NFTs 285, In line with this
notion, research on cell culture and animal models revealed that
introducing Af oligomers into animal models causes mTOR hyperactivity,
in a dose dependent manner?8. After mTOR activity upregulation, its
regulators start to increase their expression to keep pace in the
modulation of the kinase. Among the many altered components of this

signaling pathway, we can find RTP801.

It has become clear that RTP801 plays a significant role in the
pathogenesis of neurodegenerative diseases like Parkinson's,
Alzheimer's, and Huntington's. Unlike mTOR activity, which varies
depending on the disease and the disease stages, and its regulation
remains controversial, RTP801 levels seems to be consistently

upregulated under neurodegenerative conditions.

Here in this work, we addressed for the first time the putative role of

astrocytic RTP801. Our work demonstrates that the hippocampal
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astrocytes of the 5xFAD mice model of AD have elevated levels of RTP801.
Furthermore, by precisely silencing astrocytic RTP801, we prevented the
appearance of cognitive impairment by reducing brain inflammation and
hyperconnectivity. In specifics, compared to WTs, 5xFAD mice showed
worse spatial memory, lower GABA levels along with fewer PV*
interneurons, astrogliosis, microgliosis, and increased inflammasome
components in the hippocampus. They also displayed functional
hyperconnectivity in several resting state brain networks. Surprisingly,
RTP801-specific silencing in astrocytes blocked the appearance of these

features at some point.

In addition, our studies reveal the utility of a new in vitro triculture model
containing neurons, astrocytes and microglia derived from the same
animal to study neuroinflammatory events. Using the triculture, we
elucidated the new role of astrocytic RTP801 in AP oligomer clearance.
Altogether, our results proposed specifically astrocytic RTP801 as a

promising therapeutic target for AD treatments.

20.1. Astrocytic RTP801 contributes to cognitive decline

The role of RTP801 in neurons has been vastly studied by our and other
groups, defining its pro-apoptotic nature in high levels. However, the role
of RTP801 in astrocytes was not yet elucidated. For example, by Deep
Single Cell RNA sequencing it was found that there were higher levels of
DDIT4 mRNA in astrocytes compared to neurons both in humans and
micel®0, In this line, the cortical subplate and the hippocampus are the
brain areas with higher amount of DDIT4 mRNA, according to the Allen
Brain Atlas?®’. Despite this evidence, the contribution of astrocytic

RTP801 in AD has not been thoroughly investigated. Hence, for the first
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time, we explored the specific role of astrocytic RTP801 in AD
pathophysiology.

In the previous study comparing 5xFAD mice to WT mice, our group found
that RTP801 levels were similarly significantly elevated in both
hippocampal neurons and astrocytes. Moreover, silencing specifically
neuronal levels of RTP801 with neuron-specific AAVs, also reduced the
levels of RTP801 in astroglia in the 5xFAD mice??2. This suggested that
neuronal RTP801 mediates an effect from neurons to glial cells in the
5xFAD mice. With this background, we investigated the role of this protein
in the hippocampal astrocytes using the 5XFAD mouse model of AD and
its putative contribution to neurodegeneration as well as its influence in

intercellular communication.

We discovered increased amounts of RTP801 in astrocytes of the 5xFAD
mouse hippocampus both in CA1 and DG in comparison to WT. Similarly,
it was discovered that the DDIT4 gene, which codes for RTP801, is an
essential regulator of Af toxicity, as there is a clear correlation between
RTP801 levels and AP toxicity. Additionally, AD postmortem brains
correlated with Braak and Thal phases with higher levels of RTP801
protein and higher levels of DDIT4 mRNA in patient lymphocytes?288,
Increased levels of RTP801 can be due to Ap mediated induction of DDIT4
transcription?8® or by decreased proteolysis???. However, none of the
earlier research addressed the precise mechanisms of induction
specifically in astrocytes. For example, the levels of RTP801 protein in AD
postmortem brains correlated with Braak and Thal phases. However, we
addressed this question by assessing total protein levels by WB, and not

by cell-specific immunohistochemistry.

There are many reasons to study glia cells contribution to behavior as

astrocytes have been identified as important memory formation
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regulators?®l. Moreover, astrocytes are crucial for synaptic plasticity

phenomena including long-term potentiation?°2.

Like human AD patients, the 5XFAD mouse model has substantial deficits
in associative and spatial learning??3. In terms of amyloid pathology, the
disease progresses more quickly in female 5xFAD mice versus males, but
there are no sex-related variations in the amount of the Af oligomer
accumulation?4. However, 5xFAD male mice show a more consistent
cognitive impairment in the Y-maze and Morris water maze tests?°5. For
these reasons, in this thesis we used only male animals. We assume that
this is the major limitation of our study and females will be considered for

further investigations on this topic.

Behavioral testing verified that precisely suppressing RTP801 expression
in GFAP* astrocytes of the 5xFAD hippocampus led to a significant
prevention of cognitive impairment. On the other hand, knocking down
RTP801 partially restored the anxiety-like behavior, in agreement with

bibliography supporting that 5xFAD animals are less anxious??°

During the Plus maze, 5xFAD mice tend to spend more time and run more
distance in the open arm, indicating that they are more relaxed than the
WT mice, who prefer to spend more time hidden in the closed arms. In a
previous study, 5XxFAD mice exhibited an age-dependent reduction in
anxiety. The ratio of open arm entries to total arm entries was calculated
to validate this, and the results showed that the 5xFAD mice that were 6,
9, and 12 months old had significantly greater ratios than the WT animals
at the same age?°’. In this line, study carried by Flanigan et al, 2014,
reported normal anxiety but impaired cognition and social behavior in
5xXFAD transgenic mice??8, Jawhar et al., (2012), replicated these results,
observing an age-dependent increase in open-arm time in these mice.

However, instead of decreased anxiety, they suggest that this behavior is
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due to the mice avoiding the closed arms and failing to habituate during
the session. This avoidance may be linked to abnormal or excessive
vibrissa sensation, potentially caused by decreased tonic inhibition or
impaired sensory integration following the loss of inhibitory
innervation?®’. Surprisingly, knocking down astrocytic RTP801 prevented
that phenotype in the 5xFAD mice versus the WTs. It has been described
that hippocampal astrocytes modulate anxiety-like behaviors in mice by
controlling hippocampus DG granule cells' ATP-mediated synaptic
homeostasis??°. Hence, astrocytic RTP801 might be contributing to this
phenotype by modulating the function of the hippocampal synapses, in
line with the tripartite synapse theory postulated by Araque et al
(1999)300, Further studies will be needed to elucidate the exact
mechanism behind astrocytic RTP801 as an anxiety-like modulator in the

context of AD.

The Morris water maze test confirmed that 5XFAD mice3°1392 as AD
patients303 display severe impairments in spatial memory. However, after
astrocytic RTP801 downregulation, the 5xFAD mice performance in this
test was preserved, in line with previous studies where RTP801 silencing
in WT mice treated with AB3%% or RTP801 silencing in hippocampal

neurons prevented cognitive decline??2,

Despite these behavioral characteristics, RTP801 silencing did not result
in changes to amyloid plaque load, suggesting that astrocytic RTP801
does not affect AB homeostasis in AD. This is consistent with our earlier
research in which we inhibited neuronal RTP801, and no alterations in A3
plaque load were noted??2. When Af monomers misfold they clump
together to create bigger soluble Af3 oligomers that are thought to be the
most harmful forms of AB. Protofibrils are the largest of these oligomeric
types. In contrast to insoluble immobilized Af3 plaques, these extremely

toxic AP oligomers and protofibrils are free to travel across membranes or
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across various cellular compartments, wreaking havoc both
intracellularly and extracellularly3%s. Other research that examined
postmortem AD brains and found no clear association between plaque
formation and synapse/neritic loss further reinforced that idea3°6:307,
Several researchers found that cognitive abnormalities in transgenic
mouse models of AD developed prior to plaque formation or the discovery
of insoluble amyloid aggregates in their brains, suggesting a gap between
plaque disease and memory impairment3°8. So, we investigated further

the causes why silencing astrocytic RTP801 was beneficial in 5xFAD mice.

In AD patients, the morphology of DGCs worsens as the disease
progresses. Patients at Braak-Tau [ /Il stages first exhibit an unusually high
number of DGCs with several major apical dendrites as their initial
morphological change which increases with the disease advances?4¢. This
phenomenon is also seen in the 5XxFAD mouse model. In this line, after
astrocytic RTP801 silencing in the 5xFAD mice, the percentage of DGCs
with only one apical dendrite increases. The abnormal phenotype of DGCs
in AD patients may be partially driven by distinct non-cell-autonomous
disturbances of DG homeostasis. In this way, pro-inflammatory stimuli
change the shape of DGCs in mice3%°. It's interesting to note that during
spatial exploration, the amount of primary apical dendrites of murine
DGCs is negatively correlated with neuronal activity310. Hence, knocking
down astrocytic RTP801 in hippocampus of 5xFAD mice prevents this
aberrant change in DGCs morphology, possibly contributing to the

cognitive symptoms’ amelioration (Figure 41).
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Figure 41. Phenotype characteristics of the 5xFAD mice after silencing RTP801
in hippocampal astrocytes. Figure generated with Biorender software.

20.2. Astrocytic RTP801 as a modulator of resting state
functional connectivity in the context of AD

Neuroimaging techniques, mainly MRI and positron emission
tomography (PET) are being increasingly used to investigate
neuroimaging features in AD mouse models and provide the basis for
rapid translation to the clinical setting3!l. For instance, age-dependent
microstructure alterations in 5xFAD mice have been demonstrated by T1-
and T2-weighted imaging and high-resolution diffusion tensor
imaging312. Moreover, using in vivo resting-state fMRI and ex vivo
Diffusion tension imaging (DTI), the organization of the functional and
structural connectomes has been also studied in 5XFAD transgenic mice
showing disconnection within the whole-brain network with less efficient
routes taken for information exchange and hypercorrelation of structural
and functional connectivity compared with WT animals313. Indeed,
altered functional connectivity, as determined by rs-fMRI, is often

regarded as a possible preclinical biomarker of AD314 However, to our
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knowledge this is the first study in 5xFAD mice showing alterations in

resting state networks (RSN) by independent component analysis (ICA).

The medial prefrontal cortex (mPFC), posterior cingulate cortex or
precuneus, and bilateral inferior parietal cortices are among the core
brain regions of the DMN. A set of supplementary brain regions, such as
the medial temporal lobes and temporal poles, are also considered to be
part of this network3!>. We have identified alterations in hippocampus,
entorhinal cortex and regions of the DMN whose interconnectivity
contributes to age-related alterations in memory316. The DMN is known
to exhibit disrupted connectivity in Alzheimer's disease, contributing to
important cognitive deficits both in patients3!” and in animal models?>.
Our results demonstrate that 5xFAD mice show hyperconnectivity within
DMN, which can be restored by silencing RTP801.

We observed the same effect after knocking RTP801 in the salience
network (SN), also affected in AD?55. The dorsal anterior cingulate (dACC)
and frontoinsular (FIC) cortices make up most of the SN, which is
responsible for selecting the most pertinent internal and external stimuli
from a variety of sources in order to direct behavior318. According to
certain theories, FIC is essential for transitioning between the DMN and
the central executive network (CEN)31°, which are known to interact
negatively during cognitive information processing320. FIC functions to
distinguish noteworthy stimuli from the extensive and constant flow of
sensory system inputs. When the FIC detects a salient stimulus, it
disengages the DMN and sends the proper temporary control signals to
the CEN, which mediates attention, working memory, and other higher

order cognitive functions318,

Autonomic network, where the mammillothalamic tract is thought to be a

middle channel that uses the anterior thalamus to transmit information
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from the hippocampal region to the frontal cortex32!, and lateral cortex
network which have also been related to spatial memory deficits showed
a similar profile, pointing altogether to a therapeutical effect of astrocytic
RTP801 inhibition. Our results, suggest that there might be changes in the

excitatory/inhibitory input in all these networks.

20.3. GABAergic signaling and interneuron changes in the
5xFAD mice hippocampus after RTP801 silencing

Transgenic rodents and AD patients' brains have both been shown to
exhibit metabolic alterations in hippocampus322. Our MRS study revealed
that 5xFAD miCT animals have the same amount of aspartate, glutamine,
glutamate, glycine and glutathione as the WT miCT animals, in contrast in
different MRS studies carried in different AD mice models as the Tg2576
lower levels of glutamate were reported3?3. However, in the 5xFAD this
decrease has been reported at 9-months old3?4, therefore, we probably do
not see this change in glutamate due to the age of our animals (7.5 months
old) at the time MRS was performed. As reported in Andersen et al. 2021
the levels of glutamine and aspartate remained similar in 5xFAD mice
after 4 months 0ld325. On the other hand, in line with our results, no
changes in glycine have been reported in the hippocampus, while lower

levels are detected in the cortex and the thalamus of 5xFAD mice326,

We reported a decrease in the NAA (N-acetyl aspartate) neuronal marker
in the 5xFAD mice. These findings correlate with previous studies324327, In
fact, NAA stabilizes proteins, suppresses protein aggregation, solubilize
already formed aggregates3?® and has been proposed as a potential
biomarker of brain dysfunction in AD patients3?2. Furthermore, we
observed a decrease in the glucose amounts in the 5xFAD hippocampus

which become more evident after knocking down astrocytic RTP801. In

170



DISCUSION

accordance with previous studies which described reduced glucose
metabolic activity in hippocampus of the 5XFAD mice32°. Finally, taurine
showed the same effect, this metabolite is reported to have a

neuroprotective effect against dementia33°.

In agreement with previous MRS studies3?4331, our results showed lower
GABA levels in the 5xFAD. Stunningly, silencing astrocytic RTP801 mildly
recovers the GABA levels, close to the ones seen in the WT mice. Hence,
we postulate that astrocytic RTP801 is responsible for the lower levels of
GABA in the 5xFAD mouse brains and their the hyperconnectivity in the
RSN, since RTP801 silencing normalized both the levels of GABA and the
connectivity (Figure 42).

- | GABA
- | NAA
- | Glucose

’ Normalized
| Taurine RS connectivity
Astrocytic RTP801 similar to WT
silencing ~ 30%
+ GABA

Hyperconnectivity

Figure 42. Changes in resting-state functional connectivity and metabolite
concentrations in the 5XxFAD mice model which were reverted after silencing
astrocytic RTP801 in the hippocampus. Figure generated with Biorender
software.

Related with the previous result, we observed lower numbers of PV*

neurons in the 5xFAD miCT mice versus WT mice. Indeed, the 5xFAD
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miRTP801 strikingly showed higher number of PV* interneurons both in
the CA1 and the DG. Moreover, PV* cells were smaller in the DG of the
5xFAD miCT mice and seem to be bigger after silencing RTP801. Our
findings are in line with other studies which use different mouse models
that discovered lower density of PV-immunoreactive neurons in the
entorhinal and piriform cortices?3?, as well as in the hippocampal CA1 and
CA2333, Qur results also agree with studies reporting degenerating PV+
neurons in AD patients334. As PV* interneurons are one of the most
sensitive cells to ROS335. We speculate that astrocytic silencing protects

interneurons from ROS.

GABAergic interneurons, particularly PV* interneurons, make up most
cells that a PNN encases?®! and it appears to shield PV* interneurons from
oxidative stress?¢3. Our results showed lower amount of PNN in the CA1
which are recovered after knocking down RTP801. However, the recovery
is not seeing in the DG, probably due to the lower amounts of PV+ and PNN
in this area. Importantly the percentage of PV*interneurons covered by a
PNN stained by WFA does not change among conditions. Remarkably,
WFA do not stain every PNN in the brain as reported in the literature?2¢g,
hence this can be a limitation of the study. In addition, although we put
our focus on study the PNN as the main cellular matrix to enwrap
inhibitory PV* neurons, there are further components which need to be
studied in the future. We hypothesized that astrocytic RTP801 change the
astrocytic secretome which release different matrix component to the

extracellular space.

The levels of GAD65/67 were higher in the CA1 of 5XxFAD mice compared
to WT. Controversially, to the study carried by Lazic et al. 2020, authors
found lower levels of GAD65 in the cortex of 5xFAD mice336. Nevertheless,
other studies reported that astrocytes of the 5XFAD mice hippocampus
contained higher levels of GAD67 compared to WT at 6 months o0ld337. We
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therefore speculate that astrocytes try to compensate the loss of GABA by
the interneurons’ death in the hippocampus by increasing GAD65/67

expression (Figure 43).

2
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Figure 43. PV+, PNN and GAD65/67 in the hippocampus of the three different
groups of animals: WT miCT, 5xFAD miCT and 5xFAD miRTP801. Figure
generated with Biorender software.

21. Implications of astrocytic RTP801 in
neuroinflammation

The beginning and progression of neurodegenerative disorders were
postulated to be caused by a multi-component phenomenon known as
"damage signals" in the 2008 publication "Theory of
Neuroimmunomodulation,” which raised the possibility of "multitarget”
therapy for AD. This theory provides a detailed explanation of the series
of molecular events that result from the overactivation of the Cdk5/p35
pathway and microglial dysfunction. The logical search for inflammatory
druggable targets against AD has been made possible by all of these

insights. The body of research demonstrating elevated levels of
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inflammatory markers in AD patients' cerebrospinal fluid (CSF) and
descriptions of CNS changes brought on by senescent immune cells in
neurodegenerative diseases established a conceptual framework within
which the neuroinflammation theory is being questioned from various

perspectives in an effort to create novel treatments for AD338,

One published characterization of the 5XFAD mouse model showed
increases in microglial densities in the cortex of the mice starting at 8
months of age and in the hippocampus starting at 4 months of age.
Immunostaining for S100f reveals markedly higher astrocyte densities in
the brain and hippocampus of 5xFAD animals at 18 months of age as
compared to WT mice. In the hippocampal regions, GFAP+ astrocytes
exhibit S1008 patterns, with increased GFAP* cells visible between the
ages of 8 and 18 months33°. So, we studied astrocytic RTP801 as a possible
therapeutic target to avoid neuroinflammation. We assessed the astro-
and microgliosis in all the mice groups and of microglia cells in the 5xFAD.
All of these neuroinflammatory events were partially or totally rescued by

silencing astrocytic RTP801.

Another mechanism by which RTP801 regulates neuroinflammation is
increasing the expression levels of the inflammasome proteins NLRP3,
NLRP1, pro-caspase-1 and ASC. Previous studies demonstrate that
dismissing its expression is beneficial in the context of AD. For instance,
inhibiting NLRP3 in the TgCRND8 mice model showed fewer insoluble
AP1-42 in mice brains34? and in the brains of 5xFAD mice with the ASC +/-
genotype there was a notable reduction in the number of amyloid
plaques3®*!. To complement the in vivo results, we performed in vitro
experiments using cultures of neurons with a 20% of astrocytes and
demonstrated that even in physiological conditions RTP801 regulates the

levels of NLRP1 inflammasome as knocking down RTP801 leaded to lower
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levels of NLRP1 and overexpression of RTP801 leaded to higher levels of
RTP801 (Annex figures 47-48).

However, these changes in the inflammasome components levels are not
correlated with the cytokines’ levels detected by the Luminex array panel.
Further studies with more sensitive techniques and more animals will be
needed to investigate in depth the role of astrocytic RTP801 in cytokine

production.

We found higher concentrations of OPN and MCSF in the 5xFAD mice
hippocampus compared to WT. According to the literature, improved
cognitive performance is the outcome of genetically ablation of OPN in the
5XFAD mice, which lowers proinflammatory microglia, plaque formation,
and the quantity of dystrophic neurites342. Nonetheless, only CCL3 seems
to be partially normalized by astrocytic RTP801 silencing. CCL3 seems to
be detrimental for hippocampal proper functioning as reported by
Marciniak et al. 2015, they found that CCL3 reduced LTP and impaired

spatial and long-term memory343 (Figure 44).
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Astrocytes # . microglia ﬁ inflammasome ..° cytokines
WT miCT 5xFAD miCT 5xFAD miRTP801

CA1 CA1 CA1

Figure 44. Astrocytes, microglia, inflammasome components and cytokines in
the hippocampus (CA1 and DG) of the WT miCT, 5xFAD miCT and 5xFAD
miRTP801. Figure generated with Biorender software.

Previous studies described the activation of the NF-kB pathway by
RTP801 in macrophages by interacting with and sequestering IkBa34%. In
Miiller glia cells it enhanced IKK-dependent degradation of IkBa34>. Here
we speculate that silencing astrocytic RTP801 could be limiting the NF-xB
pathway in this way reducing the expression of inflammasome

components, which are downstream of NF-kB34°,

Neuroinflammation may also be the cause of the imbalance between
glutamatergic and GABAergic synapses3#’. This is because TNFa causes a
rapid and long-lasting reduction in the inhibitory synaptic strength348,
which affects the homeostasis of neuronal circuits and may make

excitotoxic damage from neuronal insults worse34°.

Considering all the previous results, we propose the following model;
neuroinflammation leads to release of cytokines and reactive oxygen
species (ROS) which can damage neurons. In fact, PV* interneurons are

one of the most sensitive cells to these ROS335. Since we see
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hyperconnectivity, lower levels of GABA and fewer PV+ interneurons in
the hippocampus of the 5XxFAD mouse model of AD, we suspect that
partially suppressing the expression of astrocytic RTP801 is having a
protective effect. Hence, the suppression of astrocytic RTP801 may be
sufficient to correct neuroinflammatory processes, leading to the
observation of considerable memory preservation in the 5xFAD model
(Figure 45). Nevertheless, more studies are needed to reveal the
mechanism behind astrocytic RTP801 regulation of neuroinflammation

and neurodegeneration.
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Figure 45. Proposed model of action of astrocytic RTP801: accumulation of A3
plaques and astrocytic RTP801 in the 5xFAD mice leads to neuroinflammation
and PV+ interneuron death leading to an hyperconnectivity and lower GABA
levels. Figure generated with Biorender software.
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22. Knocking out RTP801 from the equation: effects on a
novel in vitro model of AD

The first CNS organotypic culture was created in 1962350, Subsequently,
brain slices from the hippocampus, substantia nigra, locus coeruleus,
striatum, and basal forebrain have been used to create organotypic
cultures3>1. While tissue explants and organotypic slice cultures provide
an accurate representation of the brain architecture, their inherent
unpredictability makes experimentation with them challenging and
unreproducible352. On the other hand, animal models of AD have been
shown to replicate only Early-onset familial AD, providing incomplete
depictions of human AD pathology. In fact, animal models of AD typically

exhibit only a few clinical traits and lack crucial elements333.

The reductionist methodology of in vitro research provides insight into a
compound's mechanisms of action that may be more challenging to gain
in a "whole-animal study,” which is one of its main advantages. The ability
to control in vitro studies allows for the assessment of the effect on the
target process or structure without the presence of complicating
variables3>4. For these reasons we stablished a new in vitro model
containing neurons, astrocytes and microglia to further study the

mechanism behind astrocytic RTP801 contribution to AD pathology.

Previous studies which pretend to study intercellular crosstalk among the
three major types of cells in the brain have been performed separately and
then put the cultures together in a plate after some days. For instance, a
triculture stablished by to study AD, consist of culturing neurons and glia
independently in separate dishes, when a monolayer of astrocytes was
obtained neurons were plated above at a density of five neurons to two
astrocytes. Six days later, microglia was added to the cultures in a

proportion of one microglia to five neurons33s. These cultures are more
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complex to obtain as the timings are stricter for every cell cultivation
which means that you must control and monitor very tightly the
pregnancy of the animals. Moreover, each cell type comes from different

mice, which involves differences sex segregation and in genes in each cell

type.

Only a triculture of neurons, astrocytes and microglia from the same
animal and in the same dish has been described by Goshi et al 2022,
although they started from the rat cortex3%¢ , to study LPS-induced
neuroinflammation. We adapted the protocol to achieve a hippocampal
mice triculture, in this way continue using our model species Mus

musculus and the part of the brain most affected in AD, the hippocampus.

22.1. Astrocyte characteristics after RTP801 silencing

Reactive astrocytes differ morphologically from normal astrocytes in that
they show specific modifications in process extension towards the
damage site, hypertrophy, elongation, and overlap of certain three-
dimensional structural domains3°’. We observed no changes in the
intensity of GFAP or the number of GFAP~* cells, which is in line with our
in vivo results here we only saw a mild recovery in the GFAP intensity after
silencing astrocytic RTP801. However, the main objective was to assess

changes in astrocytes morphology.

A single astrocyte can contact tens of neurons, hundreds of neuronal
dendrites, and as many as 100,000 individual synapses because to the
extensive network of astrocyte processes. Single astrocytes can also

participate in bidirectional communication with nearby astrocytes3>8,

In our study after A treatment we did not change astrocyte morphology,

meaning that 0,5 uM of A oligomer is enough to affect the number of
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microglia, but not the astrocyte shape. Markedly, we observed that
silencing RTP801 in both conditions’ (controls and after A oligomer
treatment) the ramification of astrocytes is reverted, showing a lower
amounts of secondary processes (Figure 46). We hypothesized, that as
previously mentioned the role of RTP801 in the NF-kB pathway is
influencing this morphology changes. Moreover, reactive morphological
changes that astrocytes undergo in response to pro-inflammatory stimuli,
like lipopolysaccharide (LPS), are mediated via notch signaling. In fact, the
overexpression of Jag-1 by NF-kB is a prerequisite for the effects of LPS on

astrocyte morphology3>°.

Triculture DMSO Triculture AB

Triculture DMSO Triculture AB
+RTP801 KO +RTP801 KO

Figure 46. Morphological changes of astrocytes after knocking out astrocytic
RTP801 in the triculture treated with AB oligomers. Figure generated with
Biorender software.

In fact, astrocytes are activated in a reactive state by STAT3 in 6-month-
old mice 5XFAD mice3%0. In turn, STAT3 phosphorylation is essential for
DDIT4 gene repression3®!, so makes sense that upon STAT3

phosphorylation there is less RTP801 and less astrocyte reactivity.
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The observed reduction in astrocytic secondary processes points to a
possible disruption in cytoskeletal dynamics, which is vital for the
maintenance of astrocyte architecture. Cytoskeletal components such as
actin filaments, intermediate filaments (e.g., GFAP), and microtubules are
known to regulate the branching and stability of astrocyte processes362.
Astrocytic RTP801 may either directly influence cytoskeletal
reorganization or modulate signaling pathways that regulate cytoskeletal

dynamics.

This finding highlights the importance of this protein in maintaining
astrocyte morphology and potentially protecting against AB-induced
neurotoxicity. The structural integrity of astrocytes is crucial for their
function in neuroinflammatory and neuroprotective roles, and the
disruption of their processes may have far-reaching implications in the

context of AD.

22.2. Astrocytic RTP801 responsible for AP oligomer
clearance.

In the present study, we demonstrate that knocking out astrocytic RTP801
in an AD in vitro triculture model effectively reduces the number of A
oligomers, a key pathogenic factor in AD progression. Af oligomers are
widely recognized as neurotoxic entities that contribute to synaptic
dysfunction, cognitive impairment, and neuronal death, which are
hallmarks of AD pathology33. In cultures of hippocampal neurons, A3
oligomers induce a sharp decline in the membrane expression of memory-
related receptors, which is followed by aberrant spine architecture, a drop
in spine density, and a breakdown of synapses3¢4. By targeting RTP801 we
observed a significant decrease in A3 oligomer levels, suggesting that this

protein plays a pivotal role in the accumulation or clearance of these toxic
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aggregates. Controversially, with our results in the 5xFAD where we did
not observed changes in AP plaques load after astrocytic RTP801
silencing. However, in the in vitro experiment, with the Cre recombinase
expression, we knocked out completely the expression of DDIT4 in
astrocytes while in the in vivo experiments the silencing was only about a
30%.

Our findings align with the growing body of evidence that suggests
disrupting specific pathways involved in Af production, aggregation, or
clearance can mitigate AD pathology3¢3. Studies have shown that reactive
astrocytes, microglia, and neurons contribute to the accumulation of Af,
either by directly influencing AB production via the APP processing
pathway or by modulating its clearance from the brain3®. Given that
RTP801 is involved in these processes, its knockdown may enhance A
degradation. Specifically, RTP801 may regulate the activity of enzymes

responsible for cellular pathways critical for A trafficking and clearance.

Moreover, astrocyte dysfunction has been linked to both A3 aggregation
and clearance inefficiency in AD. Reactive astrocytes, when subjected to
AB-related stress, undergo structural and functional changes that can
worsen the accumulation of toxic AP oligomers3®, as previously seen the
astrocyte morphology changes after silencing astrocytic RTP801. The
reduction in AB oligomers upon knocking out RTP801 might also reflect
an indirect improvement in astrocyte function. Previous studies have
highlighted that astrocytes possess AB-clearing mechanisms via
endosomal-lysosomal pathways3¢7, and it is plausible that RTP801
interacts with these pathways to regulate A turnover. By reducing the
burden of A oligomers, astrocytes may restore their supportive roles in

synaptic maintenance and neuroprotection.
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Interestingly, other studies have found that targeting Af oligomers
specifically yields significant cognitive improvements in AD models3¢8.
Our findings support these observations, showing that reducing
oligomeric AB forms through RTP801 knock out could present a
promising therapeutic approach. Lower A oligomer levels correlate with
decreased neuroinflammation and oxidative stress, both of which are
crucial mediators of neurodegeneration in AD3%°. Thus, modulating
RTP801 activity not only addresses the root of AB aggregation but also
appears to mitigate downstream consequences that exacerbate AD

pathology as reported in the in vivo experiments of this thesis.

The observed reduction in AB oligomers opens avenues for further
exploration into how astrocytic RTP801 may interact with A clearance
pathways such as those involving low-density lipoprotein receptor-
related protein 1 (LRP1)370 or receptor for advanced glycation end
products (RAGE)37L. Understanding these interactions will be critical for
developing more targeted therapies aimed at halting or reversing AD

progression.

Future research should focus on delineating the molecular pathways
involved and assessing the long-term effects of this intervention on
cognitive function and disease progression. Given the complex nature of
AD, a multi-targeted approach that includes modulating astrocytic
RTP801 may enhance therapeutic efficacy and lead to better outcomes for

patients suffering from this devastating disorder.
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10.

The 5xFAD mouse model of Alzheimer disease presented higher
levels of astrocytic RTP801 in hippocampus.

Normalizing the levels of astrocytic RTP801 prevents cognitive
decline and restores anxiety-like behavior typical of WT mice.
Silencing astrocytic RTP801 mildly restores the number of DGCs with
only one apical dendrite.

Resting-state functional connectivity is preserved by knocking down

astrocytic RTP801 in 5xFAD mice.

Astrocytic RTP801 mediates the loss of Parvalbumin* interneurons,

negatively affecting the levels of GABA in the 5xFAD mice model.

Astrocytic RTP801 my contribute to the PNN production in

hippocampus of 5xFAD mice.

Astrocytic RTP801 contributes to astro- and microgliosis in the

5xFAD mouse model.

Silencing astrocytic RTP801 changes the inflammasome protein

levels but does not change the cytokine profile of the 5xFAD mice.

Complete silencing of astrocytic RTP801 diminishes the complexity

of astrocytes morphology

Knocking out astrocytic RTP801 diminished the number of AB

oligomers in a novel triculture model of AD.
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ANNEX

23. RTP801 regulates astrocytic NLRP1 levels in vitro

We wondered whether astrocytic RTP801 could regulate inflammation
related proteins in physiological conditions. We studied the capability of
RTP801 to regulate NLRP1 levels in astrocytes and in basal conditions.

First, we characterized our primary rat culture of neurons and observed
that there were a 90% of neurons (MAP2* cells) and 10% of astrocytes
(GFAP* cells). (Figure 47).
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Figure 47. Characterization of neuronal cultures. (A) Immunocytochemistry for MAP-2
(green) was performed to visualize neurons and for GFAP (red), to visualize astrocytes.
Hoechst 33342 (blue) was used to visualize nuclei. Representative culture fields are shown (B)
Quantification of MAP-2 positive cells vs. GFAP positive cells. Values represent culture
replicates of two independent neuronal cultures (mean +SEM). Data was analyzed by Student’s
T-test (****P<0.0001 vs. MAP-2+). Obtained from Solana-Balaguer |. dissertation.

At DIV14 we knock down RTP0801 in the whole culture transducing the
culture with lentiviral particles containing the vectors pLL3.7-shCT
(control) or pLL3.7-shRTP801. We checked the levels of the
inflammasome protein NLRP1 specifically on transduced astrocytes, by
immunocytochemistry, under these two conditions. Surprisingly, we
observed lower relative intensity (%) of NLRP1 in astrocytes after
RTP801 silencing (Figure 48).
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Figure 48. RTP801 regulates levels of NLRP1 in astrocytes. RTP801 was knocked down
in hippocampal astrocytes with lentiviral particles. Cells were subjected to
immunofluorescence analysis. GFP as an indicator of infected cells (green), GFAP (grey) and
NALP1 (red). Scale bar of 10 um. Intensity was measured with Image] software and data was
analyzed by two-way ANOVA (*P<0.05). Values represented different astrocytes (>5 per
experiment) from three independent cultures and are represented as mean + SEM(n=3).

Afterwards, we performed the same experiment however overexpressing
RTP801. This time, the culture was transduced with lentiviral particles
containing the FUGWm-eGFP (control) or the FUGWm eGFP-RTP801 to
overexpress RTP801 in the whole primary culture. We observed the
opposite effect seen after silencing. Under these conditions the levels of
the inflammasome protein NLRP1 were increased after overexpressing

RTP801 in transduced astrocytes (Figure 49).
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Figure 49. RTP801 regulates levels of NLRP1 in astrocytes. RTP801 overexpressed in
hippocampal astrocytes with lentiviral particles. A) Cells were subjected to
immunofluorescence analysis. GFP as an indicator of infected cells (green), GFAP (grey) and
NALP1 (red). Scale bar of 10 um. Intensity was measured with Image] software and data was
analyzed by two-way ANOVA (**P<0.01). B) NLRP1 relative intensity (%) quantification.
Values represented different astrocytes (>5 per experiment) from three independent cultures
and are represented as mean * SEM(n=3).
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These results suggest that RTP801 in astrocytes is somehow regulating
the levels of the inflammasome protein NLRP1 in physiological
conditions. However, as this primary culture contains around a 90% of
neurons and RTP801 was silenced in the whole culture we do not discard
that this effect is also regulated by neuron intercommunication with

astrocytes.

In neurodegenerative diseases, like Alzheimer’s disease the levels of
RTP801 are higher, as well as the levels of NLRP1 in astrocytes. As
depicted in our results it seems that RTP801 is regulating inflammasome

levels even in the absence of inflammation.
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