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SUMMARY

With the aging population, the rising burden of neurodegenerative diseases presents a critical
public health issue, potentially resulting in an unsustainable social and economic burden if
current trends continue. Strikingly, most of these diseases lack a cure or even and effective
treatment that improves the quality of life for affected individuals. A hallmark of
neurodegenerative disorders is synaptic dysfunction, which arises despite neuronal loss and
is driven by the accumulation of misfolded proteins, all leading to molecular, circuitry, and
functional impairments (Palop & Mucke, 20106). Yet, the exact mechanisms driving these
specific alterations are still not fully understood. This highlights the need for a deeper
understanding of these diseases and, more importantly, the urgent need for novel therapeutic

strategies, potentially based on modulating brain plasticity.

In the context of this thesis, we focused in two neurodegenerative diseases, Huntington’s
Disease (HD) and Alzheimer’s Disease (AD). HD is an autosomal-dominant, genetic,
neurodegenerative disorder characterised by progressive degeneration of striatal and cortical
regions of the brain (Huntington, 2003; Walker, 2007). The disease manifests with motor
deficits such as chorea, dystonia, and incoordination, alongside cognitive decline and
psychiatric impairments. HD is caused by a mutation in the huntingtin (HT'T) gene, with an
expanded CAG trinucleotide repeat resulting in a mutant form of huntingtin (mHTT) that
leads to neurodegeneration (The Huntington’s Disease Collaborative Research Group,
1993a). HD is marked by selective neuronal loss and impaired synaptic plasticity, particularly
in the cortex and striatum, with medium spiny neurons being especially vulnerable (Vonsattel
& DiFiglia, 1998). Disruption of the cortico-striatal pathway, which plays a critical role in
motor and cognitive functions, contributes to the disease’s symptoms (Cepeda et al.,
2007).AD, on the other hand, is the leading cause of dementia, characterised by progressive
memory decline and impairments in language, executive function, and visuospatial skills
(Scheltens et al., 2021; Stelzmann et al., 1995). AD is classified into familial, caused by
mutations in genes like APP, PSENT1, and PSEN1 with earlier onset accounting for less than
0.5% of cases, and sporadic AD, present in 99,5% of cases and influenced by genetic,
environmental, and lifestyle factors (Bateman et al.,, 2011; Bertram et al.,, 2010). AD is
characterised by amyloid plaques, tau tangles, and neuroinflammation. Synaptic dysfunction,
particularly in the hippocampus, correlates strongly with cognitive decline in AD (Querfurth
& LaFerla, 2010). Therefore, synaptic plasticity is an early alteration in both diseases,
underscoring the need to develop therapeutic strategies that specifically target these early

changes.

Synaptic plasticity is the mechanism by which synaptic connections in the brain are
strengthened or weakened in response to various stimuli. Impairments in this process are
one of the main characteristics in HD and AD, contributing significantly to the functional
deficits observed in these conditions (J. Y. Li et al., 2003; Selkoe, 2002). In long term synaptic
plasticity, activation of receptors by neurotransmitters triggers signalling pathways that

enhance synaptic strength, usually associated to calcium influx. A key component of this
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strengthening is the insertion of new receptors into the postsynaptic membrane, a process
that requires protein kinases and local protein synthesis. Besides calcium, another key
signalling molecule sustaining plasticity is cyclic adenosine monophosphate (cAMP). cAMP
is modulated by metabotropic receptor activity, and among diverse targets, activates protein
kinase A (PKA), which phosphotylates transcription factors like CREB, initiating gene
expression required for long-term synaptic modifications (Benito & Barco, 2010).
Furthermore, the cAMP-PKA pathway is essential for establishing structural changes in
synapses, and its activation has been linked to enhanced synaptic plasticity in various brain
regions (C. C. Huang & Hsu, 2006; Nguyen & Kandel, 1997). Additionally, astrocytes also
contribute to synaptic plasticity. However, the mechanisms underlying cAMP contribution
to synaptic plasticity are not yet completely understood, neither its specific role in neurons

or astrocytes.

Indeed, alterations in cAMP signalling are increasingly linked to aging and neurodegenerative
diseases such as HD and AD (Kelly, 2018). Both the cortico-striatal pathway in HD and the
hippocampus in AD show disruptions in the cAMP-PKA signalling pathway. In HD,
decreased cAMP signalling in the cortex and striatum and increased in the hippocampus have
been reported, although with controversies around it. In AD, it is more well-established that
cAMP signalling is decreased in the hippocampus, playing a key role in the development of
the dementia-related pathology. Due to the still controversial knowledge of cAMP in
HD, and the known importance of the cortex in the disease, our first objective is to
characterise the disruptions in cortical cAMP signalling and behaviour in the R6/1

mouse model for the disease.

Therefore, approaches aimed at enhancing synaptic plasticity through cAMP signalling
modulation hold potential for mitigating or delaying network dysfunction associated with
neurodegenerative disorders such as HD and AD. In this regard, optogenetic tools provide
precise control of biological mechanisms through light-sensitive proteins. Particularly,
photoactivated adenylyl cyclases (PACs) are enzymes that elevate cAMP levels in response
to light stimulation, initiated by an AC domain coupled to a photoreceptor module (Iseki &
Park, 2021). Among these, DAPAC is a recently optimised PAC that regulates cAMP in
response to red light (Stiven et al, 2018). Originally developed in bacteria, DAPAC
demonstrated a stronger light response compared to other red-light-sensitive PACs.
Howevert, its application in brain cells and 7z vivo remains unexplored. Considering red light's
ability to penetrate tissues with minimal scattering, it is well-suited for non-invasive
applications. Given the promising potential of DdPAC as a novel optogenetic tool for
modulating cAMP, our second objective is to establish its use for non-invasive

modulation of synaptic plasticity in vivo.

Further, considering the distinct regional vulnerabilities and pathophysiological differences
between HD and AD, which may impact cAMP modulation and synaptic plasticity, our third
objective is to restore physiological function through light-driven DdPAC
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stimulation in mouse models of both diseases. Importantly, the focus will be set on the
regions most affected in each condition, specifically targeting the striatum and cortex in HD,

and hippocampus in AD.

In light of this information, the main aim of this thesis is to restore physiological
function in neurodegenerative diseases by modulating brain plasticity through light-

induced activation of DdPAC-mediated cAMP signalling in specific brain circuits.

To achieve our first objective and characterise the distuptions in cortical cAMP
signalling and behaviour in the R6/1 mouse model of Huntington’s Disease, we first
assessed cortical cAMP alterations during cortico-striatal behaviours in R6/1 mice. To
investigate cAMP dynamics, we performed fibre photometry recordings of the GFlamp-1
sensor, a novel cAMP sensor, in M2 cortical neurons of 14-week-old and 20-week-old WT
and R6/1 male and female mice during the beetle-mania (BMT) and accelerating rotarod
(ARR) tasks. First, we evaluated cAMP dynamics during the BMT and observed an increase
of cAMP levels in both WT and R6/1 mice upon the introduction of the beetle. Despite
R6/1 mice already exhibiting altered behaviour during the test, no genotype differences in
cAMP levels were detected. These data revealed the involvement of neuronal cAMP
signalling during the BMT, with minimal alterations in R6/1 mice. Then, to further
understand the contribution of cAMP signalling to M2-cortex related tasks, we explored
cAMP dynamics during the ARR. Our results were in line with what we observed during the
BMT, as both neuronal cAMP levels from WT and R6/1 mice increased with the start of the
task. In contrast of our BMT results, in this case we observed an aberrant overactivation of
the M2-cortex in R6/1 mice. Lastly, to better understand if alterations in cAMP activity
during M2-cortex related tasks are more prominent at later stages of disease progression, we
repeated the BMT in the same cohort of mice at 20 weeks, when mice are fully symptomatic.
At this age, we were still able to observe an increase in neuronal cAMP in both WT and R6/1
mice upon the introduction of the beetle. However, the increase in cAMP was significantly
diminished in R6/1 mice. Altogether, these results highlight the contribution of neuronal
cAMP in M2-cortex related task and display alterations in HD.

Due to the critical role of M2-cortex in HD pathophysiology, we also aimed to determine if
additional symptoms associated with cortico-striatal dysfunction emerge at carly disease
stages of the disease in the R6/1 mouse model. To accomplish this, we selected two
behavioural tests, namely the adhesive removal test and the marble-burying test, both related
with the M2-cortex and the cortico-striatal pathway, and then performed them longitudinally
from 4 to 16-week-old mice. In the removal adhesive test, which is related to the M2-cortex-
somatosensory cortex-striatum pathway, we observed fine motor deficits as eatly as 8 weeks,
while somatosensory deficits appeared at 16 weeks. In the marble burying test, which is
related to the M2-cortex-orbitofrontal cortex-striatum pathway, we observed anhedonia-like
behaviour from 8 weeks. These data indicated that cortico-striatal dysfunction emerges at

very early timepoints, highlighting the potential for early therapeutic interventions.
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Overall, findings from the first objective indicate that M2 cortex-related cortico-striatal
dysfunction emerges at early disease stages, underscoring the potential for early therapeutic
interventions. Since neuronal cAMP signalling is remains responsive in behaving mice, it it
is unlikely to underlie the M2-related behavioural deficits, suggesting that alternative

mechanisms may be responsible for these impairments.

To accomplish our second objective and implement DdPAC as a novel optogenetic
tool to non-invasively modulate synaptic plasticity through cAMP signalling, we first
aimed to establish a minimally or non-invasive method for the delivery of DdPAC in the
brain by using AAVs constructs. Thus, we designed GFP constructs under three different
promoters (CAG, CamKllIa, and FLEXon), and administered them using two different AAV
serotypes (AAV9 and PHP.eB), into two different mouse strains (C57BL/6] and B6CBA),
and via three delivery routes, from more to less invasive (intra-cranial, retro-orbital, and
intranasal). In summary, GFP expression was detected in various brain regions and specific
cell types following retro-orbital injection of PHP.eB and AAV9 constructs, with the PHP.eB
serotype exhibiting broader infection. Furthermore, we were able to express PHP.eB
constructs in C57BL/6] and B6CBA mouse strains, and specifically to our R6/1 mouse
model. Retro-orbital injection in A2a Cre mice resulted in region-specific transduction of the
virus, demonstrating its potential to target specific circuits. Nevertheless, GFP fluorescence
was not observed in any of the cases after intranasal administration. These results highlight
retro-orbital injection as a minimally invasive approach for efficiently targeting brain regions
across various cell types and mouse strains, offering an alternative to stereotaxic surgery.
However, additional research on viral capsid modifications is required to facilitate neural cell

infection through intranasal administration.

To continue with our objective, we next characterised the cell-type-specific DdPAC
stimulation effects in the brain. Accordingly, we first aimed to investigate if DAPAC-
mediated cAMP modulation was able to enhance synaptic plasticity. Therefore, we injected
DdPAC under the CamKIIa or GFAP promoters into the cortex to selectively express it in
neurons and astrocytes, followed by multi-electrode array recordings. Red-light illumination
enhanced neuronal potentiation in both neuronal and astrocytic-driven DAPAC activation,
though the effect was more pronounced when DdPAC was activated in astrocytes. Thus, the
following experiments of this objective were focused on investigating DAPAC activation in
cortical astrocytes. Thereby, we further characterised the mechanism underlying this
potentiation, demonstrating that DdPAC-mediated cAMP increase is PKA- and NMDAR-
dependent, but calcium-independent, requires synaptic activity, and induces glutamate
gliotransmission. To gain deeper insights into the 7 vivo effects of astrocytic DAPAC
activation, we performed phospho-proteomics and proteomics analyses. Our omics data
validated the involvement of the cAMP-PKA signalling pathway in astrocytic DAPAC-
mediated effects, further supported its main role in synaptic plasticity, while also revealing a

broad brain effect of astrocytic activation.
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Collectively, the data from the second objective position DdPAC as a powerful tool for
modulating synaptic plasticity in the brain through targeted manipulation of the cAMP-PKA
pathway in astrocytes, while also establishing a robust, minimally invasive method for its 7

vivo application.

Finally, we pursued our third objective of restoring physiological function through
light-driven DdPAC stimulation in mouse models of HD and AD. We began by
investigating the functional effects of astrocytic DAPAC activation in the two most affected
regions in HD, the cortex and striatum. To this end, DAPAC was injected into cortical or
striatal astrocytes of the R6/1 mouse model to assess its ability to modulate brain function.
First, in cortical DAPAC stimulation experiments, we examined hemodynamic changes using
a light scattering imaging technique, followed by an evaluation of motor-related behaviour.
Hemodynamic analysis revealed cortical overactivation following acute DdPAC activation in
cortical astrocytes of R6/1 mice, a response not observed in wild-type (WT) mice. Moreovet,
repeated DAPAC stimulation in cortical astrocytes impaired coordination in R6/1 mice, as
indicated by the vertical pole test, while enhancing motor learning in WT mice, assessed by
the ARR. Notably, post-mortem analysis revealed increased GFAP expression only in WT
mice after repeated stimulation and behavioural assessments. Next, we examined motor-
related behaviour following DAPAC stimulation in striatal astrocytes. In this case, astrocytic
DdPAC-mediated cAMP modulation impaired coordination in both WT and R6/1 mice,
while sparing motor learning. Additionally, GFAP expression was elevated in both WT and
R6/1 mice. Taken together, these results suggest that astrocytic DAPAC modulation varies
depending on the brain region and molecular context, leading to distinct outcomes in the
cortex and striatum of WT and R6/1 mice. Moreover, our data suggest that increased cAMP
levels in astrocytes are detrimental in HD; therefore, strategies aimed at specifically reducing

astrocytic cAMP may offer greater therapeutic potential for the disease.

In parallel, we investigated the effects of DdPAC-mediated cAMP signalling in neurons and
astrocytes of the hippocampus, the most affected region in AD. For this purpose, we injected
DdPAC into hippocampal neurons and astrocytes from WT and 5xFAD mice, followed by
histological and proteomic analyses. Notably, histological analyses revealed a reduction in
GFAP expression and amyloid-3 deposits in the hippocampus where DdPAC was activated
in astrocytes, but not where DdPAC was activated in neurons. Proteomic analysis of
DdPAC-activated astrocytes revealed a response primarily associated with glial activation and
immune processes, as well as synaptic plasticity, whereas neuronal activation predominantly
influenced synaptic plasticity. In both cases, cytoskeletal regulation emerged as a key
function, though the implicated proteins differed between neurons and astrocytes.
Additionally, the effects of DAPAC activation in either neurons or astrocytes varied between
WT and 5xFFAD mice, indicating a differential effect dependent on the molecular context.
These findings further support the notion that the effects of DAPAC modulation are

dependent on brain region, molecular context, and cell type specificity.
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In summary, this thesis provides new insights into the cAMP pathway in synaptic
plasticity and neurodegenerative disorders. First, our data demonstrates the involvement
of neuronal cAMP in M2 cortical behaviours and reveal altered neuronal cAMP dynamics in
HD mice. Additionally, we identify ecatly motor and psychiatric M2-cortex-related
impairments, highlichting the potential for early therapeutic interventions. To facilitate in
vivo application, we establish a minimally invasive method for AAV delivery that successfully
achieves transgene expression in specific cell types and mouse strains. Notably, we uncover
the capacity of DdPAC-mediated cAMP signalling modulation to enhance synaptic plasticity
in the cortex, particularly when activated in astrocytes. In the context of neurodegeneration,
DdPAC activation in HD and AD models produces differential effects: in HD, cortical
astrocyte activation improves motor learning in WT but impairs coordination in HD mice,
while striatal astrocyte activation distupts coordination in both. In AD, increasing cAMP in
hippocampal astrocytes reduces astrogliosis and AP deposits, whereas neuronal activation
decreases microglial reactivity. Proteomic analysis of hippocampal samples reveals distinct
DdPAC-driven proteomic changes in neurons and astrocytes, as well as between WT and
AD mice, linking cAMP-PKA pathway activation to synaptic plasticity and immune

responses.

In conclusion, this thesis reveals new roles for cAMP signalling and propose it as a
promising therapeutic target for neurodegenerative diseases. Our results show that
DdPAC-mediated modulation of cAMP in both neurons and astrocytes profoundly affects
neuronal plasticity, with astrocytic cAMP-PKA modulation producing more widespread
effects. Additionally, our findings highlight the importance of brain region and molecular
context in shaping the outcomes of cAMP modulation, as DAPAC activation produces
distinct effects in the cortex, striatum, and hippocampus, which vary depending on the
disease state. Ultimately, we provide strong evidence for DAPAC as a versatile tool to
modulate cAMP-PKA signalling, with potential applications in neuroscience research and

therapeutic development.

Key words: cAMP, Synaptic Plasticity, Optogenetics, Huntington’s Disease, Alzheimer’s
Disease, Mouse models
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Amb l'envelliment de la poblacié, les malalties neurodegeneratives representen un problema
creixent de salut publica, que podria derivar en una carrega social 1 economica insostenible si
les tendencies actuals persisteixen. Sorprenentment, la majoria d’aquestes malalties no tenen
cura ini tan sols un tractament efectiu que millori la qualitat de vida de les persones afectades.
Una caracteristica distintiva dels trastorns neurodegeneratius és la disfuncié sinaptica, que
apareix tot i 'abséncia de perdua neuronal, i esta provocada per 'acumulacié de proteines
mal plegades, la qual cosa condueix a alteracions moleculars, de circuits i funcionals (Palop
20006). No obstant aixo, els mecanismes exactes que provoquen aquestes alteracions
especifiques encara no es comprenen del tot. Aixo posa de manifest la necessitat d’aprofundir
en la comprensié d’aquestes malalties i, encara més important, la necessitat urgent de
desenvolupar noves estrategies terapéutiques, potencialment basades en la modulacié de la

plasticitat cerebral.

En aquesta tesi, ens hem centrat en dues malalties neurodegeneratives: la malaltia de
Huntington (MH) i la malaltia d’Alzheimer (MA). La MH és un trastorn neurodegeneratiu
genetic autosomic dominant, caracteritzat per una degeneracié progressiva de les regions
estriatals i corticals del cervell (Huntington, 2003; Walker, 2007). La malaltia es manifesta
amb deficits motors com la corea, la distonia i la descoordinacio, aixi com amb deteriorament
cognitiu 1 alteracions psiquiatriques. La MH esta causada per una mutaci6 en el gen de la
huntingtina (H1T), amb una repeticié expandida del triplet CAG que dona lloc a una forma
mutada de la proteina huntingtina (mHTT), la qual condueix a la neurodegeneracié (The
Huntington’s Disease Collaborative Research Group, 1993a). La MH es caracteritza per una
perdua neuronal selectiva i una plasticitat sinaptica deteriorada, especialment en Iescorca
cerebral 1 Destriat, on les neurones espinoses mitjanes sén especialment vulnerables
(Vonsattel & DiFiglia, 1998). La disrupcié de la via escorca-estriat, que té un paper
fonamental en les funcions motores i cognitives, contribueix als simptomes de la malaltia
(Cepeda et al., 2007). I’MA, per la seva banda, és la causa principal de demeéncia i es
caracteritza per un deteriorament progressiu de la memoria, aixi com per alteracions del
llenguatge, la funcié executiva i les habilitats visuoespacials (Scheltens et al., 2021; Stelzmann
etal., 1995). L’MA es classifica en familiar, causada per mutacions en gens com APP, PSEN1
i PSEN2, amb un inici preco¢ que representa menys del 0,5% dels casos, i MA esporadica,
que representa el 99,5% dels casos 1 esta influida per factors genctics, ambientals i d’estil de
vida (Bateman et al., 2011; Bertram et al., 2010). I’MA es caracteritza per la presencia de
plaques amiloides, cabdells neurofibril-lars i neuroinflamacié. La disfuncié sinaptica,
especialment a ’hipocamp, es correlaciona de manera directe amb el deteriorament cognitiu
observat en 'MA (Querfurth & LaFerla, 2010). Per tant, la plasticitat sinaptica constitueix
una alteracié primerenca en ambdues malalties, fet que destaca la necessitat de desenvolupar

estrategies terapeutiques que especificament es focalitzin en aquests canvis inicials.

La plasticitat sinaptica és el mecanisme mitjancant el qual les connexions sinaptiques al cervell
s’enforteixen o s’afebleixen en resposta a diversos estimuls. Les alteracions en aquest procés

constitueixen una de les principals caractetistiques de la MH i la MA, contribuint de manera
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significativa als deficits funcionals observats en aquestes patologies (J. Y. Li et al., 2003;
Selkoe, 2002). En la plasticitat sinaptica a llarg termini, ’activacié dels receptors per
neurotransmissors desencadena vies de senyalitzacié que afavoreixen 'enfortiment sinaptic,
sovint associades a 'entrada de calci. Un component clau d’aquest enfortiment ¢és la insercié
de nous receptors a la membrana postsinaptica, un procés que requetreix l'activitat de
proteines quinases 1 la sintesi local de proteines. Més enlla del calci, una altra molécula de
senyalitzacié fonamental pel manteniment de la plasticitat és el monofosfat d’adenosina ciclic
(AMPc). I’AMPc és modulat per I'activitat de receptors metabotropics i, entre multiples
dianes, activa la proteina quinasa A (PKA), la qual fosforila factors de transcripcié com
CREB, iniciant aixi Pexpressié genica necessaria per a les modificacions sinaptiques a llarg
termini (Benito & Barco, 2010). A més, la via de senyalitzacié6 AMPc-PKA és essencial per
establir canvis estructurals a les sinapsis, i la seva activacié s’ha associat amb una plasticitat
sinaptica enfortida en diverses regions cerebrals (C. C. Huang & Hsu, 2006; Nguyen &
Kandel, 1997). Paral-lelament, els astrocits també contribueixen a la plasticitat sinaptica. No
obstant aixo, els mecanismes pels quals ’AMPc participa en la plasticitat sinaptica encara no

s’han compres del tot, ni tampoc el seu paper especific en neurones o astrocits.

De fet, les alteracions en la senyalitzacié de ’AMPc estan sent cada vegada més relacionades
amb Penvelliment i amb malalties neurodegeneratives com MH i MH (Kelly, 2018). Tant la
via escorga-estriat en MH com I’hipocamp en MH mostren disrupcions en la via de
senyalitzaci6 AMPc-PKA. En el cas de la MH, s’ha descrit una disminuci6 de la senyalitzacié
de PAMPc en lescorca i Pestriat, i un augment a ’hipocamp, tot i que aquests resultats
continuen sent controvertits. En canvi, en la MH esta més ben establert que la senyalitzacid
d’AMPc disminueix a ’hipocamp, contribuint de manera clau al desenvolupament de la
patologia associada a la demencia. Davant les controversies sobre el paper d’AMPc en
MH, i considerant la gran importancia de I’escorca en aquesta malaltia, el nostre
primer objectiu és caracteritzar les alteracions en la senyalitzacié d’AMPc i el

comportament associat amb I’escorga del model muri R6/1 per a la malaltia.

Per tant, estrategies dirigides a potenciar la plasticitat sinaptica mitjancant la modulacié de la
senyalitzacié de PAMPc podrien tenir un gran potencial per mitigar o retardar la disfuncié de
xarxes neuronals associada a trastorns neurodegeneratius com la MH i la MA. En aquest
sentit, les eines optogenctiques permeten un control precis de mecanismes biologics
mitjangant proteines sensibles a la llum. Particularment, les adenilat ciclases fotoactivades
(PACs) s6n enzims que augmenten els nivells d’AMPc en resposta a la llum, mitjancant un
domini d’adenilat ciclasa acoblat a un modul fotorreceptor (Iseki & Park, 2021). Entre
aquestes, la DAPAC és una PAC recentment optimitzada que regula els nivells I’AMPc en
resposta a llum vermella (Stiven et al., 2018). Desenvolupada inicialment en bacteris, la
DdPAC ha demostrat una resposta a la llum més potent en comparacié amb altres PACs
sensibles a la llum vermella. No obstant aixo, la seva aplicacié en cel-lules cerebrals 1 22 vivo
encara no ha estat explorada. Considerant la capacitat de la llum vermella per penetrar

en els teixits amb una dispersié minima, DdPAC representa una eina prometedora
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per a aplicacions no invasives. Per tant, el nostre segon objectiu és establir I’us de
DdPAC com a eina optogenética per modular la plasticitat sinaptica in vivo, de

maneta no invasiva.

Draltra banda, donada la vulnerabilitat regional i les diferéncies patofisiologiques observades
entre MH ila AD, que poden afectar a la modulacié ’AMPc i plasticitat sinaptica, el nostre
tercer objectiu és restaurar la funci6 fisiologica mitjangant ’estimulacié luminica de
DdPAC en models murins de totes dues malalties. En aquest cas, I’atenci6 se centrara
en les regions més afectades en cada patologia: Pestriat i 'escorc¢a en el cas de la MH, 1

I’hipocamp en la MA.

Tenint en compte aquesta informacio, I'objectiu principal d'aquesta tesi és restaurar
la funci6 fisiologica en malalties neurodegeneratives mitjancant la modulacié de la
plasticitat cerebral a través de l'activacié luminica de la senyalitzaci6 d’AMPc,

mediada per DdPAC, en circuits cerebrals especifics

Per assolir el nostre primer objectiu i caracteritzar les alteracions en la senyalitzacid
d’AMPc i el comportament relacionat amb ’escor¢a en el model muri R6/1 de la
malaltia de Huntington, primer vam avaluar les alteracions d’AMPc en P'escorca durant
tasques de comportament relacionades amb la via escorca-estriat en ratolins R6/1. Per
investigar la dinamica d’AMPc, vam realitzar enregistraments de fibre photometry utilitzant el
sensor GFlamp-1, un nou sensor d’AMPc, en neurones de escorca M2 de ratolins mascles
i femelles WT i R6/1 de 14 i 20 setmanes d’edat, durant les tasques de beetle-mania (BMT) i
rotarod accelerant (ARR). Primer vam avaluar la dinamica d’AMPc durant la BMT, observant
un increment dels nivells I’AMPc tant en els ratolins WT com en els R6/1 després de la
introducci6 de 'escarabat. Malgrat que els ratolins R6/1 ja mostraven un comportament
alterat durant el test, no es van detectar diferéncies en els nivells d’AMPc entre els genotips.
Aquestes dades revelen la implicacié de la senyalitzacié neuronal d’AMPc durant la BMT,
amb alteracions minimes en els ratolins R6/1. Posteriorment, per entendre millor la
contribucié d’AMPc en tasques relacionades amb I'escor¢a M2, vam explorar la dinamica
d’AMPc durant ’ARR. Els nostres resultats estaven en linia amb els observats durantla BMT,
ja que els nivells d’AMPc neuronal tant en ratolins WT com R6/1 augmentaven amb linici
de la tasca. A diferencia dels resultats obtinguts amb la BMT, en aquest cas vam observar
una sobre-activacié aberrant de 'escor¢a M2 en els ratolins R6/1. Finalment, per esbrinar si
les alteracions en lactivitat ’AMPc durant tasques relacionades amb M2 sé6n més evidents
en etapes més avancades de la malaltia, vam repetir la BMT en la mateixa cohort de ratolins
ales 20 setmanes, quan els animals sén plenament simptomatics. A aquesta edat, encara vam
poder obsetvar un augment d’AMPc neuronal en WT i R6/1 després de la introduccié de
P’escarabat. No obstant aixo, aquest increment fou significativament menor en els ratolins
R6/1. En conjunt, aquests tresultats destaquen la implicacié d’AMPc neuronal en tasques

relacionades amb ’escor¢a M2 i mostren alteracions en el context de la MH.



RESUM

Atesa la importancia critica de I'escorca M2 en la fisiopatologia de la MH, també vam voler
determinar si sorgeixen simptomes addicionals associats a la disfuncié escorc¢a-estriat en les
primeres etapes de la malaltia en el model R6/1. Per fer-ho, vam seleccionar dues proves
conductuals, el adbesive removal test 1 el marble-burying tfest, ambdues relacionades amb 'escorca
M2 i la via escorca-estriat, 1 les vam dur a terme longitudinalment des de les 4 fins a les 16
setmanes d’edat. En el adbesive removal test, relacionat amb la via escorca M2—escorca
somatosensorial—estriat, vam observar deéficits motors des de les 8 setmanes, mentre que els
deficits somatosensorials van apareixer a les 16 setmanes. En el marble-burying test, relacionat
amb la via escorca M2—escorga orbitofrontal—estriat, vam observar un comportament similar
a Panhedonia des de les 8 setmanes. Aquestes dades indiquen que la disfuncié de la via
escor¢a-estriat sorgeix en estadis molt primerencs, remarcant el potencial de les intervencions

terapeutiques precoces.

Globalment, els resultats d’aquest primer objectiu indiquen que la disfuncié de la via escorca-
estriat relacionada amb P'escorca M2 emergeix en estadis inicials de la malaltia, destacant el
potencial de les intervencions terapeutiques en fases primerenques. Ates que la senyalitzacié
d’AMPc neuronal es manté funcional en ratolins amb comportament alterat, és poc probable
que sigui la responsable directa dels deéficits conductuals relacionats amb M2, suggerint que

altres mecanismes podrien estar involucrats.

Per assolir el segon objectiu i implementar la DAPAC com a nova eina optogencética
per modular la plasticitat sinaptica de manera no invasiva a través de la senyalitzacio
d’AMPc, primer vam voler establir un métode minimament invasiu per a la seva
administracio6 al cervell a través de vectors AAV. Per aixo, vam dissenyar constructes virics
amb GIP sota tres promotors diferents (CAG, CamKlla i FLEXon), i les vam administrar
utilitzant dos serotips d’AAV (AAVY i PHP.eB), en dues soques de ratolins diferents
(C57BL/6] i BGCCBA), i mitjancant tres vies d’administracio, de més a menys invasiva (intra-
cranial, retro-orbital i intra-nasal). En resum, expressié de GFP es va detectar en diverses
regions cerebrals i en tipus cel-lulars especifics després de la injeccio retro-orbital dels vectors
PHP.eB i AAVY, mostrant el serotip PHP.eB una infecci6 més amplia. A més, vam
aconseguir expressar els constructes virics de PHP.eB en dues soques murines i
especificament en el nostre model R6/1. A més, la injecci6 retro-orbital en ratolins A2a-Cre
va resultar en una transducci6 regional especifica, demostrant el seu potencial per dirigir
circuits especifics. Tanmateix, no es va observar fluorescencia de GFP després de
'administracié intra-nasal en cap dels casos. Aquests resultats posen de manifest la injecci6
retro-orbital com una via minimament invasiva per arribar a regions cerebrals de manera
eficient 1 en diferents tipus cellulars i soques de ratolins, oferint una alternativa a la cirurgia
estereotaxica. No obstant aixo, cal recerca addicional sobre la modificacié de capsides virals

per facilitar la infeccié de cel-lules neurals via administracié intra-nasal.

Per continuar amb aquest objectiu, vam caracteritzar els efectes de I'activacié de DAPAC en
tipus cel'lulars especifics del cervell. En primer lloc, vam investigar si la modulacié de AMPc

mitjancant DAPAC era capag¢ d’afavorir la plasticitat sinaptica. Per aixo, vam injectar DdPAC
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sota els promotors CamKIIa o GFAP al’escorca per expressar-la selectivament en neurones
1 astrocits, respectivament, i posteriorment vam realitzar enregistraments amb matrius
d’electrodes multiples (MEAs). La il-luminacié amb llum vermella va aconseguir potenciar
Pactivitat neuronal tant en 'activacié neuronal com astroglial de la DAPAC, tot i que lefecte
va ser més pronunciat quan aquesta s’activava en astrocits. Per aquest motiu, els experiments
segiients d’aquest objectiu es van centrar en investigar 'activacié de DAPAC en astrocits
corticals. Aixi, vam caracteritzar el mecanisme subjacent d’aquesta potenciaci6, demostrant
que laugment I’AMPc induit per DAPAC és dependent de PKA i NMDAR, pero
independent del calci, requereix activitat sinaptica, i indueix gliotransmissié de glutamat. Per
aprofundir en els efectes 7z vivo de P'activacié astroglial de la DAPAC, vam realitzar analisis
de fosfoproteomica i proteomica. Les dades omiques van validar la implicacié de la via
AMPc-PKA en els efectes astroglials de la DAPAC, recolzant el seu paper central en la
plasticitat sinaptica, alhora que revelant un efecte cerebral ampli derivat de l'activacié dels

astrocits.

En conjunt, les dades del segon objectiu posicionen la DAPAC com una eina potent per
modular la plasticitat sinaptica al cervell mitjangant la manipulacié dirigida de la via AMPc-
PKA en astrocits, alhora que estableixen un metode robust i minimament invasiu per a la

seva aplicacio i vivo.

Finalment, vam abordar el nostre tercer objectiu: restaurar la funcié fisiologica
mitjangant ’estimulaci6é luminica de DdPAC en models murins de la MH i la MA.
En primer lloc, vam investigar els efectes funcionals de I'activaci6 astrocitica de DAPAC en
dues de les regions més afectades en la MH: I’escorca cerebral i estriat. Per a aixo, vam
injectar DAPAC en astrocits corticals o estriatals del model muri R6/1 per avaluar la seva
capacitat de modular la funcié cerebral. En els experiments d’estimulacié cortical, es van
analitzar els canvis hemodinamics mitjangant una tecnica d’imatge basada en dispersié de
llum 1, posteriorment, es va avaluar el comportament motor. L’analisi hemodinamica va
revelar una sobre-activaci6 de I'escorca després de Iactivacié aguda de DAPAC en astrocits
de I'escorga dels ratolins R6/1, una resposta que no es va observar en ratolins control. A
més, Pestimulaci6 repetida de DAPAC en astrocits de ’escor¢a va deteriorar la coordinacio
en ratolins R6/1, tal com es va evidenciar en el test del pal vertical (vertical pole), mentre que
va millorar Paprenentatge motor en ratolins WT, avaluat mitjancant el test de rotarrod
accelerat. A més, analisi post-mortem va revelar un augment en Uexpressié de GFAP només
en ratolins WT després de 'estimulacié repetida i les proves conductuals. Tot seguit, vam
examinar el comportament motor després de 'estimulacié de DAPAC en astrocits estriatals.
En aquest cas, la modulaci6 d’AMPc mitjangant DAPAC en astrocits va deteriorar la
coordinacio tant en ratolins WT com R6/1, mentre que 'aprenentatge motor es va mantenir
preservat. A més, Pexpressié de GFAP va augmentar en ambdos grups. En conjunt, aquests
resultats suggereixen que la modulaci6 astrocitica de DAPAC produeix efectes diferenciats
segons la regié cerebral i el context molecular, amb resultats diversos a ’escor¢a i a I’estriat

en ratolins WT i R6/1. A més, les nostres dades suggereixen que augment dels nivells
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d’AMPc en astrocits pot ser perjudicial en el context de la HD, de manera que estrategies

dirigides a reduir especificament ’AMPc astrocitic podrien tenir més potencial terapéutic.

En paral-lel, vam investigar els efectes de la senyalitzaci6 d’AMPc mitjangant DAPAC en
neurones 1 astrocits de hipocamp, la regié més afectada en la MA. Per a aixo, vam injectar
DdPAC en neurones i astrocits de ’hipocamp de ratolins WT i 5xFFAD, seguit d’analisis
histologiques i proteomiques. Notablement, les analisis histologiques van revelar una
reduccié en Pexpressié de GFAP i en els diposits d’amiloide-$ a ’hipocamp on s’havia activat
DdPAC en astrocits, perd no en les regions amb activacié neuronal. L’analisi protedmica
d’astrocits activats per DAPAC va revelar una resposta principalment associada a processos
d’activacio glial i resposta immunitaria, aixi com a plasticitat sinaptica, mentre que ’activacio
neuronal va influenciar majoritariament la plasticitat sinaptica. En ambdos casos, la regulacio
del citoesquelet va emergir com una funcié clau, tot i que les proteines implicades diferien
entre neurones i astrocits. A més, els efectes de I'activacié de DAPAC, tant en neurones com
en astrocits, van variar entre ratolins WT i 5xFFAD, indicant un efecte diferencial depenent
del context molecular. Aquests resultats reforcen la idea que els efectes de la modulacié
mitjancant DdPAC depenen de la regi6 cerebral, del context molecular i de Iespecificitat

cel-lular.

En resum, aquesta tesi aporta nous coneixements sobre la via d’AMPc en la
plasticitat sinaptica i les malalties neurodegeneratives. En primer lloc, les nostres dades
demostren la participacié d’AMPc neuronal en comportaments relacionats amb ’escor¢a M2
i revelen alteracions en la dinamica I’AMPc neuronal en ratolins amb HD. A més,
identifiquem deficits motors i psiquiatrics precogos associats a 'escorca M2, posant en relleu
el potencial per a intervencions terapeutiques en fases inicials. Per facilitar Iaplicacié de
terapies en el cervell, establim un metode minimament invasiu per a 'administracié ’AAV
que permet una expressio eficag del transgen en tipus cel-lulars i soques murines especifiques.
Notablement, hem demostrat la capacitat de la modulaci6 I’AMPc mitjangant DdPAC per
potenciar la plasticitat sinaptica en escor¢a, especialment quan s’activa en astrocits. En el
context de la neurodegeneracio, 'activacié de DAPAC en models de la MH i MA produeix
efectes diferencials: en la MH, I'activaci6 d’astrocits corticals millora I’aprenentatge motor en
ratolins WT pero deteriora la coordinacié en ratolins amb MH, mentre que l'activacié
d’astrocits estriatals afecta negativament la coordinacié en ambdds. En la MA, I"augment
d’AMPc en astrocits de I’hipocamp redueix P'astrogliost i els diposits d’amiloide-$, mentre
que Pactivacié neuronal redueix la reactivitat microglial. I.’analisi proteomica de mostres
hipocampals revela canvis diferencials induits per DAPAC en neurones i astrocits, aixi com
entre ratolins WT' 1 AD, vinculant l'activacié de la via AMPc-PKA a la plasticitat sinaptica i

les respostes immunitaries.

En conclusio, aquesta tesi revela noves funcions de la senyalitzaci6 d’AMPc i la
proposa com una diana terapéutica prometedora en malalties neurodegeneratives.
Els nostres resultats demostren que la modulacié I’AMPc mitjan¢ant DdPAC en neurones i

astrocits té un impacte profund en la plasticitat neuronal, sent la modulaci6 ’AMPc-PKA
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en astrocits la que produeix efectes més amplis. A més, destaquem la importancia de la regi6
cerebral 1 del context molecular en els resultats de la modulacié d’AMPc, ja que 'activacié de
DdPAC producix efectes diferenciats a ’escorga, estriat i hipocamp, 1 segons estat patologic.
En dltima instancia, aportem una evidencia solida que posiciona DAPAC com una eina
versatil per modular la senyalitzaci6 d’AMPc-PKA, amb aplicacions potencials tant en

recerca en neurociencia com en desenvolupament terapeutic.

Paraules clau: AMPc, Plasticitat Sinaptica, Optogenctica, Malaltia de Huntington, Malaltia

d’Alzheimer, Models murins
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1  Neurodegenerative diseases
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Figure 1. Neurodegenerative diseases compromise neuronal communication across multiple levels.
(1) The accumulation of aberrant proteins can disrupt intracellular signalling pathways, (2) impairing synaptic
communication, (3) affecting specific neuronal populations, (4) altering brain circuits within distinct regions,
and (5) ultimately perturbing large-scale networks and brain functionality.

Neurodegenerative diseases represent a growing public health challenge worldwide, as life
expectancy increases and the global population continues to age. These disorders form a
diverse group of complex conditions that share common underlying mechanisms, ultimately
leading to progressive neuronal dysfunction and cell death (Dugger & Dickson, 2017,
Moujalled et al., 2021; Palop et al., 2006). They are typically characterised by the accumulation
of misfolded proteins and selective anatomical vulnerability, resulting from abnormal protein
processing in both hereditary cases — caused by mutations in specific protein-coding genes —
and sporadic forms of the diseases (D. M. Wilson et al., 2023). However, neurodegenerative
diseases also disrupt molecular pathways, synaptic function, neuronal subpopulations, and
both local and high-order networks, all leading to functional impairment regardless of
significant neuronal loss (Palop et al., 2006) (Figure 1). Consequently, these diseases can be
considered primarily as disorders of neural circuits, in which synaptic plasticity is profoundly
affected, thereby also defining them as “synaptopathies” (J. Y. Li et al., 2003; Selkoe, 2002).
It is believed that a complex interplay of genetic, epigenetic, and environmental factors
contributes to their development, although the precise mechanisms underlying its specific
alterations is not fully understood (Dunn et al., 2019). Furthermore, despite extensive
research, no effective treatments exist that significantly ameliorate the quality of life of the
patients, and most proposed therapies fail in clinical trials(C. K. Kim et al., 2022; Travessa et

al,, 2017). This underscores the necessity for a better understanding of these diseases, and,
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importantly, the urgent need for novel therapeutic strategies. Consequently, the primary aim
of this thesis is to restore physiological functions in neurodegenerative diseases by

modulating brain plasticity in targeted brain circuits.
1.1  Huntington’s Disease

Huntington’s Disease (HD) is an autosomal-dominant, genetic neurodegenerative disorder
marked by the progressive degeneration of striatal and cortical brain regions (Huntington,
2003; Walker, 2007). This leads to a distinct phenotype characterised by motor deficits that
present in eatly middle life, such as chorea, dystonia, and incoordination, alongside cognitive
decline and psychiatric impairments (Walker, 2007). HD is considered a rare disease although
it is also the most prevalent monogenic neurodegenerative disease and the most common
genetic dementia, with an estimated incidence of 0.38 cases per 100.000 person-years and a
prevalence of 2.71 per 100000 persons as of 2010 (Pringsheim et al., 2012). However, more
recent estimates suggest a slightly lower incidence of 0.48 cases per 100.000 person-years and
prevalence of 4.88 per 100000 persons as of 2022 (Medina et al.,, 2022). Moreover, a
geographical analysis revealed a significantly lower incidence in Europe (6.63/100000
person-years), compared to the higher incidence in North and South America (8.87/100000
person-years; 11.42/100000) (Medina et al., 2022). Exceptions are observed in regions with
populations that can be traced back to a small number of founders, such as Tasmania and
the area surrounding Lake Maracaibo in Venezuela, where the incidence dramatically
increases (Gusella et al., 1983; Paradisi et al., 2008).

In the 19th century, several physicians observed the hereditary nature of chorea, but it was
not until 1872 that George Huntington ultimately gave the disorder its eponymous name,
Huntington’s Disease, along with a description of a hereditary form of chorea (Huntington,
2003). Over the following decades, the disorder was documented globally, with a major
breakthrough coming in 1993, when the Huntington’s Disease Collaborative Research
Group discovered the gene responsible for it (The Huntington’s Disease Collaborative
Rescarch Group., 1993). This event triggered a wave of research, which continues nowadays
with efforts centred in understanding the disease’s molecular mechanisms and exploring
potential treatments, as currently there are no disease-modifying therapies for HD
(McColgan & Tabrizi, 2018; Stoker et al., 2022; Walker, 2007).
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1.1.1 Aectiology
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Figure 2. HTT gene and CAG repeat length categorisation. Schematic representation of the HTT gene,
illustrating its amino acid sequence, including its polyglutamine stretch (PolyQ), proline-rich domain (PRD),
and HEAT (Huntingtin, elongation factor 3, protein phosphatase 2A and TOR1) domains. The number of
CAG repeats in the tract determines a phenotypic classification based on clinical manifestation of HD, which
categorises the individual as either unaffected or affected.

HD is a monogenic neurodegenerative disease with an autosomal dominant inheritance
(Walker, 2007). The causative gene named huntingtin (1), located within the first exon
on the short arm of chromosome 4, encodes the Huntingtin protein (HTT). This gene
harbours an expanded CAG trinucleotide repeat in the coding sequence of the protein,
leading to the production of mutant HTT (mHTT), characterised by an abnormally elongated
polyglutamine tract (Gusella et al., 1983; The Huntington’s Disease Collaborative Research
Group, 1993b). Normal alleles of the HTT gene contain CAG repeats, but individuals with
more than 39 CAG repeats will inevitably develop HD. Alleles with 36 to 39 repeats exhibit
incomplete penetrance, whereas those with 35 or fewer are not associated with the disorder
(Figure 2). The length of the CAG repeats expansion accounts for approximately 60% of the
variance in age of onset, with the remaining variation attributed to genetic and environmental
modifiers (McColgan & Tabrizi, 2018; Snell’ et al., 1993; Walker, 2007).

The age of onset of HD occurs at a younger age in successive generations, particularly when
inherited paternally in cases of juvenile onset. This phenomenon is attributed to the genomic
instability of CAG trinucleotide repeats exceeding 28 during replication, with larger repeat
expansion showing greater instability (Kremer et al., 1995; Ranen et al., 1995). Furthermore,
this instability is more pronounced during spermatogenesis compared to oogenesis, as
significant expansions of CAG repeats occur almost exclusively in males (Ranen et al., 1995).
Thus, alleles within the higher end of the intermediate range of CAG repeats may enlarge
into the pathogenic range, especially when inherited through the paternal line (Kremer et al.,
1995; Walker, 2007).

1.1.2 Clinical features

HD typically presents with a triad of clinical features, including motor, cognitive, and
psychiatric symptoms, yet it has traditionally been recognised as a movement disorder due

to chorea being its most characteristic feature (Huntington, 2003; McColgan & Tabrizi, 2018;
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Walker, 2007). Accordingly, classical diagnostic criteria define disease onset as the moment
when an individual with a CAG-expanded HTT allele begins to exhibit motor symptoms
such as chorea, dystonia, bradykinesia, or rigidity (Kieburtz, 1996; Ross et al., 2014). Patients
typically remain asymptomatic for many years before experiencing initially subtle but
progressively worsening cognitive changes. This progression can be categorised into two
main phases: the “premanifest” and “manifest” periods. The premanifest phase starts with a
“pre-symptomatic” phase in which individuals do not exhibit clinical symptoms, typically
lasting from 10 to 15 years prior the onset of symptoms, and then moves to the “prodromal”
phase, characterised by subtle motor, cognitive, and behavioural changes. These subtle
features are then followed by the “manifest phase”, which is the onset of a movement
disorder, predominantly characterised by chorea (Kieburtz, 1996; Ross et al., 2014; Stoker et
al., 2022). Nevertheless, this classification is only based on clinical critetia, overlooking the
comprehensive nature of the disease and omitting biomarkers related to disease progression,
which can occur decades before functional decline. Thus, an evidence-based framework
named the Huntington’s Disease Integrated Staging System (HD-ISS) has recently been
developed in order to address these limitations, stratifying the disease into four distinct stages
(Figure 3) (Tabrizi et al., 2022). Stage 0 includes individuals with 240 CAG repeats who
exhibit no signs of neurodegeneration or clinical symptoms, and consequently, have no
detectable pathological biomarkers, signs, symptoms, or functional alterations associated
with HD. In stage 1, neurodegeneration can be identified by a measurable indicator of
underlying pathophysiology. Then, when a clinical phenotype such as motor or cognitive
symptoms can be detected, stage 2 begins. Finally, stage 3 is characterised by a decline in
functional capacity, including challenges in performing activities of daily living. Stage
classification is determined by the pattern in which threshold criteria for key variables are
met (Long et al., 2023; Tabrizi et al., 2022). Each variable has a specific cut-off value, and if
any of the landmark variables exceed this threshold, the individual is assigned to the

corresponding stage (Figure 3).

Stage 0: Huntington’s disease

Stage 1: Biomarkers of pathogenesis

Stage 2: Clinical sign or symptom

Stage 3: Functional change

Mild Moderate Severe
CAG repeats =40 Landmarks: Landmarks: Landmarks:
+ Putamen volumen | « Total motor score | * Total Functional Capacity
+ Caudate volume |« Symbol digit + Independence Scale

modalities test

Figure 3. Comprehensive framework for the Huntington’s Disease Integrated Staging System.
Representation of the sequential stages of progression (from 0-4) and key landmark assessment, which define
the transition into the next stage. Adapted from (Tabrizi et al., 2022).
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As the disease progresses, the movement disorder evolves, moving from a hyperkinetic to a
more hypokinetic state, along with a decline in cognitive function, and the emergence of
mood swings. Additionally, cognitive impairments represent a significant aspect of HD,
which appear during the initial stages of the disorder, and are a major factor contributing to
disability, impairing executive functions and delaying the acquisition of new motor skills,
worsening progressively over time (Giralt et al., 2012; Lemiere et al., 2004; Walker, 2007).
Emotional disturbances and personality alterations are also frequently observed and can lead
to distress, although they are not universally experienced and do not appear to progress in a
linear trend (Ross et al., 2014). Psychiatric and behavioural symptoms in HD commonly
emerge and can include depression, suicidal ideation, mania, and psychosis (Jauhar & Ritchie,
2010); however, they do not exhibit a consistent progression in relation to disease severity.
After the onset of symptoms, patients may live around 15 to 20 years (Stoker et al., 2022;
Walker, 2007).

1.1.3 Neuropathology and pathophysiology

HTT protein is expressed ubiquitously in all animals and human cells, with particularly high
concentrations in the brain, and although its precise physiological function remains
uncertain, there is some evidence that it may play a key role in proper brain development,
transcriptional regulation, vesicle transport, and synaptic transmission (Reiner et al., 2003;
Saudou & Humbert, 20106). The mutant form of huntingtin is prone to aggregation, and its
pathogenicity is thought to result from both a toxic gain-of-function and a loss-of-function
effect. However, the specific mechanisms underlying the resulting neurodegeneration remain
poorly understood. Several processes have been implicated, including direct effects of the
exon 1 mHTT fragment and the impact of mHTT aggregates on cellular proteostasis, axonal
transport, transcription, translation, as well as mitochondrial and synaptic function
(Dinamarca et al., 2022; J. H. Lee et al., 2015; W. Song et al., 2011; Wanker et al., 2019; Y. C.
Wong & Holzbaur, 2014). Notably, despite widespread expression of mutant HT'T across all

cells, primary neuropathological alterations are observed in the cerebral cortex and striatum.

Neuronal degeneration in HD is highly selective, with prominent cell loss and bilateral
atrophy in the caudate and putamen, the main input structure of the basal ganglia,
representing a key histopathological feature. Specifically, medium spiny neurons (MSN),
which are GABAergic neurons and comprise 95% of the striatal neuronal population, are
particularly compromised in HD (Vonsattel et al., 1985; Vonsattel & DiFiglia, 1998). The
loss and atrophy of this neuronal population subsequently leads to enlargement of lateral
ventricles. Moreover, MSN in the striatum also exhibit pathway-specific vulnerability. Those
in the indirect pathway of the basal ganglia, which express enkephalin, D2-like dopamine
receptors, and project to the external globus pallidus, are particularly susceptible, whereas
MSN in the direct pathway, characterised by substance P expression, D1-like dopamine
receptors, and which project to the internal globus pallidus and substantia nigra pars
reticulata, are relatively more resistant (Albin et al., 1992; Sapp et al., 1995). Therefore, MSN's

of the indirect pathway are affected first, with subsequent degeneration of those in the direct
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pathway. Interneurons, which are also primary GABAergic with some cholinergic

population, remain largely intact and only die at late stages of HD (Ferrante et al., 1987).

The cortex is also profoundly affected in HD, exhibiting some of the -earliest
neuropathological alterations, even preceding substantial neuronal loss (Bunner & Rebec,
2016a; Estrada-Sanchez & Rebec, 2012). Notably, functional imaging studies have revealed
early dysfunction in the prefrontal cortex of HD patients, even in pre-symptomatic
individuals, with altered activation patterns in the dorsolateral prefrontal cortex during
cognitive tasks (R. C. Wolf et al., 2007). These changes correlate with deficits in executive
function, decision-making, and working memory, highlichting the prefrontal cortex,
analogous to the secondary motor (M2) cortex in animal models, as a critical site of early
pathology. Cortical dysfunction disrupts cortico-striatal connectivity, which is mainly
glutamatergic, and impairs information processing (Miller et al., 2011). In particular, reduced
functional connectivity between prefrontal regions has been observed in HD patients,
further emphasising its profound impact (Thiruvady et al., 2007). Indeed, glutamate and
dopamine dysregulation are known to contribute to the distrupted communication between
the cortex and the striatum(Bunner & Rebec, 2016a; Dallérac et al., 2015; T.-H. Wong et al.,
1982). The cerebral cortex supplies the caudate and putamen with the associative, limbic, and
motor information necessary to guide suitable behavioural responses, and therefore changes
in the cortico-striatal pathway in HD, particularly in premotor areas in mice (Fernandez-
Garcfa et al., 2020), account for the onset of motor symptoms, as well as cognitive and
psychiatric disturbances (Cepeda & Tong, 2018; Tabrizi et al., 2009; Walker, 2007). Thus,
chorea predominates in the early stages of the disorder due to the cortico-striatal pathway
degeneration and preferential involvement of the indirect pathway within basal ganglia-

thalamocortical circuitry.

Evidence of neuronal dysfunction is prevalent in eatly symptomatic stages, even among
asymptomatic individuals (Milnerwood & Raymond, 2010). Cortical neurons display reduced
staining for nerve fibres, neurofilaments, tubulin, and microtubule-associated protein 2.
These alterations, which are linked to synaptic function, cytoskeletal integrity, and axonal
transport, indicate a crucial role for cortical dysfunction in the pathogenesis of the disorder
(DiProspero et al.,, 2004). Animal models have facilitated mechanistic understanding, also
highlighting the fact that functional changes rather than cell death can account for a range of
HD symptoms(Cepeda & Levine, 2022; Levine et al., 2004). Notably, the cortico-striatal
pathway is one of the earliest and most affected pathways in the basal ganglia-thalamocortical
circuitry, as disruptions in synaptic connections and miscommunication among the basal
ganglia structures and cerebral cortex seem to be critical factors in the disease. This disrupted
communication along the circuit supports the idea that HD is primarily a “synaptopathy”
(Cepeda & Tong, 2018; J. Y. Li et al., 2003).

Multiple studies have shown that astrocyte dysfunction plays a significant role in the onset
and progression of certain symptoms in HD. Astrocyte impairments are observed both in

patients and mouse models with HD. Astrogliosis is observed in HD patients predominantly
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in the caudate putamen (Faideau et al., 2010; Jansen et al., 2017; Vonsattel et al., 1985), and
also in several animal models (Faideau et al., 2010; C.-H. Lin et al., 2001), but not in all of
them, as it is the case of the widely used R6/1 and R6/2 (Mangiarini et al., 1996). Altered
glutamate homeostasis is also associated to astrocyte dysfunction in HD. Specifically, loss of
the cell surface glutamate transporter GLT1 and decreased glutamate synthesis has been
observed in both the cortex and striatum of mice models (Khakh & Goldman, 2023; Liévens
et al,, 2001) and in human studies (Faideau et al., 2010; Shin et al., 2005), all leading to
excitotoxicity. Furthermore, intracellular mHTT aggregates are also found in cortical and
striatal astrocytes from both human tissue as well as mouse models (Jansen et al., 2017; Shin
et al., 2005). K* homeostasis and Ca®" signalling has been observed to be impaired in
astrocytes from HD mouse models. Specifically, reduced Kir4.1 protein has been detected
in astrocytes from the R6/2 mouse model (Tong et al, 2014), along with decreased
spontaneous Ca*" signals (Jiang et al., 2016a). Still, it remains unclear if astrocytes dysfunction

precedes the onset of clinical symptoms or if it develops as a consequence of them.
1.1.4 Treatment

So far, no clinical trials have successfully identified disease-modifying treatments for HD,
and as a result, therapeutic approaches remain mainly focused on symptom management.
Current treatments address motor, cognitive, and psychiatric symptoms separately, with the
goal of enhancing the quality of life for individuals affected by the disease (A. Kim et al.,
2021). Choreic movements can be controlled with antipsychotic agents such as haloperidol
or muscle relaxants such as benzodiazepines. Furthermore, Tetrabenzine (Xenazine) was the
first treatment specifically approved against chorea, receiving authorisation in 2000 in the
European Union and 2008 in the United States. Another therapeutic agent currently used to
reduce muscle stiffness and rigidity is amantadine, a drug originally used for Parkinson’s
disease treatment, although its data on efficacy and safety is limited. Nevertheless, the exact
mechanism of these treatments against choreic movements is still unknown, although it
could be due to decreased uptake of monoamines into synaptic vesicles and depletion of
monoamine storage. Common neuropsychiatric drugs are used to treat psychiatric
symptoms, such as antidepressants or mood stabilisers (Xiang et al., 2024). Research during
the past years has primarily focused on strategies to lower mutant huntingtin expression,
although clinical trials for this approach have stalled (Kwon, 2021). Other approaches have
also explored the use of phosphodiesterase inhibitors to modulate cyclic nucleotide
signalling, which is known to be impaired in movements disorders (See 3.3 section for more
details), although these have not yet yielded successful results either (Erro et al., 2021; Menniti
et al., 2021).

1.1.5 Huntington’s Disease mouse models

To date, several animal models such as zQ175, BACHD, and R6/1 and 2 have been
developed for the study of HD, the majority of which are mouse models due to the relative

ease of manipulating their genome and their comparatively short generation time. A large
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number of this mouse models have been developed owing to the identification of the
mutation responsible for HD and, consequently, the vast majority are genetically modified,;
although toxin-induced lesion models also exist, such as quinolinic acid injected rats
(Ramaswamy et al., 2007). This section will provide a brief overview of the most commonly
used genetic models. Subsequently, a mote comprehensive description of the R6/1 mouse

model employed in this thesis will be presented.

Genetically modified mouse models can be classified into knock-in or transgenic mouse
models. Additionally, transgenic mouse models can be subdivided into truncated or full-

length form, depending on the type of inserted gene.

Knock-in mouse models are based on genetic manipulations of the endogenous HTT gene,
cither by extending the CAG repeat sequence or by replacing the exon 1 of the gene. These
models typically display eatly-onset symptoms and a slow progression of the disease
(Menalled, 2005). The zQ175 line is among the latest and most used knock-in models,
originating from a CAG expansion in the Hdh140 knock-in line (Menalled et al., 2012). The
z(QQ175 model mimics many disease-related characteristics, effectively representing the early
pathogenic changes observed in HD. The heterozygous zQ175 knock-in mice show robust
phenotypes, showing hypoactivity in the open field (OF) starting at 4 months. On the other
hand, homozygous z(QQ175 mice are more unstable, displaying motor symptoms from 4 to 8
weeks of age, coordination in the rotarod and climbing impairment at 30 weeks and cognitive
deficits by 12 months (Peng et al., 2016). Neuropathological analysis reveal atrophy in both
the striatum and neocortex of these mice, which appears from 3 month in homozygous and
4 months in heterozygous mice. Aggregates of mHtt are found extensively across the brain,
while the number of neurons containing inclusions increases with age in both striatum and
cortex (Peng et al., 2016).

In transgenic mouse models, the mutated human gene is randomly inserted into the mouse
genome. The full-length models contain the entire length of the mutant human HTT gene,
including all of its regulatory elements. BACHD and YAC128 are the two most popular full-
length transgenic variants, which have regular lifespans and display slower progression of the
disease compared to genetically modified truncated mouse lines (Gray et al., 2008; Slow et
al., 2003). The YAC128 line expresses the full human HTT gene using a yeast artificial
chromosome, 128 glutamines encoded by CAG and CAA repeats (Slow et al., 2003).
Behavioural impairments start at 3 months of age and atrophy of the striatum and cortex is
exhibited along with neuronal loss (Brooks et al., 2012; Van Raamsdonk et al., 2005). The
BACHD line, on the other hand, expresses the full-length human HTT gene with 97 CAG
repeats under endogenous control by use of a bacterial artificial chromosome (Gray et al.,
2008). The phenotype is similar to that of the YAC128 line, with progressive motor deficits
starting around 2 months of age and synaptic dysfunction in the striatal MSN population
(Gray et al., 2008; Spampanato et al., 2008). These lines do not present somatic instability,
which differentiates from the human condition (Gray et al., 2008; Slow et al., 2003).
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The truncated lines only carry a shorter, fragmented form of the human HTT gene, usually
containing only the portion of the gene with the expanded CAG repeat region. The first
murine HD genetic models to be developed and the most studied are the R6 transgenic
mouse lines (R6/1 and R6/2) (Mangiarini et al., 1996). The transgene used to develop these
lines contains HTT promoter sequences, exon 1 of HTT, and around 200 base pairs of
introns 1, which is translated to generate an exon 1 HTT protein. The R6/2 transgenic mouse
model, developed in Dr. Gillian Bates’s laboratory at King’s College London just three years
after the gene mutation was discovered, has been invaluable in advancing research on new
treatments for HD and serves as the benchmark for drug testing. This model expresses 75%
of the level of the endogenous gene and carries 144 CAG repeats (Mangiarini et al., 1996).
This high number of repeats is translated into an ecarly onset of symptoms and a fast
progression of the disease compared to knock-in, BAC and YAC lines; the onset of
symptoms starts around 4 weeks and their lifespan is limited to 10-17 weeks (Carter et al.,
1999). Howevert, it is important to note that in both R6/1 and R6/2 lines, CAG repeats are
unstable during gametic transmission, tending to increase when passed through the male line
and decrease through the female line, leading to variations across generations (Mangiarini et
al., 1990).

The R6/1 line is the mouse model for HD used in this thesis due to its early onset of motor
and cognitive impairments, which allows for the study of disease progression at premanifest
and early symptomatic stages (Figure 6). It expresses 31% of the level of the endogenous
gene and carries ~115 CAG repeats. Compared to the R6/2 mice, their symptoms progress
slower and their lifespan is around 40 weeks (Mangiarini et al., 1996). As such, it is more
suitable and sensitive model than the R6/2 mouse model for investigating eatly molecular
and behavioural alterations, especially long-term effects of treatments. In the R6/1 mice,
HTT aggregates are observed from 8 weeks, though no cell death is evident in this model
(Naver et al., 2003; Turmaine et al., 2000). Dysregulation of protein synthesis contributes to
striatal neuron dysfunction induced by mutant huntingtin (Creus-Muncunill et al., 2019). By
4 weeks of age, R6/1 mice exhibit initial hyperactivity, which later transitions to hypoactivity
(Bolivar et al., 2004). Cognitive deficits are apparent by 8 weeks, as well as motor learning
deficits, preceding coordination impairments (Brooks et al., 2012; Puigdellivol et al., 2015).
Progressive weight loss and coordination deficits begin around 12 weeks, correlating with
the number of striatal neurons containing intranuclear mHtt inclusions (Brooks et al., 2012;
Hansson et al., 2001). A clasping phenotype emerges around 14 weeks, though not uniformly
across individuals (Naver et al., 2003). Cortical dysfunction manifest before disruptions in
the striatum and hippocampus (Puigdellivol et al., 2015), and cortico-striatal plasticity
alterations seen by long-term depression deficits, ate obsetved in symptomatic R6/1
(Ghiglieri et al., 2019). Sensorimotor alterations have also been observed around 16 weeks
of age (Rodriguez-Urgellés, Casas-Torremocha, Sancho-Balsells, Ballasch, Garcfa-Garcia,
Miquel-Rio, Manasanch, Del Castillo, et al., 2023). Specifically, the M2 cortex connectivity is
profoundly altered (Fernandez-Garcia et al., 2020). Moreover, astrocytic dysfunction is also

obsetved in the R6/1 mouse model. Specifically, GLT1 glutamate receptor and glutamine
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synthase are decreased in astrocytes from R6/1 mice (Khakh & Goldman, 2023; Liévens et
al., 2001). Given the thorough characterisation of the R6/1 mouse model, it can facilitate the
initial implementation of potential treatments. However, a deeper understanding of
behavioural manifestations during the pre-symptomatic stages may be crucial for a more

comprehensive understanding of the disease.

Htt gene Age (weeks) Figure 6. R6/1 mouse model for
— 0 Huntington’s Disease. Fragmented form
poly@ | of the human HTT gene inserted into the

~115CAG Motor leamning mouse genome. On the right, schematic

representation of the timeline of behavioural
. characteristics of the R6/1 mouse model
Coordination R . . . . .
Sensorimotoralterations ~ Us€d in this thesis. First impairments are
Clasping phenotype associated with cognitive function (motor
Hypolocomotion learning) around 8 weeks, followed by motor
Exploratory behaviour function impairments around 12 weeks and

R6/1 mice sensorimotor alterations at 16 weeks.

1.2 Alzheimer’s Disease

Alzheimer’s Disease (AD), the leading cause of dementia, is a neurodegenerative disorder
mainly associated with memory decline along with impairments in other cognitive domains,
such as speech production, visuospatial skills, and executive function (Scheltens et al., 2021
Stelzmann et al., 1995). Currently, it is becoming one of the most expensive, fatal, and
burdening diseases of this century, with the World Health Organization designating it as a
major global public health concern (Dementia, 2025). AD is the most prevalent cause of
dementia (Schneider et al., 2009), with an estimated incidence of 11.08 person-years and
prevalence of 5.05% in Europe (Niu et al., 2017). However, several neurodegenerative or
cerebrovascular pathologies can also result in dementia. Therefore, the epidemiology of AD
is closely linked to that of all-cause dementia, which is expected to increase from 50 million
people in 2010 to 113 million by 2050 worldwide (Brodaty et al., 2011). However, the
incidence of dementia is slightly declining in some high-income countries such as the USA,
UK and France(Y. T. Wu et al., 2017). This could be due to the educational, socio-economic,
health-care, and lifestyle changes, and particularly the fact that superior educational levels
can be a protective factor against dementia (Stern, 2012). Yet, efforts to establish cause-and-
effect relationships between the different mitigating factors and the incidence of dementia

have been challenging.

Dementia has been acknowledged for thousands of years although it was only in early 20"
century that the main clinical disorder and the related neurodegenerative alterations were
described. In 1907, Alois Alzheimer detailed the symptoms of a middle-aged woman named
Auguste Deter, who was a patient at a state asylum in Frankfurt (Germany), and had a
seriously impaired memory (Stelzmann et al., 1995). This description represents the first

neuropsychological characterisation of the disease. Furthermore, after Auguste Deter’s
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death, Alzheimer conducted a microscopic examination of her brain, making the first
observation of the AB-plaques and neurofibrillary tangles, that would later be recognised as
key features of the disease(Scheltens et al., 2021; Stelzmann et al., 1995).

1.2.1 Aectiology

39
! Mutations

' APP
Environmental @
risk '8' Sporadic form Familial form '\ psENT
factors .._H (99,5%) (0,5%)
'—\ PSEN2
Prexisting
medical XU
confitions

Genetics

Figure 4. Aetiology of Alzheimer’s Disease. Schematic representation of the genetic, environmental, and
lifestyle factors contributing to the sporadic, most common form of AD, alongside the genetic mutations
associated with the rare, familial form of the disease.

AD can be classified into two main types based on its origin: familial or inherited AD, which
is a rare, inherited form caused by specific genetic mutations, and sporadic AD, which arises
without a clear genetic link and is influenced by a combination of genetic, environmental,
and lifestyle factors (Figure 4) (Lane et al., 2018). Most cases of AD, around 99,5%, appear
to occur sporadically. The familial form of AD, in contrast, accounts for less than 0.5% of
the cases, and presents due to mutations in three genes: amyloid precursor protein (APP),
presenilin 1 (PSEN1) and presenilin 2 (PSENZ2). The onset of symptoms arises eatlier in the
familial form of AD than in the sporadic form, typically between 30 and 50 years of age
(Bateman et al., 2011; Bertram et al., 2010).

The most important risk factor for the sporadic for of AD is age. Moreover, women are
more susceptible to developing AD than men, primarily due to having a higher tau load, even
though their amyloid beta burden is similar (Buckley et al., 2019; Y. T. Wu et al., 2017). There
are several potentially risk factors occurring in mid- and late-life that are also associated with
an increased risk of later-life dementia, such as metabolic factors, hearing loss, traumatic
brain injury, and alcohol abuse (Livingston et al., 2020). In later life, diabetes mellitus and
hypertension are likely the most prevalent and significant risk factors, as both contribute to
the development of cerebrovascular disease. Consequently, these conditions are believed to
affect the clinical presentation of AD by modifying the effects of atherosclerotic and
arteriolosclerotic cerebrovascular disease, rather than through a direct effect on AP or tau
biology (Gottesman et al., 2017).
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Specific genes are also significant risk factors for AD (Bertram et al., 2010), as studies of
twins have showed that the risk of developing AD is 60-80% attributable to heritable factors
(Gatz et al., 2000). Notably, carrying at least one APOE e4 allele is the most important genetic
risk factor for AD developing after 65 years. Carrying the APOE e4 allele elevates the risk
of dementia by 3 to 4 times in heterozygotes, and by 12 to 15 times in homozygotes, in
comparison to individuals who carry the APOE €3 allele (S. J. van der Lee et al., 2018).
However, the common APOE &4 allele accounts for a considerable part of the heritability of
AD, but does not fully explain it. Extensive genome-wide association studies have identified
other risk genes that contribute to a much smaller extend to the overall risk of the disease.
TREM2, SORL1, and ABCA7 are some of the genes identified as susceptibility genes by
next-generation sequencing techniques, and which can also help to predict incident dementia
due to AD (Bellenguez et al., 2017).

1.2.2 Clinical features

The main cognitive domains affected in AD are memory, language, visuospatial and
executive function, and they can be affected at different severities (Lane et al., 2018;
Stelzmann et al.,, 1995). The most typical initial presentation of AD involves an elderly
individual experiencing gradual but accelerated, progressive difficulties mainly related to
episodic memory, at which stage the patient may meet the criteria for amnestic mild cognitive
impairment (MCI). At this point, MCI progresses to variable degrees of impairment in
language, special cognition, executive function, or working memory. As the condition
advances, cognitive difficulties become more severe and widespread, disrupting daily
activities, at which point the patient may be diagnosed with AD dementia (Figure 5).
Moreover, increased dependence typically occurs, and as the disease progresses, behavioural
changes, impaired mobility, hallucinations, and seizures may also develop (Lane et al., 2018).
When the age of onset is over 70 years, amnestic presentations are most common, while non-
amnestic presentation are typical in younger patients. Non-amnestic deficits can present as
prominent visuospatial difficulties or progressive aphasia, among others. Both the amnestic
and non-amnestic presentations of AD exhibit Af deposits throughout the brain, yet they
display distinct, syndrome-specific patterns of tauopathy (Lehmann et al., 2013).

The assessment of the presence and severity of cognitive impairment is the first step of the
diagnostic process, which is conducted by a clinician using information from someone close
to the patient’s daily life, along with the results of a cognitive evaluation of the patient. This
information can help in assessing the severity of cognitive impairment and in making
prognostic predictions (Knopman et al, 2021). Nevertheless, in order to confirm the
diagnosis, biomarkers are crucial. MCI is not only caused by AD as any neurodegenerative
or cerebrovascular disease could initially lead to it. Therefore, consideration of alternative
disease sources should occur during the diagnosis and reliable biomarkers should be
established in order to confirm AD diagnose. After the diagnose, the life expectancy of a
patient is around 8 years from presentation, and currently there are no disease-modifying

treatments (Jost & Grossberg, 1995).
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Healthy brain

MCI
+ Gradual cognitive decline « Cognitive decline in « Accelerated cognitive » Severe dementia
« No obvious brain pathology | episodic memory decline * Loss oflife Independence

» No obvious brain pathology | » Observable brain pathology ¢ Severeloss of brain tissue
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Figure 5. Clinical progression of Alzheimer’s Disease. Progression of neurodegeneration from a healthy
brain to dementia, illustrating the stages of preclinical, mild cognitive impairments (MCI), and dementia,
alongside its main hallmarks. Florbetapir [18F] amyloid positron-emission tomography scans (Lane et al., 2018)
depicting A plaque depositions in a healthy brain (left) and a brain with AD dementia (right), highlighting the
significant amyloid accumulation in AD patients.

1.2.3 Neuropathology and pathophysiology

AD is a disorder characterised by synaptic dysfunction, and involves failure at molecular,
cellular, and macro-scale cortical circuitry levels (Querfurth & LaFerla, 2010; Selkoe, 2002).
The main molecules contributing to canonical AD are AB-containing extracellular amyloid
plaques and tau-containing neurofibrillary tangles (NFT) (Montine et al., 2012; Stelzmann et
al., 1995). Additionally, neuropil threads, dystrophic neurites, associated astrogliosis and
microglial activation, and subsequent inflammation are also characteristics of the disease
(Fakhoury, 2017; Querfurth & LaFerla, 2010). Lastly, cortical thinning is a prominent feature,

reflecting progressing neurodegeneration seen in AD (Dickerson et al., 2009).

AB plaques are distributed extensively across the cerebral cortex and, unlike tau-containing
NFT, they also present in the entorhinal cortex and hippocampal formation (Arnold et al.,
1991; Braak & Braak, 1991; Montine et al., 2012). The AB peptides originate from the amyloid
precursor protein (APP), a transmembrane protein that is highly concentrated in neuronal
synapses (Haass & Selkoe, 2007). Following synthesis, A is released into the extracellular
environment as a monomer. However, due to its specific amino acid sequence, it exhibits a
strong tendency to aggregate in a concentration-dependent manner, and an imbalance
between production and clearance ultimately causes AP to accumulate (Haass & Selkoe,
2007). Specifically, amyloid plaques are mainly composed of abnormally folded AR with 40
or 42 aminoacids. Furthermore, A8 is produced at high levels due to synaptic activity, with
both its generation and release tightly regulated by these processes, although it can be
synthesised by all cell types (Querfurth & LaFerla, 2010). In its oligomeric form, Af is toxic,

interacting with receptors such as metabotropic glutamate receptor 5 and N-methyl-D-
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aspartate NMDA) receptors (NMDAR), among others (Benarroch, 2018; Hoey et al., 2009).
It also induces pathological alterations in dendritic spines and impair synaptic efficiency
(Spires-Jones & Hyman, 2014). However, the accumulation of plaques in the brain does not

correlate with cognitive impairments in patients (Giannakopoulos et al., 2003; Ingelsson et
al.,, 2004).

On the other hand, tau-containing NFT first appear in pyramidal neurons from the medial
temporal lobe and later extend to the isocortical regions of the temporal, parietal, and frontal
lobes (Arnold et al., 1991; Ball, 1977; Braak & Braak, 1991). They are mainly composed of
paired helical filaments that consist of hyperphosphorylated tau. Tau is a microtubule-
associated protein which is typically located in the cytoplasm of axons but also found within
both presynaptic and postsynaptic regions. It exists in six different isoforms, being the
combination of 3R and 4R isoforms the ones occurring in AD. Tau’s primary role is to
stabilise microtubules; however, it is also vulnerable to post-translational modifications and
aggregation. When these modifications occur, Tau accumulates in a hyperphosphorylated
state within cell bodies and dendrites. Moreover, synaptic activity triggers the release of Tau
into the extracellular space, and then it is taken by postsynaptic neurons and glia. When Tau
aggregates as 3R and 4R isoforms, it appears in the tissue as neurofibrillary tangles, neuropil
threads and dystrophic neurites. Importantly, the medial temporal lobe is the primary area
affected by tauopathy, which is significant for cognitive function and can arise independently
of AB pathology (Knopman et al., 2021; Lane et al., 2018). Importantly, the presence of tau

correlate with cognitive decline observed in the disease (Giannakopoulos et al., 2003).

Chronic neuroinflammation, characterised by the activation of glial cells, is also observed in
the cerebral cortex and hippocampus (Braak & Braak, 1991; J. A. Hardy & Higgins, 1992;
Hyman et al., 2012). Specifically, microglia are highly responsible for the formation of Af
plaques and remain in the site in an activated form, interacting with the depositions.
Moreover, astrogliosis is also present in AD, both in patients and in animal models
(Matsuoka et al., 2001; Nagele et al., 2003). Furthermore, the accumulation of reactive
astrocytes is usually found surrounding amyloid plaques. This accumulation occurs through
the phagocytosis of nearby degenerated dendrites and synapses (Fakhoury, 2017). During
this process, astrocytes also release inflammatory cytokines, which further contribute to the
neurodegenerative process (Fakhoury, 2017). Still, a more comprehensive understanding of
the role of astrocytes and microglia in the modulation of AD pathology is essential, as it

could be a target for new therapeutic approaches.

ApoE protein is encoded by APOE gene and is a key factor that integrates clinical, genetic
and mechanistic aspects of AD (J. Kim et al., 2009; S. J. van der Lee et al., 2018). ApoE is
synthetised in the brain mainly by astrocytes and activated microglia (J. Kim et al., 2009).
Individuals carrying the APOE e4 allele have an increased risk of developing AD in a dose-
dependent manner, potentially due to ApoE’s influence on modifying the clearance and
seeding of AB in the brain (Huynh et al., 2017).
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The amyloid hypothesis is still considered the most prevalent theory in AD pathogenesis (J.
Hardy & Selkoe, 2002; Masters et al., 1985; Paroni et al., 2019). Based on studies of genetic
forms of AD, it suggests that the accumulation of pathological AB, produced by the
sequential cleavage of APP in the brain, is the primary pathological event. The formation of
NFT and related neuronal dysfunction, along with neurodegeneration via
neuroinflammation, are thought to be downstream processes (Lane et al., 2018). However,
alternative hypotheses have also been proposed, such as tau being the initiating factor of
pathology (Arnsten et al., 2021), or inflammation with activated microglia and astrocytes
contributing to disease genesis (Mehta & Mehta, 2023), or also the cholinergic hypothesis,
which posits that intracerebral acetylcholine deficiency plays a central role in the disease (P.

P. Liu et al., 2019), among others.

Importantly, AD could be defined as a disorder primarily involving synaptic failure, as it is
strongly correlated with cognition in patients with AD. Studies indicate that hippocampal
synapses begin to deteriorate in individuals with mild cognitive impairment, evidenced by a
significant reduction of approximately 25% in the presynaptic vesicle protein synaptophysin
((Koss et al., 2016; Querfurth & LaFerla, 2010). As the disease progresses, synaptic loss
occurs at a higher rate compared to neuronal loss. Notably, the dentate gyrus of the
hippocampus is among the regions most severely affected by this synaptic decline (Knopman
et al., 2021; Querfurth & LaFerla, 2010).

1.2.4 Treatment

Although no treatments can stop or revers the progression of AD, some therapies can
provide temporary relief of symptoms. The majority of current AD therapies include
NMDAR agonists, such as memantine, and acetylcholinesterase inhibitors, such as
donepezil. These drugs are considered traditional “symptomatic” treatments, as they aim to
slow disease progression by improving cognitive and behavioural symptoms, but offer only
limited and short-term efficacy and are often accompanied by significant side effects (Xiang
et al., 2024). From January 2022, there are 143 therapeutic agents being investigated across
172 clinical trials for the treatment of AD, focusing on modifying the disease rather than
only relieving symptoms. Notably, the U.S Food and Drug Administration approved two
anti-amyloid monoclonal antibody treatments, aducanumab and lecanemab (Biogen), in June
2021 and January 2023, respectively, for the treatment of MCI associated with AD.
Additionally, another anti- A3 antibody, donanemab, is currently under review for approval
in AD treatment (Xiang et al., 2024). Other strategies, such as phosphodiesterase inhibitors,
are also being explored as potential treatments for AD, which is also known to involve
impaired cyclic nucleotide signalling (See 3.3 section for more details) (Sanders & Rajagopal,
2020).
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1.2.5 Alzheimer’s Disease mouse models

Because the actiology of AD is still not well understood, generating a reliable mouse model
for AD presents a greater challenge compared to other neurodegenerative diseases like HD,
in which the causative gene is well identified. For this reason, AD models are generally not
as comprehensive in terms of mimicking all the pathological aspects of the disease, and
therefore depending on the specific aim on each investigation, a specific model should be
used. Because the morphological characteristics of familial AD and sporadic late-onset AD
are comparable, researchers are using animal models containing familial AD mutations to
study sporadic AD (Puzzo et al., 2015; Watamura et al., 2022). Affected genes in the familial
AD mutations encode for APP, PSEN1 and PSEN2. Over the past 20 years, a number of
AD mouse models that overexpress familial AD genes have been employed to assess the
therapeutic results of 7z vivo drug screening as well as to offer a useful knowledge of the
mechanism underlying AB pathology (Games et al., 1995; Hsiao et al., 1996; Trinchese et al.,
2004; Zhang et al., 2013). Other strategies such as knock-in models or direct injection of AB
ot tau have also been applied (T. Saito et al., 2014). Therefore, the most widely used genetic
models based on APP overexpression will be briefly reviewed in this section, followed by a

more thorough explanation of the 5xFAD mouse model used in this thesis.

Single APP transgenic strains (PDAPP, J20, Tg2576, TgCRNDS8 or APP23 mouse strains)
overexpress APP gene with FAD mutations such as the Swedish (K670N/M671L), which
increase the total production and secretion of A but does not change the AB42/40 ratio, or
the Indiana (V717F) type, which elevates the AB42/40 ratio (Azhar Chishd et al., 2001;
Games et al., 1995; Hsiao et al., 1996; Mucke et al., 2000; Sturchler-Pierrat et al., 1997). These
mice generally display extracellular AB plaques in the brain, accompanied with synaptic loss,
gliosis, and cognitive impairments (Watamura et al., 2022). While some of these strains

demonstrate neuronal loss, none of them exhibit neurofibrillary tangles.

In order to study potential synergistic effects between familial AD mutations, transgenic mice
containing multiple familial AD mutations were also developed. Double transgenic models,
such as APPy../PSEN1dEY, and 5xFAD, exhibit more aggressive AR deposits, synaptic loss,
memory deficits, and neuronal loss compared to single APP transgenic strains (Oddo et al.,
2003); however, they do not exhibit NFT depositions either. A triple transgenic mouse,
namely 3xTg, was also developed in order to recapitulate both the A and NIFT depositions
(Oddo et al., 2003), overexpressing the APP Swedish, tau P301L, and PS1 M148V mutations.
However, it is more challenging to understand the pathophysiological state of these animals
due to the overexpression of multiple genes. This thesis employed the 5xFAD mouse model

to capture the key hallmarks of AD while maintaining experimental simplicity and feasibility.
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Figure 7. 5xFAD mouse model for Alzheimer’s Disease. APP transgenes express the Swedish
(K670N/MG671L), Flotida (I1716V), and London (V717I) mutations together with mutant PST (M146L/L286V),
regulated by the murine Thyl promoter. On the right, schematic representation of the timeline of behavioural
characteristics of the 5xFAD mouse model used in this thesis. Plaque deposition is one of the first observed
hallmarks around 2 months followed by first evidences of neuronal loss, which are still observed at late stages
of the disease. Cognitive impairment is observed around 6 months of age.

The 5xFAD mouse model is extensively used in AD research, as it replicates multiple AD-
associated phenotypes, exhibiting an ecarly onset and an aggressive, age-dependent
progression (Figure 7). It was developed in 2006 and expresses human APP with the Swedish
(K670N/MG671L), Florida (I716V), and London (V7171) mutations together with mutant
PS1 (M146L/1.286V) regulated by the murine Thyl promoter (Oakley et al., 2000). Strong
neuronal loss is seen, in conjunction with elevated levels of AB1.42, which quickly accumulates
from 2 month of age in deep cortical layers and in the subiculum. Intraneuronal Af can also
be observed from 1.5 month of age, just before the appearance of AB deposits. AB deposits
progressively accumulate within the cerebral cortex, subiculum, and hippocampus, though
they are also observed, albeit in smaller quantities, in the thalamus, brain stem, and olfactory
bulb of older mice. The extend of astrogliosis and microgliosis corresponds to the level of
AB deposition and initiates with the appearance of plaques. Closely linked to intra- and
extracellular AR deposits, dystrophic neurites become apparent at 3 months of age. This is
then followed by synaptic loss shown by decrease of synaptophysin, syntaxin, and
postsynaptic density-95 markers start around 4 month of age and are significant from 9
month throughout the brain (Jawhar et al., 2012; Oakley et al., 2006; Padua et al., 2024;
Schaeffer et al., 2011). Neuronal loss is detected in the layer 5 of the cortex in 12-month-old
mice. These mice exhibit an age-dependent phenotype, along with working memory deficits
observed in an alternation task, as well as reduced anxiety levels demonstrated in the elevated

plus maze task starting from 6 month of age (Jawhar et al., 2012).
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2 Synaptic plasticity

Brain plasticity is a process that involves adaptive structural and functional changes that
enable the brain to modify and reorganise itself. This process reflects the nervous system’s
ability to alter its activity in response to internal or external stimuli by reshaping structure,
functions, or connections. Specifically, synaptic plasticity refers to changes at the synaptic
level, involving adjustments at the synapse and therefore impacting communication between
neurons. Understanding the molecular mechanisms governing synaptic plasticity across
various brain regions and cell types is essential for uncovering the neural basis of both normal

and pathological brain functions.

Santiago Ramon y Cajal introduced the concept of brain plasticity by illustrating that neurons
are individual units capable of modifying their connections, describing axonal and dendritic
changes that underlie learning, memory, and regeneration, and therefore establishing the
foundations for modern neuroplasticity (DeFelipe, 2000). Years later, Donald Hebb
expanded the concept of synaptic plasticity, suggesting that when two neurons fire
simultaneously, their connection strengthens, making it more likely to fire again together in
the future. With the same principle, he also said that when two neurons repeatedly fire in an
uncoordinated manner, the connections between them weaken and they are more likely to
act independently. This can be simplified to the principle “Cells that fire together, wire
together; cells that fire apart, wire apart”’(Citri & Malenka, 2008; Mortis, 1999; Seung, 2000).

In 1897, Charles Sherrington introduced the term “synapse” to describe specialised
structures enabling neuronal communication (Shepherd & Erulkar, 1997). Synapses are
highly plastic and modulate signal transmission strength. Chemical synapses consist of a
presynaptic active zone, a synaptic cleft, and a postsynaptic neuron, where neurotransmitters
bind to specific receptors, initiating synaptic plasticity. Neurotransmitter receptors, including
glutamatergic, dopaminergic, and GABAergic, transduce signals, leading to either excitatory
(EPSP) or inhibitory (IPSP) postsynaptic responses (Feher, 2012; Hell & Ehlers, 2008).

Synaptic transmission changes occur over a range of temporal domains from milliseconds to
hours, days, and probably longer (Citri & Malenka, 2008). Moreover, synaptic plasticity is
categorised into short-term and long-term, depending on the time scale the plasticity is
happening. Short-term synaptic plasticity refers to temporary changes in synaptic strength
that last from milliseconds to a few minutes, reflecting the history of presynaptic activity
(Luo et al., 2014). It is generally driven by alterations in the likelihood of neurotransmitter
release, resulting from changes in the biochemical mechanisms leading synaptic vesicle
exocytosis. Short-term synaptic plasticity is crucial for processing information on a rapid
timescale and plays a role in filtering and modulating synaptic signals, affecting processes like

sensory adaptation and short-term memory (Zucker & Regehr, 2002).

Long-term synaptic plasticity, in contrast, involves temporary changes in synaptic strength

that can persist for minutes, hours, and potentially days. These long-term changes are partly

20



INTRODUCTION

activity-dependent and modulated by experiences, which ultimately influence future
behaviour. The brain represents both external and internal events as intricate spatiotemporal
patterns within large groups of neurons, which can be understood as neural circuits.
Experimental evidence for the presence of such long-lasting, activity-dependent changes in
synaptic strength was first provided in 1973, when Bliss and colleagues reported a
phenomena in which repetitive activation of excitatory synapses in the hippocampus was
causing a potentiation of synaptic strength that could last for hours or even days (T. V. P.
Bliss & LOmo, 1973). This was the first definition of long-term potentiation (LTP), which
was then subject of extensive research due to its proposed significance in elucidating the
cellular and molecular mechanisms underlying memory formation in the hippocampus
(Martin et al., 2000; Whitlock et al., 2006). Nevertheless, it is now evident that hippocampal
LTP represents only one of several distinct forms of long-term synaptic plasticity present in
specific circuits within the mammalian brain (T. V. P. Bliss et al., 2016; Daida et al., 2024;
Raymond, 2007).

21 NMDAR-dependent LTP

The most thoroughly investigated and exemplary form of synaptic plasticity is L'TP that
occurs in the CA1 region of the hippocampus (Figure 8). This process is initiated by the
activation of NMDAR by glutamate. Indeed, our understanding of the molecular
mechanisms underlying L'TP largely originates from research on LTP at excitatory synapses
on CA1 pyramidal neurons within hippocampal slices (Citri & Malenka, 2008; Malenka &
Bear, 2004). Findings from these studies are frequently generalised to other regions of the

brain.

NMDAR-dependent LTP is triggered by the release of presynaptic glutamate and
postsynaptic depolarisation resulting from the simultaneous activation of multiple synapses
(Malenka & Bear, 2004). This activation involves two major types of ionotropic glutamate
receptors within the postsynaptic density: a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors (AMPAR) and NMDAR (T. V Bliss & Collingridge, 1993;
Man et al., 2000; Nicoll & Malenka, 1999). These receptors are typically co-localised on
individual spines. AMPARs contain a Na+/K+ permeable channel that, upon activation,
generates the majority of the inward current responsible for the excitatory synaptic response
when the cell is near its resting membrane potential. In contrast, NMDAR exhibit significant
voltage dependence due to the extracellular magnesium block of their channel at negative
membrane potentials (Mayer et al., 1984). Consequently, during basal synaptic activity,
NMDARs contribute minimally to the postsynaptic response. However, when the cell
becomes depolarised, magnesium dissociates form its binding site within the NMDAR
channel, allowing ion influx. Moreover, NMDARs allow Ca*", as well as sodium, to enter the
postsynaptic density. Overall, LTP induction requires the activation of NMDARs during
strong depolarisation, which results in an elevated concentration of postsynaptic Ca**

(Malenka, 1991). Following the increase of Ca®" levels within the postsynaptic density, several
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signalling molecules participate in transforming this Ca** signal into a sustained enhancement
of synaptic strength. Among these molecules there is Ca*"/calmodulin (CaM)-dependent
protein kinase II (CaMKII), which undergoes autophosphorylation upon LTP initiation
(Barria et al., 1997; Citri & Malenka, 2008; Malenka & Bear, 2004).

The main mechanism underlying LTP expression at hippocampal CA1 synapses involves an
increase in the number of AMPARs within the postsynaptic density, facilitated by activity-
dependent modifications in AMPAR trafficking (Bredt & Nicoll, 2003). Newly expressed
AMPARSs in the postsynaptic density originate from recycling endosomes in the dendrites,
which contain a reserve pool of AMPARs mobilised during LTP through a process
dependent on the small GTP-binding protein Rab11a (M. Park et al., 2004). Upon exocytosis,
AMPARs initially insert into perisynaptic sites, and then diffuse laterally to reach the
postsynaptic density, aided by protein kinases like PSD-95 (Citri & Malenka, 2008).

Figure 8. Hippocampal NMDAR-LTP representation. Schematic representation of the paradigmatic form
of NMDAR-LTP occurring between the CA3 and CA1 neurons in the hippocampus. Presynaptic CA3 neurons
release glutamate, which binds to NMDARSs on post-synaptic CA1 neurons, causing the channel to open by
displacing magnesium ions (Mg?*) and allowing calcium ions (Ca?") to enter. This initiates a signaling cascade,
starting with CamKIIa, which ultimately leads to the newly expression of AMPARs in the post-synaptic
neurons, thereby maintaining synaptic activity.
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LTP can persists for hours, days or even longer, and this sustained effect relies on local
protein synthesis within dendrites, which provides essential components to the synapse. To
achieve this, protein kinases, such as Protein Kinase A (PKA), activate transcription factors
like cyclic adenosine monophosphate (cAMP) response binding protein (CREB), which
stimulate the expression of effector genes necessary for sustaining synaptic enhancement
(Impey et al., 1998) (See 3.7 section for more details). This process is followed by structural
modifications, including enlargement of the postsynaptic density and dendritic spine,

ultimately resulting in an expanded presynaptic active zone (J. E. Lisman & Harris, 1993).

Additionally, it has been well established that most synapses exhibiting LTP also display one
or more forms of long-term depression (LTD)(Dudek & Bear, 1992), a process that, like
LTP, relies on NMDAR activation but leads to a decrease in synaptic strength. While
different NMDAR subtypes contribute to LTD, the expression of LTD involves the
reduction and removal of both presynaptic and postsynaptic clements; however, the
mechanisms underlying these changes are still not clear. LTD results in a decreased
probability of glutamate release, which can be originated by alteration in either the
presynaptic or postsynaptic terminal through retrograde messengers such as nitric oxide or
endocannabinoids, particularly in the striatum, cortex, and cerebellum (Stanton et al., 2003;
Yasuda et al., 2008). Like LTP, LTD is a postsynaptic process characterised by a decreased
sensitivity to glutamate, which may result from the removal of AMPARs from the synapse
or an alteration of the conductance properties of the receptors (Collingridge et al., 2010). In
NMDAR-LTD, Ca®" that enter through NMDARs bind to calmodulin, which activates the
phosphatase calcineurin. This activation then initiates the activation of protein phosphatases
that dephosphorylate AMPARs, ultimately resulting in LTD (Mulkey et al, 1993).
Furthermore, the influx of Ca** induces the release of Ca®" from intracellular stores,
activating Ca*" sensitive enzymes in the perisynaptic region that promote the endocytosis of
AMPARSs (Beattie et al., 2000). Protein synthesis is also required for LTD to be sustained,

although the exact mechanisms are still not clear.
2.2 Astrocytes: the tripartite synapse

In 1846, Virchow was the first to identify a connective material within the brain that
surrounds nervous elements, which he termed Nervenkitt, or “nerve glue”, referring to what
we now recognise as glial cells (Somjen, 1988). It is now well established that these cells serve
functions far beyond merely sustaining neurons (Volterra & Meldolesi, 2005). In particular,
astrocytes were traditionally thought to serve exclusively as supportive elements in brain
function, relegating them to a secondary role within the central nervous system, with
associated functions such as Ca®* homeostasis and signalling, maintaining the blood-brain
barrier (BBB), metabolic support for neurons, and clearance of extracellular ions and
neurotransmitters (Alvarez et al., 2013; Bélanger et al., 2011; Duan et al., 1999; Verkhratsky
& Kettenmann, 1996; Y. M. Zhang et al., 2023). Nevertheless, it is now well-known that

astrocytes interact closely with neurons and actively regulate synaptic neurotransmission,
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reinforcing the concept of the synapse as a tripartite structure(Araque et al., 1999; Halassa et
al.,, 2007; Perea et al., 2009; Santello et al., 2019). In this model, astrocytes, together with pre-
and postsynaptic neuronal components, are integral elements engaged in bidirectional

communication, wherein astrocytes not only sense and respond to neuronal activity but also

actively modulate neuronal and synaptic function (Figure 9)(Araque et al., 1999; Perea et al.,
2009).

Figure 9. The tripartite synapse. Schematic representation of the bidirectional communication occurring in
the tripattite synapse, involving pre- and post-synaptic neurons, and astrocytic processes. The pre-synaptic
neurons release neurotransmitters which can bind to both the post-synaptic and astrocytic receptors. This
binding increases calcium levels in the astrocytic process, which, in turn, triggers the release of gliotransmitters
that can bind to both pre- and post-synaptic neurons.

The traditional view that neurons were the exclusive mediators of brain communications
through electrical signalling was challenged with the development of calcium imaging
techniques (Charles et al., 1991; Cornell-Bell et al., 1990). Thus, while neurons rely on
electrical signals generated across the plasma membrane for their cellular excitability,
astrocytes depend on changes in Ca*" concentration within the cytoplasm (Araque et al.,
2002; Perea & Araque, 2005). Therefore, while fast neurotransmission occurs within
milliseconds, the effects of astrocytes on neuronal plasticity can last for seconds or even tens
of seconds. Moreover, astrocyte Ca”" elevations can occur spontaneously and, notably, can
also be triggered by neurotransmitters released during synaptic activity or by changes in
environmental signals, such as sensory or mechanical stimuli (Perea & Araque, 2005; X.

Wang et al., 2006). Ca®" responses in astrocytes, including amplitude, frequency, kinetics and
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spatial diffusion, are shaped by the synaptic system, input patterns, and stimulation
frequency, indicating that Ca*" dynamics encode neuronal information (Araque et al., 2014;
Perea & Araque, 2005; Todd et al., 2010; Volterra et al., 2014). Importantly, Ca*" signalling
can propagate to adjacent astrocytes, thereby also enabling intercellular communication

among them (Araque et al., 2002).

Astrocytes express a diverse array of neurotransmitter receptors, several of which are also
found in neurons (Porter & McCarthy, 1997). Therefore, these cells can bind and respond
to many neurotransmitters in different forms, such as glutamate, acetylcholine, ATP, GABA,
and endocannabinoids (Bowser & Khakh, 2004; N. Chen et al., 2012; Mariotti et al., 2018;
Navarrete & Araque, 2010; Perea & Araque, 2005). Most of these responses occur via G
protein-coupled receptors (GPCRs), which, upon stimulation by neurotransmitters released
during synaptic activity, initiate various intracellular signalling pathways (Kofuji & Araque,
2021).Yet, they also express some ionotropic receptors such as NMDARs (Ahmadpour et
al., 2024). GPCRs interact with G-proteins, which are heterotrimeric specialised proteins
conformed by three subunits: «, 8 and y. Commonly, GPCR activation in astrocytes leads to
an increase of astrocytic Ca”" levels when they signal through the Gog subunit, being one the
most well-known pathways the mobilisation of Ca** from internal reservoirs. When activated,
these receptors stimulate phospholipase C through the Goq subunit, which hydrolyses the
membrane lipid phosphatidylinositol 4,5-bisphosphate leading to the formation of
diacylglycerol and inositol trisphosphate (IPs), which, in turn, results in IP; receptor
activation and Ca’" release from IPs-sensitive Ca®* stores (Araque et al., 2002; Kofuji &
Araque, 2021). Still, astrocytic Ca* can also originate from alternative pathways, including
mitochondrial release or the activation of TRPC1 channels (Agarwal et al., 2017; Malarkey et
al.,, 2008). Some of the GPCRs that can be found in astrocytes are alpha-1 adrenergic, CB1,
D1 GABAg, mACh, mGlu, mGluR2, mGluR3, mGluR5 and P2Y1, among others (Kofuji &
Araque, 2021).

Astrocytes not only sense and respond to neuronal activity but also actively regulate synaptic
function by releasing gliotransmitters, which is a consequence of Ca*" elevations (Durkee &
Araque, 2019). Thus, they can influence various signalling pathways in neurons, modulating
synaptic transmission and plasticity. One of the earliest pieces of evidence supporting
astrocyte-induced neuromodulation is the Ca’*-dependent release of glutamate from
astrocytes, which activates postsynaptic NMDAR, leading to an increase in intracellular Ca**
levels and potentiating excitatory transmission in hippocampal neurons from the dentate
gyrus (Bezzi et al., 1998; Jourdain et al., 2007; Nedergaard, 1994). Of note, astrocytic
glutamate can also activate receptors located at presynaptic terminals, thereby enhancing the
frequency of both spontaneous and evoked excitatory synaptic currents. Specifically, in
hippocampal CA3-CA1 synapses, astrocytic glutamate activates mGlu receptors (Navarrete
& Araque, 2010). These findings illustrate that a single gliotransmitter can have multiple
effects, acting on different targets in the same brain region. Furthermore, astrocytes are

capable of releasing other neuroactive molecules in addition to glutamate, including D-serine,
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ATP, adenosine, GABA, TNF«, prostaglandins, as well as various proteins and peptides
(Perea et al,, 2009). Additionally, astrocytes from the same circuit can release multiple
gliotransmitters. For instance, astrocytes in the CAl can release D-serine and ATP in
addition to glutamate (J.-M. Zhang et al., 2003; Zhuang et al., 2010). Gliotransmitters can be
released in a Ca**-dependent manner through vesicles and lysosomes; however, they can also
be released independently of Ca** through mechanisms such as glutamate transporters or

connexin hemichannels, among others (Kofuji & Araque, 2021).

It is important to note that not all synapses are functionally tripartite. Approximately 40% of
recorded hippocampal synapses exhibit astrocyte-induced potentiation, which aligns with the
observation that only a subset of hippocampal excitatory synapses is enveloped by astrocytic
processes (Perea & Araque, 2007; Ventura & Harris, 1999). This information is relevant as it
suggests that neuromodulation does not arise from widespread diffusion of gliotransmitters
but indicates specific signalling between astrocytes and neurons. Further supporting this idea
of specificity, astrocytes have the ability to selectively respond to various synapses that use
different neurotransmitters. For instance, research have demonstrated that astrocytes in the
hippocampus display different responses to acetycholine compared to glutamate, suggesting
their ability to differentiate between synaptic activity from distinct axonal pathways (Perea &
Araque, 2005). Furthermore, the effect of each gliotransmitter on synaptic communication
depends on the specific neuronal environment. Specifically, the effects of glutamate
gliotransmission vary depending on the specific receptor profile of the pre- and post-synaptic
components of the tripartite synapse. For example, the release of a single gliotransmitter,
such as glutamate, can exert either inhibitory or excitatory effects on synaptic plasticity,
influencing both short- and long-term processes (Adamsky et al., 2018; Andersson et al.,
2007; Jourdain et al., 2007; Navarrete & Araque, 2010).

Other glial cells can also contribute to synaptic plasticity, although their role is less direct and
not as well characterised as that of astrocytes. Microglia, regulate neuronal activity and
synaptic plasticity by continuously monitoring the microenvironment and engaging in
neuron-glia communication (Cornell et al., 2022; C. J. Yu et al., 2023). They refine neural
circuits through synaptic pruning, tagging weak synapses with complement proteins for
removal, and thereby influencing LTP and LTD. Therefore, their balance in release of pro-
and anti-inflammatory cytokines plays a crucial role in synaptic regulation (Hong et al., 2010).
A recent study, nevertheless, indicates that the brain exhibits notable adaptability in executing
synaptic refinement, maturation, and connectivity, even in the absence of microglia
(O’Keeffe et al, 2025). On the other hand, oligodendrocytes, also have a role in
plasticity(Korrell et al., 2019; Ronzano et al., 2020; Sancho et al., 2021). Their progenitor cells
respond to neuronal activity via glutamatergic and GABAergic inputs, influencing myelin
formation in an experience-dependent manner, modulating axonal growth and neuronal
excitability(De Luca et al., 2020). However, the role of microglia and oligodendrocytes in

plasticity remains less well understood than that of astrocytes, and further research is needed
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to determine whether their contribution to plasticity is comparable to that of these star-

shaped cells.

2.3 Synaptic plasticity impairments in neurodegenerative
diseases

Synapse dysfunction is one of the main characteristics in neurodegenerative diseases, marked
by loss and deterioration of synapses and neurons, along with functional decline (Dejanovic
et al.,, 2024; D. M. Wilson et al., 2023). Moreover, synapses can be impaired in several ways
in neurodegenerative diseases, including abnormal synapse elimination, impaired balance
between excitation and inhibition, glutamate or calcium overflow, neuronal hyperexcitability
ot due to toxic protein aggregates (D. W. Choi, 1988; Fricker et al., 2018; J. Y. Li et al., 2003;
Palop & Mucke, 2010; Verma et al., 2022). This section provides an overview of some of the

key mechanisms related to synaptic plasticity dysfunction in neurodegenerative diseases.

The abnormal removal of synapses by glial cells, particularly microglia and astrocytes, is now
acknowledged as a central mechanism undetlying synapse loss (Bohlen et al., 2025). Precisely,
elimination of functional synapses by microglia through the classical complement pathway
has been observed in different mouse models of neurodegeneration, including AD and HD
models (Dejanovic et al., 2024; Wilton et al., 2023). Therefore, the onset and progtression of
neurodegenerative disorders could be directly related to the immune signalling pathways, as
it has been observed in AD, where most risk gens are highly expressed in microglia (Hansen
et al, 2018). In connection with this, interleukin 33 is a cytokine driving microglial
engulfment of the extracellular matrix and its decrease leads to deficits in synaptic plasticity
and cognitive decline in 5xFAD mice (Cornell et al., 2022). In HD, increased activation and
localisation of complement proteins has been related to selective loss of synaptic connections
between the cortex and the striatum(Wilton et al., 2023). In addition, astrocytes in their
reactive form and induced by activated microglia, have also been documented to play a role

in synapse elimination (Liddelow & Barres, 2017).

Disturbance in the balance between excitation and inhibition is another mechanism that can
damage synapses. This imbalance has been widely identified in neurodevelopmental
disorders such as epilepsy, although it was not until recently recognised also in
neurodegenerative disorders such as AD (Do-Ha et al,, 2018; Palop & Mucke, 2010).
Particularly, deficient synaptic inhibition due to dysfunctional inhibitory interneurons has
been seen in mouse models of AD, leading to cognitive impairment (Verret et al., 2012).
Additionally, glutamate can be toxic to synapses when found at elevated levels in the synaptic
cleft during neurotransmission due to impaired Ca** buffering, free radical generation or
mitochondrial permeability (Ankarcrona et al., 1995; X. X. Dong et al., 2009). A deposits in
AD or mHTT aggregate in HD can also compromise proteostasis, affecting synapses
through a multitude of signalling pathways (Huffels et al., 2023; J. P. Taylor et al., 2002).
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The motor cortex plays a central role in coordinating and learning motor functions, with
associated motor circuits, such as the cortico-striatal pathway, which exhibits plasticity in
response to motor learning and is also one of the most and earliest affected pathways in HD
(Ghiglieri et al., 2019; Puigdellivol et al., 2015). It has been observed that NMDAR-
dependent LTP between cortex and striatum decreases with age, which can be reverted using
neuronal plasticity enhancers or with rehabilitation training (Inoue & Nishimune, 2023).
Due to the central role of synaptic plasticity dysfunction in neurodegenerative disorders,
there is an increasing interest in therapeutic approaches that aim to restore synaptic function
and integrity by, for instance, enhancing synaptic plasticity by strengthening the synapse,
protecting synapses from toxic stimuli, preventing presynaptic degeneration or rebalancing
synaptic function to reduce network hyperactivity, among others (Dejanovic et al., 2024). To
date, strategies targeting AMPARs and NDMARs, brain derived neurotrophic factor
(BDNF) and its receptor tropomyosin receptor kinase B (TrkB) are being investigated
(Dejanovic et al., 2024). Nonetheless, urgent research is required to develop precise, disorder-
, region-, and cell-specific strategies that effectively enhance synaptic plasticity in

neurodegenerative diseases.
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3 The cAMP signalling pathway
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Figure 11. The cAMP pathway. Schematic representation of the key molecules involved in the cAMP
signalling pathway and some of the major cellular functions it regulates.

cAMP was the first second messenger to be discovered and the classical one due to its
involvement in a wide range of cellular processes, and its high sensitivity to many hormones
and neurotransmitters throughout the body (Sassone-corsi, 2012; Sutherland & Rall, 1958)
(Figure 11). The balance between adenylyl cyclases (AC), which synthetise cAMP, and cyclic
nucleotide phosphodiesterases (PDE), which hydrolyse cAMP, precisely regulates the
intracellular levels of cAMP (McKnight, 1991). Cell-type and stimulus-specific responses are
induced due differential gene expression which encode for a high-variety of AC and PDE
isoforms (Devasani & Yao, 2022; Erro et al., 2021; Fu et al., 2024; Kilanowska & Ziotkowska,
2020; Ostrom et al., 2022). In the brain, targeting specific isoforms expressed in distinct brain
regions is being explored as a therapeutic strategy for neurodegenerative diseases
(Angelopoulou et al., 2022; Erro et al., 2021; Z. Zhou et al., 2024).

GPCRs are membrane proteins that activate the majority of ACs downstream after the
recognition of a wide variety of signals ranging from ions to proteins, neurotransmitters and
hormones. As previously introduced, GPCR interact with the G-proteins composed of three
subunits: a, $ and y (S. Liu et al., 2024). Generally, when an a subunit is dissociated from the
heterotrimeric «fy complex, it binds to the AC and either activates or inhibits or modulates

its activity, depending on the subunit (a, or o, respectively) (S. Liu et al., 2024). As previously
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presented (see Section 2.2), GPCR can also express aq subunits, which regulate Ca®* signalling.
Conversely, cAMP can be degraded to AMP by PDE. Besides, both ACs and PDEs can be
modulated by other signalling pathways, including calcium signalling (for instance CamKIla
or calcineurin), PKC and receptor tyrosine kinases (ERK, MAP kinase, and PKB) (Cooper
et al., 1995; Goraya et al., 2004; Yoshimasa et al., 1987).

cAMP is generated from ATP as a result of AC activation, which, in turn, can activate three
main effectors: PKA, guanine-nucleotide-exchange factor EPAC and cyclic-nucleotide-gated
ion channels (Bos, 2003; S. S. Taylor et al., 1992; Zaccolo & Pozzan, 2003). PKA is a
tetrameric enzyme that consist of two regulatory and two catalytic subunits, which are able
to phosphorylate a myriad of targets when they are detached from the regulatory subunits
(S. S. Taylor et al., 1992). PKA is the most well-known target and characterised by its wide
variety of substrates, whose specificity is enhanced by A-kinase anchoring proteins (AKAPs)
that localise PKA near particular effectors and substrates (W. Wong & Scott, 2004). PKA
can also be inhibited by a protein kinase inhibitor (PKI) (Walsh et al., 1971).

PKA has a diverse array of substrates that are localised both in the cytosol and in the nucleus
of the cell. PKA targets participate in an extensive range of signalling pathways, including
the following: glycogen synthesis and breakdown through the phosphorylation of metabolic
enzymes; inhibition of lipid synthesis via acetyl CoA carboxylase; phosphorylation and
subsequent inactivation of phospholipase C 32; phosphorylation and activation of MAP
kinases; decreased activity of Rad and Rho; and modulation of ion channel permeability
among others (Hotz et al., 1989; C. C. Huang & Hsu, 2006; U. H. Kim et al., 1989; Munday
& Hemingway, 1999; Sassone-Corsi, 2012). Importantly, PKA can also directly
phosphorylate transcription factors such as CREB, cAMP responsive modulator (CREM),
and ATT1 alongside others. This phosphorylation permits these proteins to interact with the
transcriptional coactivators CREB-binding protein (CBP) and p300. The activity of the
aforementioned transcriptional factors can be counteracted with phosphatases that decrease
its activity, including PP1 and PP2A, which in turn can also be inhibited by I1 and DARPP32,
which are activated by PKA (Sassone-Corsi, 2012).

EPAC and cyclic-nucleotide-gated ion channels are the other two important effectors of
cAMP. EPAC promotes the activation of specific GTPases while cyclic-nucleotide-gate ion
channels conduct Ca®*, which stimulates CaM and CaM-dependent kinases and, as a result,
modulate cAMP production (Bos, 2003; Zaccolo & Pozzan, 2003).

Notably, during the past years, the focus has been put into the compartmentalisation and
spatial regulation of cAMP, which is crucial for signal propagation and specificity of response
(Letkimmiatis & Zaccolo, 2014; Zaccolo et al., 2021). According to this revised paradigm,
the functional outcome of a signal mediated by cAMP depends on local and temporal
regulation. Moreover, cAMP signalling is also cell-specific, thereby the same stimulus can

have different responses in different cells or subcellular compartments.
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31 cAMP signalling and synaptic plasticity

cAMP is involved in diverse biological functions, including gene transcription, cell
metabolism, proliferation, development, and most notably, synaptic plasticity, which is the
primary focus in this thesis. In 1997, Nguyen and Kandel demonstrated for the first time the
direct link between cAMP and LTP in neurons from mice. Particularly, they observed that
the late phase of LTP required protein synthesis and RNA, which was inhibited in presence
of PKA blockers (Nguyen & Kandel, 1997).
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Figure 10. Late NMDAR-dependent LTP regulation involving cAMP signalling. Schematic
representation of the canonical cAMP cascade signalling that sustains NMDAR-dependent LTP. Calcium influx
into the post-synapse activates calcium-dependent kinases, which stimulate the production of cAMP through
adenylyl cyclases (AC). This increase in cAMP activates PKA, which phosphorylates Rapl, leading to the
activation of B-Raf, MEK, and MAPK, ultimately activating the transcription factor CREB. This cascade of
events results in gene regulation that contributes to the formation of new synaptic connections.

As previously reviewed, NMDAR-LTP in the hippocampus is one of the first and most
studied types of LTP, and experimental models for it are well established. One of the defining
features of LTP is the Ca®" influx into the post-synaptic neurons through NMDAR. Once
LTP is induced and synaptic strength is enhanced through the insertion of new AMPARs, it
needs to be maintained so it can continue for more than 1-2 hours up to days or even longer.
This prolongation, known as late-phase LTP, is primarily driven by cAMP, which follows
PKA activation and ultimately initiates gene transcription. Precisely, CREB phosphorylation
by PKA is essential for long-term plasticity, as in mice that lacked CREB isoforms, L'TP was
impaired (Glazewski et al., 1999). Furthermore, phosphorylation of mitogen-activated
protein kinase (MAPK) is also essential for the induction of LTP (Waltereit & Weller, 2003).
The connection between CREB and MAPK phosphorylation is crucial, as this pathway has
been observed to central during the induction of synaptic plasticity (C. C. Huang & Hsu,
2006; Waltereit & Weller, 2003). Overall, the most established signalling pathway for late-
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phase LTP centres around cAMP, which activates PKA, then triggers Rapl and B-Raf,
leading to the phosphorylation of MAPK/ERK kinase (MEK). MEK subsequently
phosphorylates MAPK, which activates CREB and other transcription factors (Waltereit &
Weller, 2003) (Figure 10).

Following CREB activation, gene transcription processes that are necessary for the
stabilisation of the structural and functional changes of synaptic strength are initiated, with
¢-Fos being among the first early genes linked to synaptic plasticity (Waltereit & Weller, 2003).
Egl/Zif286 and Arc/ Arg3.1 are also early genes downstream the cAMP/PKA/CREB
pathway that are related to synaptic plasticity; Arc protein regulates the endocytosis of
AMPAR, while Ergl regulates other genes involved in synaptic growth (Didier et al., 2018).
CREB also regulates BDNF expression, which has been directly associated with synaptic
plasticity by increasing synaptic strength and enhancing dendritic growth and spine
formation, among others (Benito & Barco, 2010; Kowianski et al., 2018; H. Park & Poo,
2012).

Based on the classical NMDAR-LTP hippocampal studies, researchers began investigating
the cAMP/synaptic plasticity pathway in neurons from other brain regions. Notably, cAMP
increases in granule neurons from the CAl layer of the hippocampus enhance synaptic
strength and neuronal depolarisation (Luyben et al., 2020), as well as the amplitude of EPSCs
in pyramidal neurons of the medial prefrontal cortex through the PKA/MAPK pathway (C.
C. Huang & Hsu, 2006). Moreover, mouse pyramidal cortical neurons can express both 3-
adrenergic and dopamine D1-like receptors, which are GPCRs modulated by noradrenaline
and dopamine, respectively. Consequently, these neurons also signal through the
cAMP/PKA pathway, enhancing synaptic plasticity (O’Donnell et al., 2012; Vincent et al.,
2021). Dopamine also differently modulates D1 and D2 GPCRs receptors in the MSNs in
the striatum, which also signals through the cAMP/PKA pathway and modulates its
excitability (Y. Dong et al., 2006; Vincent et al., 2021). In summary, this evidence suggests
that cAMP plays a pivotal role in the long-term modulation of synaptic plasticity, positioning

it as a promising therapeutic target for the treatment of neurodegenerative diseases.
3.2 cAMP signalling in astrocytes

Astrocytes also express GPCRs coupled to Go, and Goy subunits, which can be activated by
neurotransmitters, neuromodulators, neuropeptides, and hormones, thereby modulating
cAMP levels. As a result, several functions of these glial cells are regulated through cAMP
signalling. One of the main contributors to cAMP levels in astrocytes is the B-adrenergic
receptor system, which includes three subtypes in astrocytes: 1, 32 and B3, and is activated
by noradrenaline (Horvat et al., 2016; Shao & Sutin, 1992). Astrocytes also express adenosine
receptors, and therefore also contributing to a basal level of cAMP (Theparambil et al., 2024;
Wendlandt et al., 2023). Additionally, serotonin, dopamine, and histamine can also activate
GPCRs on astrocytes, further modulating cAMP signalling (H6sli & Hosli, 1984; Miyazaki
et al.,, 2004; Zeinstra et al., 2006). Neuropeptides, such as pituitary adenylyl cyclase activating
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polypeptide (PACAP), bind to VPAC1, VPAC2, and PAC1 GPCRs, which, in turn, activate
AC and elevate cAMP levels (Joo et al., 2004). Furthermore, AC is present in astrocytes as
membrane-associated from, known as transmembrane AC (tmAC), but also as soluble form
(sAC) (H. B. Choi et al., 2012). Downstream astrocytic cAMP signalling, PKA and Epacl
appear to be the most predominantly expressed proteins. Moreover, cAMP degradation in
astrocytes is specifically conducted by PDE1 and PDE4, which are cAMP-specific PDEs
and can be upregulated by cytokines (Z. Zhou et al., 2019).

cAMP exhibits a complex interplay with Ca*, another crucial second messenger that has
been extensively studied in astrocytes (Sobolczyk & Boczek, 2022). In this context, ACs are
considered a key point of integration between these two molecules, as some tmACs
expressed in astrocytes can be directly or indirectly modulated by Ca** (Willoughby et al.,
2012). In this regard, sAC have been seen to be deeply influenced by intracellular Ca**
dynamics (Schmid et al., 2014). Moreover, mitochondria are known to be one of the
mechanisms that control Ca** levels. Interestingly, the expression of certain mitochondrial
transporters may be regulated by CREB, suggesting an additional mechanism linking cAMP
and Ca** (Shanmughapriya et al., 2015). Additionally, studies using hippocampal slices have
demonstrated that astrocytic cAMP can influence the oscillatory activity of intracellular Ca**

(Ujita et al., 2017). Yet, the precise mechanism of their relationship remains unclear.

Some of the astrocytic functions regulated by cAMP are glycogenolysis and lactate release,
extracellular maintenance such as glutamate uptake, potassium buffering and water
permeability, and immune response, among others (Z. Zhou et al., 2019). Notably, astrocytic
glycogenolysis and lactate release have been shown to be important for neuronal activity and
synaptic plasticity. This is due to the high energy demands of neuronal function, as inhibiting
glycogenolysis reduces the astrocytic energy supply to neurons, leading to impairments in
learning and memory (Boury-Jamot et al., 2016; Hertz et al., 2015; Suzuki et al., 2011).
Moreover, it has been demonstrated that lactate is essential for the phosphorylation of CREB
(Suzuki et al., 2011), which also triggers the expression of Ar, ¢-Fos and Egrl early genes in
neurons (Yang et al., 2014). BDNF is a well-established neurotrophic factor that plays a key
role in synaptic plasticity and which is highly expressed in neurons, although its expression
has also been seen to be induced by noradrenaline, serotonin, and dopamine in cortical and
cerebellar astrocytes 2 vitro (Mojca Juri¢ et al.,, 2000). All this information indicates that
cAMP signalling in astrocytes may have a central role in synaptic plasticity. As a matter of
fact, it has been demonstrated that an increase of astrocytic cAMP in the hippocampus is
sufficient to induce synaptic plasticity and modulate memory, which reinforces the idea of
cAMP expression in astrocytes is critical in synaptic plasticity and LTP (Z. Zhou et al., 2019).
Nevertheless, the direct relationship between cAMP signalling and astrocytes in plasticity is
still pootly understood. Manipulating cAMP in astrocytes may hold significant potential for

enhancing synaptic plasticity in the brain.
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3.3 cAMP-PKA signalling in neurodegenerative diseases
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Figure 12. cAMP signalling dysfunction in Alzheimer’s Disease and Huntington’s Disease. Schematic
representation of the key molecules involved in the cAMP signalling cascade that altered in AD and HD. Red
arrows indicate a decrease in the molecule and/or activity; Green arrows indicate an increase in the
molecule/and or activity. The presence of both red and green atrrows indicate that the alterations are dependent
on the brain region and/or isoform.

Impairments in key molecules that belong to the cAMP signalling pathway have been
increasingly linked to the progression of aging and age-related neurodegenerative diseases,
including HD and AD (Kelly, 2018). Furthermore, the two main regions most affected in
these diseases - the cortico-striatal in HD and the hippocampus areas in AD - are highly
regulated through the cAMP-PKA pathway (Heckman et al, 2018). Consequently,

dysfunctions in these diseases are closely linked to disruptions in the cAMP signalling.

Data from patients with HD and corresponding mouse models indicate alterations in cAMP
signalling within the striatum, hippocampus, and cortex; however, the amount of data
available is significantly less than that for AD (Kelly, 2018; Xiang et al., 2024). Specifically,
decreased cAMP levels have been measured in the cortex and lymphoblastoid cells of HD
patients, as well as in the cortex and striatum of the Hdh?'"" knock-in mouse model (Gines
et al., 2003). This reduction in cAMP may be linked to decreased synthesis by AC5, as its
expression was found to be reduced in the striatum, or to increased degradation by PDE4
and PDE10, whose activity has been reported to be elevated in the cortex and striatum of
the R6/2 mouse model (Beaumont et al., 2016; Tanaka et al., 2017). Nevertheless, PDE10A
has been reported decreased in the striatum and cortex of HD patients and animal models
(Ahmad et al., 2014; Hebb et al., 2004; H. Wilson et al., 2016). Furthermore, reduced PKA
phosphorylation activity have been reported in the striatum of two HD mouse models,
namely R6/2 and N171-82Q) (J.-T. Lin et al., 2013), but increased in the R6/1 mouse model
(Tyebji et al, 2015). Conversely, PKA phosphorylation levels are increased in the
hippocampus of R6/1 mice (Giralt et al., 2011, 2013; Tyebji et al., 2015), but not in the
Hdh?"" knock-in mouse model (Tyebji et al., 2015). Notably, it has been demonstrated that

PDE10A inhibitors are able to rescue behavioural and neurodegenerative deficits via the
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cAMP-PKA-pCREB signalling pathway in HD animal models (Beaumont et al., 2016; Giralt
et al., 2013).

Evidence from studies with patients, rodent models, and 7z vitro experiments indicate that
region-specific disruption in cAMP signalling in the brain could play a role in the
development of dementia-related pathology (Kelly, 2018; Xiang et al., 2024). A reduction of
GPCR-related AC activity has been observed in the hippocampus (Bonkale, Fastbom,
Wichager, et al., 1996; O’Neill et al., 1994a; Schnecko et al., 1994), and temporal cortex
(Cowburn, O’Neill, Ravid, Alafuzoff, et al., 1992; O’Neill et al., 1994a) of AD patients after
AC stimulation, although there are controversies regarding its levels in other brain regions
such as the cerebellum or other cortical regions, where some studies point to a decrease while
others report no changes (Bonkale, Fastbom, Wiehager, et al., 1996; Cowburn, O’Neill,
Ravid, Alafuzoff, et al., 1992; Cowburn, O’Neill, Ravid, Winblad, et al., 1992; Schnecko et
al., 1994). There is also evidence for cAMP and downstream molecules reduction.
Accordingly, cAMP levels have been observed to be decreased in the hippocampus of AD
rodent models (J. Zhang et al., 2013). cAMP binding to PKA has also been studied as a
measure of cAMP signalling activity, displaying reduced binding in the entorhinal cortex of
severe AD patients (Bonkale, Fastbom, Wichager, et al., 1996). Furthermore, diminished
PKA levels and activity have been reported in AD patients, mouse models, and 7z vitro studies
(Y. Chen et al., 2012b; Du et al,, 2014; S. H. Kim et al., 2001; Liang et al., 2007; Shi et al.,
2011; Vitolo et al., 2002). In agreement with the reduction of cAMP signalling in AD, both
patient and rodent studies have also shown decreased levels of pCREB and diminished
CREB-dependent transcription (Y. Chen et al., 2012b; Du et al., 2014; Shi et al., 2011; Vitolo
et al., 2002). Alongside reductions in cAMP synthesis and/or activity, AD could also be
associated with impairments in the degradation of cAMP by PDE, which have also been
observed to be isoform and brain-region specific. Specifically, an increased expression of
PDE3 has been observed in AD cerebral vessels (Maki et al., 2014), as well as increased
PDEA4D1 expression in the hippocampus of AD patients, while the other PDE4 isoforms
were found reduced in this region (McLachlan et al., 2007; Paes et al., 2021). PDE7 and
PDESB isoforms were found altered in brains from AD patients (Pérez-Torres et al., 2003).
Remarkably, stimulating AC activity (Q. wen Wang et al., 2009) or decreasing PDE
expression could reverse cAMP deficits in the hippocampus of AD, cAMP-increasing drugs
prevented induced hippocampal deficits (Vitolo et al.,, 2002), and cAMP/PKA/CREB
signalling prevented and reversed AD-related deficits (Pugazhenthi et al., 2011).

Nonetheless, the reviewed research has primarily focused specifically on neurons or whole
tissue, while cAMP signalling in glia remains largely unexplored. In recent years, few studies
have emerged highlighting alterations in cAMP signalling specifically in glial cells in the
context of neurodegenerative diseases. For instance, selective stimulation of the striatal
astrocyte Gi-GPCR pathway using Designer Receptors Exclusively Activated by Designer
Drugs (DREADs) in HD has been shown to correct several cellular and behavioural
phenotypes associated with the disease, suggesting an altered cAMP pathway in these cells
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(X. Yu et al,, 2020). Therefore, more research is still needed in order to disentangle the

specific alterations of cAMP in glial cells from neurodegenerative disorders.

The reviewed data indicate that specific alterations in cAMP signalling are associated with
neurodegeneration, suggesting that modulating cAMP could be a logical target for treating
neurodegenerative disorders. Indeed, there are several PDE inhibitors that have been or
currently are being tested in clinical trials for AD and HD. PDE inhibitors are already
extensively used as therapies for several human diseases, with 31 PDE inhibitors currently
approved as marketable drugs (Phosphodiesterase Inhibitors | DrugBank Online, 2025.).
One of the most common is PDES5 inhibitor sildenafil (Viagra, Pfizer) used for the treatment
of male erectile dysfunction and pulmonary hypertension. Several PDE inhibitors entered
clinical trials for AD, with their respective PDE target in brackets: Cilostazol (PDE3), MK-
0952 (PDE4), BPN14770 (PDEA4D), Roflumilast (PDE4), Udenafil (PDES5), PF-044447943
(PDEY), B1409306 (PDEY). For HD, several compounds entered clinical trials, with their
respective PDE targets indicated in brackets: GSK356278 (PDE4), Rolipram (PDE4),
OMS643762 (PDE10), PF-2545920 (PDE10), MNI-659 (PDE10), PBF-999 (PDE10 and
A2A receptor antagonist), IMA107 (PDE10) (Xiang et al, 2024). Although some
demonstrated promising results, most clinical trials were discontinued due to safety issues or
their results remain unpublished, despite having concluded years ago. Only IMA107 for HD
is currently active, finishing on 2027 (ClinicalTrials.gov identifier: NCT03434548).
Therefore, alternative strategies are needed to achieve effective cAMP modulation in the
context of neurodegenerative disorders. Given that the aforementioned compounds inhibit
PDEs in an untargeted manner, a potential approach could involve region- and cell-specific

targeting to enhance precision and therapeutic efficacy.
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4  Emerging optical tools for the study and treatment
of neurodegenerative diseases

During the past years, controlling brain activity has arisen as a potential therapy to treat
neuropathological deficits. Approaches aimed at enhancing synaptic plasticity hold potential
for mitigating or delaying network dysfunction associated with neurodegenerative disorders
such as HD and AD.

Deep brain stimulation (DBS) and transcranial magnetic stimulation (TMS) are currently
available to modulate neuroplasticity, although they present several limitations. DBS involves
delivering electrical currents through an implanted electrode to regulate neural signalling in
specific brain areas, affecting both local and network dynamics, with applications mainly in
movement disorders like Parkinson's disease (Krauss et al., 2021; Okun, 2012). Although it
has shown potential for neurodegenerative diseases like AD, DBS has limitations, including
its lack of cell-type specificity, invasiveness, and associated risks such as infection and
inflammatory reactions, and the reliability of the studies remain to be verified (Remoli et al.,
2023). TMS, on the other hand, uses a magnetic field to stimulate brain regions non-
invasively (Barker et al., 1985), inducing cortical plasticity and modulating neurotransmitter
and glial activity (Stefan et al., 2000; Yuan et al., 2020). While TMS has applications in both
healthy individuals and neuropsychiatric disorders, its effects are limited to cortical areas, and
similarly to DBS, it lacks cell specificity, with no strong evidence to address the underlying
causes of neurodegenerative diseases. In this context, optogenetics offer a promising
alternative, providing precise control over specific cell types and brain regions, with the

potential to overcome many of the current limitations of DBS and TMS.

Nevertheless, these approaches are based on the acute activation or inhibition of large brain
areas or brain nuclei, which highlights the need for a method that allows for the long-term
modulation and changes in gene expression of the affected brain areas or cell types. While
optogenetics is still mainly used in basic research, it holds significant potential for application

in clinical practice in the future, which is one of the focuses of this thesis.
41 Optogenetics

Optogenetics is a technology that integrates genetic and optical methods to enable precise
and rapid control of specific events in biological systems (Boyden et al., 2005; Deisseroth,
2011). The need to control one type of cell in the brain while leaving others unaltered was
expressed in 1979 by Francis Crick. Nevertheless, at the time, the methodology to achieve
this control remained unaddressed although it was believed that light, due to its intrinsic
properties, could provide a solution. Prior to this, it was already known that some
microorganisms produce visible light-gated proteins that directly regulate the flow of ions
across the plasma membrane (Oesterhelt & Stoeckenius, 1971). However, it was not until

2005 when Deisseroth and his team used lentiviral gene delivery to express and stimulate the
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algal protein Channelrhodopsin-2, a light-sensitive cation channel, in mammalian neurons,

enabling precise control of neuronal spiking (Boyden et al., 2005).

Figure 13. Optogenetic approach.
Schematic representation of the key
components required for an optogenetic
approach. Light-responsive proteins are
introduced into the target brain region and
cells via delivery vectors carrying the gene
of interest. Their activation is then
achieved by illumination with a specific
wavelength,  delivered  through a
specialised light source and advanced
technology, typically fibre-optic patch
cords and cannulas implanted in the target
region, enabling precise  stimulation
control

Light-delivery
technology

Light-responsive
tool

Light source

The optogenetic approach begins by introducing light-sensitive proteins into the cells of
interest, typically delivered to a selected brain region via viral vectors (Figure 13). To start
the process, light at wavelength corresponding to the activation spectrum of the light-
sensitive protein is applied to the cells. To stimulate the photo-responsive protein i vivo,
fibre-optic cannulas coupled to lasers or light-emitting diodes (LED) are inserted into the
tissue, enabling precise control of intracellular signalling in selected cells during behaviour in
freely moving animals. Therefore, this approach combines: 1) vectors for the delivery of the
transgenes encoding for the light-responsive tool (wore details in section 4.1.7), 2) a controllable,
light-responsive tool, encoding for light-responsive proteins, capable to modulate specific
cellular functions (more details in section 4.1.2), and 3) the technology that facilitates precise
light delivery at the suitable wavelength to the targeted cells. This allows for the selective
activation of the control tool within specific cells. As a result, optogenetics is a highly precise
technique with both temporal and cell-type specificity that has revolutionised the field of
neuroscience research (Bansal et al., 2023; Boyden et al., 2005; Deisseroth, 2011).

Currently, optogenetics is predominantly used in basic research, as it offers an exceptionally
precise method for investigating a broad range of biological mechanisms, such as the neural
circuits underlying disease. Still, considerable efforts are being made to make optogenetics
applicable in the clinical settings. Indeed, in 2021, the first case of optogenetic therapy was
published involving a patient with retinitis pigmentosa, a neurodegenerative discase that leads

to vision loss. In this study, optogenetic stimulation of the eye enhanced the patient’s visual

38



INTRODUCTION

perception (Sahel et al., 2021). However, an important limitation of optogenetics in humans

is the challenge of safely delivery light-responsive proteins to the brain (Bansal et al., 2023).

In the following sections, we will review the current state of optogenetic technologies, from
viral construct delivery to genetically encoded light-responsive proteins, highlighting key
advancements and the future improvements needed to translate this approach from the

laboratory to the clinical practice.
4.1.1 Delivery of viral constructs for optogenetics

Because viral vectors can efficiently infect cells and use their transcriptional machinery to
express foreign genes, they are predominantly used to deliver genes encoding light-
responsive proteins in the context of optogenetics. Herein, we will review the types of viral
vectors used for delivering light-responsive proteins and their associated delivery methods,
with a particular emphasis on recent advancements regarding clinical applicability and non-

invasiveness.

4.1.1.1 Types of adeno-associated viral vectors

Recombinant viral constructs carrying a gene of interest allow for long-term, cell-specific,
and precise genetic manipulation of specific cell populations. Therefore, it is really important
to choose the appropriate virus for each purpose, as it will determine several essential factors
including the specificity to infect a given cell type (tropism), infectivity and toxicity, transgene
expression, or packaging capacity (Nectow & Nestler, 2020). In this line, adeno-associated
viruses (AAV) have become the most commonly used viral vectors for clinical gene therapy
because they elicit minimal immune responses, do not integrate into the host genome, and
provide long-lasting stable expression compared to other viruses like adenoviruses and
lentiviruses (Cotter & Muruve, 2005; Miyake et al., 2015; Moiani et al., 2012). Notably, several
AAVs have recently received approval for human use from the United States Food and Drug

Administration, allowing their transition to clinical practice (Smalley, 2017).

AAVs belong to the Parvoviridae family and consist of non-enveloped single-stranded DNA
viruses with a genome size of ~4.7 kb. Once delivered into the central nervous system, their
onset of expression occurs within 1-2 weeks, and the expression can last for several months
(Miyake et al., 2015). Importantly, they exhibit minimal cytotoxicity, and many serotypes can
efficiently infect the brain, primarily targeting the soma of the cells (Nectow & Nestler, 2020).
Recombinant AAVs, used in gene therapy, lack the viral DNA and function as protein-based
nanoparticles designed to cross the cell membrane and deliver their DNA payload into the
cell nucleus (Miyake et al., 2015; Naso et al., 2017).

The most commonly used serotypes in optogenetics are AAV1, AAV2 AAVS5, AAVS,
AAVY and variations of these (Watakabe et al., 2015). AAV has adapted to enter cells by first
interacting with carbohydrates on the surface of target cells. Consequently, slight variations
in sugar-binding preferences, determined by differences in capsid proteins, can affect the

cell-type transduction specificity of various AAV variants (Agbandje-McKenna &
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Kleinschmidt, 2011). AAV2 was one of the first AAV serotypes to be identified and
characterised starting the first generation of AAV vectors, which is why it was one of the
most widely used serotypes (Beck et al., 1999; Rabinowitz et al., 2002). It is known for its
strong selectivity for neurons and its limited spread following local cerebral injection
(Nectow & Nestler, 2020). With AAV5 and AAVS, the second generation of AAV vectors
started. These two serotypes have a more extended spread than AAV2 and they both express
primarily in neurons, although astrocytic expression can also be observed (Aschauer et al.,
2013; Taymans et al., 2007; Watakabe et al., 2015). AAV9 belongs to the third generation of
AAV vectors and has been demonstrated to have a wide distribution in the brain and spinal
cord, infecting both neurons and astrocytes, and reaching high infectivity with low
doses(Ceatley & Wolfe, 2000; Foust et al., 2009; Watakabe et al., 2015). AAV9 has the ability
to effectively cross the BBB and infect cells of the CNS probably due to its preferential
galactose binding (Bell et al., 2012; Naso et al., 2017). Besides, its tropism observed it rodents
has been effectively translated to non-human primates (Watakabe et al., 2015). All these
characteristics, make AAV9 the current gold standard. Nevertheless, these capsids are not
suitable for systemic AAV delivery, as achieving even low transduction efficiency requires
high viral load. Peptide Hybrid AAV with Brain Delivery (PHP.B) is an engineered AAV
variant that demonstrates a 40-fold higher gene transfer efficiency across the central nervous
system compared to AAVY, effectively transducing the majority of astrocytes and neurons
across several regions of the brain (Deverman et al., 2016b) . Additionally, Peptide Hybrid
AAV with Enhanced Brain Delivery (PHP.eB) is an improved variant of AAV-PHP.B that
reduces the required viral load for efficient transduction of the majority of neurons in the
brain (Chan et al., 2017). Overall, enhancing AAV efficacy, along with advances in delivery
methods, could expand the application of gene therapy both in research and, more

importantly, in clinical settings.

4.1.1.2 Viral delivery routes

To translate optogenetics into therapeutic applications, further refinement is essential to
ensure efficient and safe transgene delivery. In this context, the selection of an appropriate
AAV delivery method is pivotal to the success of optogenetic interventions. The current
standard for optogenetic experiments in preclinical research involves the brain-targeted local
injection of AAV vectors, which allows for precise and localised transgene expression,
limited to the region of interest. However, it is highly invasive and requires stereotaxic
surgery. Moreover, if the aim of the experiment is a widespread transduction, this strategy
becomes even more aggressive, as it requires multiple intracerebral injections (Miyake et al.,
2015). Undoubtedly, if the final aim is to translate optogenetics into the clinical setting with

a safe approach, a minimally or even non-invasive AAV delivery method is needed.

Intracranial drug injections directly into the cerebrospinal = fluid, including
intracerebroventricular or intrathecal administration, are currently used for the delivery of
some treatments in humans, particulatly in cancer (Cohen-Pfeffer et al., 2017; Peytl et al.,

2014). Furthermore, direct injections into the cerebrospinal fluid are also performed in basic
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research in the context of AAV delivery (Federici et al., 2012; G. Liu et al., 2005), although
they present several limitations. First, these injections are restricted to when the main interest
is to express the transgene in the peripheral nervous system, as expression is not confined to
the brain, where the infection is low and preferentially to superficial structures (Federici et
al., 2012; Miyake et al., 2015). Moreover, while most AAV capsids exhibit similar tropisms
and distribution characteristics when directly injected into the brain, this is not observed with
this procedure, where the distribution tends to be more variable (Miyake et al., 2015).
Therefore, although this AAV delivery method may be suitable in certain contexts,

alternative approaches are necessary to improve both efficiency and safety.

Intravenous administration of the AAV is an increasingly preferred option, as it is minimally
invasive and can potentially widespread throughout the whole brain. In basic research,
intravenous injection can be performed either via tail vein injection or injection into the
retro-orbital sinus, providing a rapid and efficient method for administering AAV (Challis et
al., 2019). In this regard, some AAV capsids can cross the BBB, such as AAV9. Nevertheless,
AAV9 transduction in the adult brain after systemic delivery is low and limited to endothelial
cells and astrocytes (Deverman et al., 2016a; Foust et al., 2009). Consequently, the recently
engineered PHP.B and PHP.eB capsids are preferred due to their significantly higher ability
to cross the blood-brain barrier and transduce both neurons and glial cells compared to
AAV9 (Challis et al., 2019; Chan et al., 2017; Deverman et al., 2016a). Nevertheless, these
two variants have shown limitations in certain species and mouse strains such as in BALB/¢]J
mice, presenting a significant constraint (Hordeaux et al., 2018). Furthermore, the risk of off-

target effects in peripheral tissues could restrict the use of this approach.

Alternatively, intranasal administration of AAV might be an interesting option as non-
invasive route, as the exposure of olfactory neurites into the nasal cavity directly connects
the brain with the surrounding environment. Specifically, the human nose is a complex organ
divided into the vestibule, respiratory, and olfactory regions, with the olfactory region playing
a key role in direct drug transport to the brain. The olfactory sensory neurons in this region
connect directly to the brain via the olfactory bulb, providing a unique route for drug delivery
to the central nervous system, bypassing the blood-brain barrier (Gadenstaetter et al., 2022).
Once the drug enters the brain through this pathway, it is thought to spread primarily via
extracellular transport within the perivascular spaces surrounding cerebral blood vessels
(Gadenstaetter et al.,, 2022). Indeed, intranasal administration of peptides has already been
proven effective (Alcala-Barraza et al., 2010; Keller et al., 2022; D. Wu et al., 2023). However,
in the initial studies using intranasal administration of AAVs, transduced cells were limited
to the nasal epithelium and olfactory bulb, or the behavioural effects were minimum (Ma et
al., 2016; D. A. Wolf et al., 2012). More recently, some studies have demonstrated successful
transgene delivery, as evidenced by increase BDNF expression in the brain (C. Chen et al,,
2020; Ma et al.,, 20106). During the completion of this thesis, Wang et al. demonstrated

widespread GFP expression in the cortex following AAV2 intranasal administration in a
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model of stroke in rats, positioning this approach as a promising delivery route in determined

conditions such as in cases where the BBB might be compromised (J. Wang et al., 2023).
4.1.2 Genetically encoded light-responsive proteins

When genetically encoded light-responsive proteins are expressed in the cell type of interest,
they enable optical modulation of cellular functions. The first optogenetic experiments
(Boyden et al., 2005; Zemelman et al., 2002) relied on light-gated ion channels and ion pumps
to modulate the membrane potentials of cells, thereby activating or inhibiting neuronal
populations in an acute manner (Nagel et al., 2002, 2003). By 2010, channelrhodopsins,
bacteriorhodopsins, and halorhodopsin had all demonstrated the ability to rapidly and safely
modulate neurons in response to various wavelength of light (Deisseroth, 2011). While this
approach provides exceptional spatiotemporal precision in controlling neuronal activity, new
tools are needed to control intracellular signalling cascades and gene expression for sustained
long-term modulation. Consequently, during the recent years, the optogenetic toolkit has
expanded to allow for the regulation of a diverse range of cellular functions (Bansal et al.,
2023; Losi et al., 2018; Mahmoudi et al., 2017; Rost et al., 2017; Shcherbakova, Shemetov, et
al., 2015). Moreover, to effectively translate optogenetics into clinical applications, the
development of red-shifted protein variants and enhancements in light delivery methods will
be necessary. Most of the existing optogenetic systems still use blue light, which has a low
tissue penetration compared to red light owing to scattering and absorption by hemoglobin,
watet, and other cellular constituents (Lehtinen et al., 2022; Weissleder, 2001). Because red
light penetrates tissues more deeply, it could eliminate the need for implanted fibre-optic
cannulas in the brain, thus enabling non-invasive stimulation of the light-responsive protein.
As an added benefit, due to a lower photon energy compared to blue light, red light exerts
less phototoxicity (Lehtinen et al., 2022).

The use of natural photoreceptors as key components in protein engineering has facilitated
significant advancements in the development of genetically encoded molecules, which are
essential for optical technologies in life sciences. Photoreceptors are essential components
in a wide range of organisms, including plants and bacteria, where they play a fundamental
role in sensing and responding to light. For light detection, photoreceptors rely on an organic
chromophore to absorb light and transduce conformational signals to the protein backbone
and the effector domain (Rockwell & Lagarias, 2010; Shcherbakova, Shemetov, et al., 2015).
The activated signalling pathway can operate through various mechanisms, including light-
triggered dimerization, ion channel modulation, or altered enzymatic activity (Lehtinen et al.,
2022). Through protein engineering, the effector domain can be modified to regulate a wide

range of cellular processes.

Photoreceptors used as a template in the development of optical tools can be classified into
different groups according to their chromophores and the light-sensitive protein domains:

1) Light-oxygen-voltage-sensing (LOVs) domains; 2) Blue-light-utilising flavin adenine
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dinucleotide (BLLUF) domains; 3) Cryptochromes; 4) Opsins; 5) Plant and cyanobacterial
phytochromes; 6) Bacterial phytochromes (Shcherbakova, Shemetov, et al., 2015).

Wavelength Natural photoreceptor Chromophore Examples in optogenetics
(nm)
~300-500 LOV domain FMN and FAD iLID, LOV2
~300-500 BLUF domain FMN and FAD bPAC
~300-500 Cryptochromes FMN and FAD CRY2
~400-700 Opsins Retinal CHR2
~650-700 Plant and cyanobacterial Phycocyanobilin  and PHYB
phytochromes phytochromobilin
~650-750 Bacterial phytochromes Biliverdin TlaC, PaaC, DdPAC

Table 1. Natural photoreceptors, detected wavelengths, used chromophores, and engineered examples used
as optogenetic tools.

LOV, BLUF domains and cryptochromes are UV- and blue-sensing-light (~300-500)
photoreceptor proteins that integrate flavin mononucleotide (FMN) or flavin adenine
dinucleotide (FAD) as chromophores (Shcherbakova, Shemetov, et al.,, 2015). The best-
characterised and widely used LOV domain is the LOV2 domain of phototropin 1 from
Avena sativa. Exposure to blue light triggers the reversible unfolding of terminal a-helices that
can be harnessed for engineering photoreceptors(Dietler et al., 2022; Harper et al., 2003). An
improved variant, denoted light-induced dimer (iLID), generates reversible interactions in
response to blue light, controlling GTPase activity (Guntas et al., 2015). As an example of
cryptochrome in optogenetics we find CRY2, which derives from _Arabidopsis thaliana and can

control protein homo- and hetero-oligomerization upon blue light illumination (Kennedy et
al., 2010; H. Park et al., 2017).

Opsins use retinal as chromophore and can respond to diverse light bands within the near-
UV to visible electromagnetic spectrum. The most commonly used one in optogenetics,
channelrhodopsin-2 (ChR2), is activated by blue light (Boyden et al., 2005; Nagele et al.,
2003). As previously mentioned, many opsins act as light-gated cation channels and ion
pumps quickly depolarizing the cells, and are the most used photoreceptors in optogenetics.
Nevertheless, certain opsins can function as light-activated GPCRs or enzymes (Dixon et al.,
1986; Yoshida et al., 2017).

Phytochromes, which are widespread across plants, bacteria, cyanobacteria, and fungi,
function as key photoreceptors in light-adaptive processes (Rockwell & Lagarias, 2010).
These natural dimers use linear tetrapyrroles (bilins) as their chromophores for light
detection and undergo modulation in response to far-red and near-infrared light, driving a
photo-reversible transition between their active and inactive states. At the molecular level,
phytochromes consist of a structurally and functionally conserved photosensory core module
(PCM) responsible for light absorption, along with a structurally and functionally
heterogenous output module (OPM). The PCM is composed of consecutive PAS, GAF, and
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PHY domains, with the GAF domain housing the chromophore (Méglich et al., 2025;
Shcherbakova, Baloban, et al.,, 2015) . The chromophore differs between plants or bacteria;
plant phytochrome contain phytochromobilin, a reduced bilin, while bacterial phytochrome
(ot bacteriophytochromes, BPhys) contain a biliverdin. Importantly, as biliverdin occurs in
mammalian cells as a heme degradation product, bacterial phytochromes are more promising

for in vive optogenetics (Moglich et al., 2025; Shcherbakova, Baloban, et al., 2015).

The capacity of the PCM to detect light and subsequently convert it to a biochemical signal
has led to the engineering of the OPM in phytochromes, thus resulting in the development
of novel optogenetic tools (Shcherbakova, Shemetov, et al., 2015). Accordingly, efforts are
undertaken to modify the output type to meet a desired function. Some examples of
customised output in bacterial phytochromes are diguanylate cyclases, in which the bacterial
seconds messenger is cyclic dimeric GMP (Gourinchas et al., 2017.; Ryu & Gomelsky, 2014),
ot receptor tyrosine kinases. For instance, the tropomyosin receptor kinase, which has been
found to specifically induce apoptosis in neuroblastoma and glioblastoma cells, was thus
subjected to red-light control (Leopold et al., 2019).

4.1.2.1 Photoactivated adenylyl cyclases as tools for modulating cAMP
signalling in the brain

Photoactivatable adenylyl cyclases (PACs) are enzymes that regulate cAMP levels in response
to light (Iseki & Park, 2021). They consist of a light-sensing domain and an adenylyl cyclase
domain, which, upon illumination, catalyse the conversion of ATP to cAMP. Given the
central role of cAMP in various cellular processes, including synaptic plasticity, PACs have

become a key focus in the field of optogenetics.

PACs were first discovered as sensors for photo-avoidance in the flagellate Euglena Gracilis
(Iseki & Park, 2021; Schroder-Lang et al., 2007), a natural BLUF-domain flavoprotein
responding to blue light. Initially, PACs were thought to be found only in Euglena species;
however, a few years later, the discovery of the Beggiatoa PAC (bPAC) expanded their known
range (Ryu & Gomelsky, 2014; Stierl et al., 2011). Since then, bPAC is becoming widely used
in the field of optogenetics (Stietl et al.,, 2011; Z. Zhou et al, 2021). Building on this
knowledge, more recent PACs have been engineered using bacterial phytochromes (BPhys)
that utilise biliverdins as a chromophore, hence enabling reversibly controlled by red light
(Etzl et al., 2018; Ryu & Gomelsky, 2014; Stuven et al., 2018; Xu et al., 2024). In these cases,
the PCM of the BPhy is fused with an adenylyl cyclase OPM from a different biological
origin. Still, the development and application of red-light-responsive PACs remain limited,
and further research is needed to understand the 7z vivo effects of their activation, and

ultimately their therapeutic potential.

DdPAC is a recently developed PAC regulated by red and far-red light (Stiven et al.,
2018)and has been tested as an optogenetic tool in neural cells for the first time in the
framework of this thesis. DAPAC derives from PaaC, another BPhy-based PAC developed
by Etzl et al in 2018 (Etzl et al., 2018) and contains the DdBPhy PCM obtained from the
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bacteria Deinococcus deserti. DAPAC is activated by light between around 650-700 nm and it is
inactivated between 700-750 nm. Compared to PaaC, DAPAC shows enhanced response to
light and improved photo-switching (Stiiven et al., 2018). Taken together, DAPAC augurs
significant potential as a tool for precisely modulating cAMP in neural cells. This precise
control of cAMP may enhance synaptic plasticity, offering a promising therapeutic possibility

for the treatment of neurodegenerative diseases.
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Figure 14. DdPAC structure and function. Schematic of DdPAC structure, composed of a photosensory
core module (PCM) which absorbs light and an output module (OPM) that translates the signal into a biological
response. The PCM consists of consecutive PAS, GAF (containing the chromophore) and PHY domains. The
output module is an adenylyl cyclase (AC). Under red light, the chromophore undergoes an isometrization,
thereby activating the adenylyl cyclase and increasing cAMP synthesis. Conversely, far-red illumination,
inactivates DAPAC and suppresses activity.
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Therefore, the main objective of this thesis is to restore physiological functions in
neurodegenerative diseases by modulating brain plasticity through the light-induced
activation of DAPAC-mediated cAMP signalling in specific brain circuits.

AIM 1. To characterise disruptions in cortical cAMP signalling and behaviour in the R6/1

mouse model of Huntington’s Disease

To assess cortical cAMP alterations in Huntington’s Disease
To evaluate eatly cortico-striatal deficits in the R6/1 mouse model of Huntington’s Disease

AIM 2. To implement DdPAC as a novel optogenetic tool to non-invasively modulate

synaptic plasticity through cAMP signalling.

To establish a non-invasive viral delivery method

To evaluate and characterise the impact of DAPAC-mediated cAMP signalling on synaptic
plasticity

AIM 3. To restore physiological function through light-driven DdPAC stimulation in mouse

models of Huntington’s and Alzheimet’s Disease.

To evaluate the effect of increased DdAPAC-mediated cAMP signalling in cortical and striatal

astrocytes of a Huntington’s Disease mouse model

To investigate the effects of increased DAPAC-mediated cAMP signalling in hippocampal

neurons and astrocytes of an Alzheimer’s Disease mouse model
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METHODS

1 Animals

Wild-type (C57/Bl6), R6/1-B6CBA, R6-1-A2a-Cre and 5xFAD male and female mouse
models were used in this thesis, each of them selected for a specific purpose and detailed
below (Table 2). Animals were housed together in groups of mixed genotypes in a room kept
at 19-22°C and 40-60% humidity under 12:12h light/dark cycle with access to water and food
ad libitum. Mice were randomly assigned to experimental groups and data were recorded for
analysis by microchip mouse number. All animal procedures were performed following EU
legislation and approved by local ethical review at the animal experimentation Ethics
Committee of the Universitat de Barcelona (356/19, 274/18 and 10/20) and Generalitat de
Catalunya (11070, 10101), in accordance to Spanish RD 53/2013. A subset of experiments
(MEA recordings in C57Bl/6 and IP3R2-/2) was performed in Aston University by our
collaborators Dr. H Rheinallt Parri and Neville Ngum and performed in accordance with the
United Kingdom Animals Scientific procedures act of 1986. The 3Rs, replacement,
refinement and reduction were considered for planning all animal procedures. Genotypes
were obtained by polymerase chain reaction (PCR) from ear biopsy at the University of
Barcelona. In Aston University, genotyping was conducted by Transnetyx (TN, United
States).

Model Background Description Origin Sex/Age Results section
. 39 Multielectrode arrays
C57BL/6 Chatles Ri
/ ares e 4-8wks  Section 2.2.1-2.2.2
0 Proteomics and
C57BL/6 Chatles River 8.1 2wk metabolomics
TS Section 2.2.3-2.2.4
C57BL/6 Chatles River 5. 1§Wks
wT
C57BL/6-CBA Jackson Laboratory d
’ 8-12wks Noni e viral
Dr Alban de orHlTve i
. delivery
Adenosine A2a Kerchove d’Exaerde .
Section 2.1.1-2.1.2
C57BL/6 receptor-Cre and Pr Serge N Q
A2ACre BAC transgenic ~ Schiffman, 8 wks
mice Université Libre de
Bruixelles
Mutant IPs;R2-/-
do not express
the R2 subtype Mice imported from
1P; receptor, Prof. Araque (Cajal .
Multiel d
IP;R2 C57BL/6  mediator of Ca>* Institute, Madrid). S ulnelectrode arrays
. . 4-8wks Section 2.2.2
signalling. Developed by Prof.
Amplified by Ju Chen (San Diego)
crossing
homozygotes.
Expressing the Jackson Laboratory 3 Cortico-striatal
exon-1 of mutant  (Maintained in behaviour
R6/1  C57BL/6-CBA 4-16wk
/ / huntingtin  with C57BL/6-CBA s Section 1.2
~145 CAG  background by 39 Fibre-photometry
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repeats at the
time of
experiments. WT
littermates were
used as  the
control group.

Overexpressing
695- amino acid
isoform of the
human amyloid

precursor protein

(APPG95)
carrying the
Swedish,
London, and
Florida

mutations under
the control of the
murine Thy-1
promoter.

Besides, they

express human

presenilin-1
(PSEN-1)
carrying the
M146L/L286V

mutation,  also
under the control
of the murine

Thy-1 promoter

breeding transgenic  8-20wks
male mice  with Q
C57BL/6] x CBA/] 14-18wks
F1 females) 39
8-16wks

3Q
8-16wks

3e

kson Laboratory
Jackson Laboratory 7.8 mos

Section 1.1
DWTI imaging
Section 3.1.1
DdPAC stim. cortex
Section 3.1.2-3.1.4
DdPAC stim.
striatum
Section 3.1.4

DdPAC stimulation
hippocampus
Section 3.2

Table 2. Mouse models. Summary of animal models used in this thesis. This table provides information on
each model, including its background, a brief description (if necessary), origin, sex, and age at the time of use.
Results involving each animal model are presented in the corresponding “Result section”.

2 Behavioural assessment

All behavioural tests were performed by an experimented observer during the light phase

and animals were habituated to the experimental room for at least 1 h before testing. All

testing apparatus were carefully cleaned with water and dried between tests and animals and

the light inside the experimental room was ~20 lux.

Behavioural Related brain

Function studied Age tested Results section
tests area
Cortico-striatal
Adhesi
estve M2-SS-STR Sensorimotor 4-16 wks behaviour
removal .
Section 1.2.1
Cortico-striatal
Marbl C Isive-obsessi d
arve M2-OF-STR cmpuisive-obsessive an 4-16 wks behaviour
burying anxiety
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. . cAMP dynamics
Pass f 14 20
Beetle mania M2-SC assive and active fear and Section 1.1.1 and
responses wks
1.1.3
Cortico-striatal
412 whs be}?awour
12 and Section 1.2.3
. don and shone iy az M2 DdPAC stim.
motion an ntan
Open field M1/M2 ccomotion and sportancous Wi Section 3.1.2-3.1.3
behaviour 13 and .
Striatal DdAPAC
15wks .
stim.
Section 3.1.4
cAMP dynamics
Section 1.1.2
Acceleratin Motor 1 ; J 15wks M2 DdPAC stim.
Ccete ? q g M2-STR oror ?m;% an ~15wks Section 3.1.3
rotaro coordination ~15wks Striatal DAPAC
stim.
Section 3.1.4
M2 DAPAC stim
Section 3.1.3
L ~15wks ;
Balance beam STR Coordination Striatal DdAPAC
~15wks .
stim.
Section 3.1.4
M2 DdPAC stim
Section 3.1.3
. . ~15wks .
Vertical pole STR Coordination 15wk Striatal DdAPAC
~15wks .

stim.
Section 3.1.4

Table 3. Behavioural tests. Summary of behavioural tests performed in this thesis. This table provides
information on each behavioural test, including the main brain area involved, the function studied, and age at
the time of use. Results involving each animal model are presented in the corresponding “Result section”. M2:
secondary motor cortex; SS: somatosensory cortex; STR: striatum; OF: orbitofrontal cortex; SC: superior
colliculus; M1: primary motor cortex.

21 Open field

Spontaneous locomotor activity and exploratory behaviour were assessed as previously
described (Ferniandez-Garcia et al., 2020) in a square arena (40 x 40 x 30 cm’). Mice were
placed in the centre of the arena and allowed to freely explore. The SMART 3.0 software
(Panlab) was used to track and record the behaviour of the animals. LLocomotor activity and
exploratory behaviour were assessed by evaluating total distance travelled, total time spend
in fast movement (>12 cm/s), slow movement (2-12 cm/s) and resting (<2 cm/s).
Additional parameters measured included mean speed, mean speed excluding resting periods,
as well as total duration, mean duration, and frequency of rearing and grooming event, which
serve as indicators of exploratory and stereotypic behaviour. The apparatus was cleaned

between animals to avoid odour cues.
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2.2 Accelerating rotarod

Motor learning and coordination were assessed using a rotarod apparatus (Conde-
Berriozabal et al., 2025; Fernandez-Garcia et al., 2020; Puigdellivol et al., 2015). Mice were
placed on a motorized horizontal rod with a diameter of 30 mm, where the rotation speed
gradually increased from 4 to 40 rpm over a period of 5 minutes. This task measures the
latency to fall from the rod, with each mouse undergoing four trials per day for three
consecutive days, resulting in a total of 12 trials. A 1-hour interval was maintained between
trials on the same day. For fibre photometry analysis, all 12 trials were conducted at 10-
minute intervals during a single recording session on one day, and mice were previously
trained to stay on the 4rpm moving rod before the start of the first recording session. The
start time (time zero) was defined as the point when the mice were familiarized with the rod,

with all four paws on the surface.
2.3 Beetle-mania task

Passive and active fear responses of mice to an unexpected moving beetle (Nano Nitro,
Hexbug)(Almada et al., 2018; Bouet et al., 2009; Conde-Berriozabal et al., 2023; Heinz et al.,
2017) were assessed using the beetle-mania task. The test was conducted using a white
rectangular arena (15 x 40 x 30 cm) and comprised two successive phase of 5 minutes: during
the habituation phase, mice freely explored the arena and distance travelled and rearing times
were scored using the SMART 3.0 software (Panlab). In the testing phase, confrontations
with the erratically moving robo-beetle were scored. The robo-beetle was introduced inside
the arena at maximal distance to the mouse and the following behavioural responses were
analysed: (1) escape, mice quickly jump (flight) with accelerated speed in the direction
opposite to the beetle’s movement vector ; (2) tolerance, ignorance of the robo-beetle after
physical contact; (3) approach, mice follow the robo-beetle in close vicinity; (4) avoidance,
mice walk in opposite direction to the robo-beetle and (5) total responses, the sum of all the
events evaluated. Escape events were normalized to total responses, whereas tolerance,
approach and avoidance were normalized to the sum of these three parameters, without the
escape events. This test was conducted during Fibre photometry recordings of cAMP
dynamics. Thus, a 120-second recording inside the home cage was performed prior to placing

the mouse in the arena to stabilize the cAMP signal.
2.4 Adhesive removal test

Sensorimotor deficits were studied using the adhesive removal test (Bouet et al., 2009). This
test consisted of 2 days of training (1 trial each day) and 1 day of testing (3 non-consecutive
trials). Each trial included the following phases. First, the animal was placed in a standard 23
cm x 23 cm cage without bedding and was allowed to explore it for 60 seconds. Then, the
animal was removed from the cage, immobilised, and two pieces of adhesive tape (0.3 x 0.4
cm) were placed on each of the forepaws. Immediately after, the animal was placed again

inside the cage and 3 different timepoints were measured: a) Contact time: the time it took
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for the animal to realise it had adhesive tape on its paws (indistinctively left, or right); b)
Removal time 1: the time it took to remove the adhesive tape from the one of the paws; c)
Removal time 2: the time it took to remove the adhesive tape from the other paw. If the
animal did not realise the adhesive tapes or did not succeed in removing them, the test was
finished after 120 seconds. Two observers participated in this test in order to have clear

observations from different angles.
2.5 Marble burying test

Compulsive-obsessive and anxiety behaviour were analysed using the marble burying test
(Angoa-Pérez et al., 2013). The test was conducted using clean rat cages (21,5 x 46,5 x 19
cm’) with bedding material. Before the start of the test, 20 clean marbles were carefully and
evenly distributed on the bedding material. Then, a mouse was carefully placed inside the
cage, and left inside for 30 minutes. After this time, the animals were returned to its home-
cage and the buried marbles were counted. We accepted as buried a marbled that is covered

by bedding more than a 30% of its surface.
2.6 Balance Beam

Motor coordination and balance were evaluated by quantifying the ability of the mice to
traverse a narrow beam without falling or slipping (Anglada-Huguet et al., 2016; Fernandez-
Garcfa et al., 2020). The beam consisted of a wooden square bar measuring 50 cm in length
with a 1.3 cm face, divided into 5 cm sections and placed horizontally 50 cm above the bench
surface, with each end mounted on a narrow support. During a training session, the mice
were allowed to walk along the beam for 2 minutes to familiarize themselves with the set-up.
Four hours later, during the testing session, the procedure was repeated, and the number of

sections crossed and slips were recorded.
2.7 Vertical pole

Motor coordination was assessed using a vertical pole (Creus-Muncunill et al., 2019). Animals
were placed at the top of a vertical bar measuring 35 cm in length and 1 cm in diameter. Mice
were positioned with all four paws grasping the pole and their heads oriented upwards.
Training sessions were conducted three times per day for two consecutive days. On the third
day, testing was performed, and the latency for each mouse to turn downward and completely

descend the pole was recorded.
3 Adeno-associated viral constructs

Different AAV serotypes and constructs were used in each experiment, each of them selected
for specific purposes and detailed in the Table 4. AAV9 and PHP.eB vectors for the
expression of GFlamp-1, GIP, and DdPAC were produced following the co-transfection
method as described previously and purified through iodixanol gradient ultracentrifugation
at Dr. Dalkara Laboratory (Sorbonne Université, INSERM, CNRS, Institute de la Vision)
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(V. W. Choi et al., 2007). Concentration and buffer exchange were carried out using PBS
containing 0.001% Pluronic. The titers of AAV vector stocks were subsequently determined
using the real-time quantitative PCR titration method (Aurnhammer et al., 2012) with SYBR
Green (Thermo Fischer Scientific). Additional AAV used were purchased from Addgene.

Ti
AAV Reference ter Hemisphere
(vg/ml)
Fibre photometry
1760
G-Flamp1 plasmid was
generously provided by Dr.
Liang Wang and Dr. Jun .
AAV9-hSyn-G-Fl 1-WPRE ~1-3x101* Unilateral
e amp Chu (Shenzhen Institute of * fatera
Advanced Technology,
Chinese Academy of
Sciences, Shenzhen, China)
Non-invasive delivery
AAV9-sc-CAG-GFP 1420 ~1-3x10™ Bilateral
PHP.eb-sc-CAG-GFP 1421 ~1-3x10%4 Bilateral
AAV9-CamKIIa-eGFP-WPRE 1429 ~1-3x10™4 Bilateral
PHP.eb-CamKIIa-eGFP-WPRE 1435 ~1-3x10%4 Bilateral
PHP.eb-FLEXon-EF1A-EGFP-
1 ~1-3x10™4 Bil 1
3FLAG 639 3x10 ilatera
Multi-electrode arrays
AAV9-CamKIIa-eGFP-WPRE 1429 ~1-3x101* Unilateral
AAV9-CamKIIa-DdPAC-
~1- 14 i
3xFLAG-WPRE 1544 1-3x10 Unilateral
AAV9-GFAP-eGFP-WPRE 1749 ~1-3x10™ Unilateral
AAV9-GFAP-DdPAC-3xFLAG-
~1- 14 i
WPRE 1750 1-3x10 Unilateral
Gift from Loren Looger;
PAAV.hSyn.iGluSnFr.WPRE.SV40 Addgene viral prep # 1013 Unilateral
98929-AAV1
AAV5-GFAP-mChetry- .
Add #111568 1012 Unil 1
hPMCA2w/b (CalEx) gene niatera
Diffuse wave imaging
AAV1-CaMKIIa-hChR2(H134H)-
i (HBAH)- 0 6969-AAVI, Addgene  ~1-3x1012 Unilateral

eYFP-WPRE.hGH

59



METHODS

AAV9-GFAP-DdPAC-3xFLAG-

1 ~1-3x1014 i
WPRE 750 3x10 Unilateral
DdPAC stimulation
AAV9-CamKIIa-eGFP-WPRE 1429 ~1-3x1014 Bilateral
AAV9-CamKIIa-DdPAC-
~1. 14 ;
3xFLAG-WPRE 1544 1-3x10 Bilateral
AAV9-GFAP-eGFP-WPRE 1749 ~1-3x1014 Bilateral
AAV9-GFAP-DdPAC-3xFLAG-
* 1750 ~1-3x1014 Bilateral

WPRE

Table 4. Adeno-associated viral constructs. Summary of the adeno-associated viral constructs used in this
thesis. This table provides information on each AAV, including the viral construct, reference, titre, and whether
it was injected unilaterally or bilaterally. Results involving each animal model are presented in the corresponding
“Result section”. Most of viral constructs were supplied by Dr. Dalkara (Sorbonne Université, INSERM,
CNRS, Institut de la Vision), and are referenced with their lot number. Other viral constructs are indicated in
the table with their respective commercial sources.

4  Viral Delivery

Figure 15. Viral delivery strategies. Graphic representation of the viral delivery strategies used in this thesis.
A. Intra-cranial injection of AAVs, involving stereotaxic surgery for local administration in specific brain
regions. B. Retro-orbital injection of AAVs, injected into the retro-orbital sinus using a needle bevel down, for
systemic delivery. C. Intranasal administration of AAVs, providing a non-invasive method for delivery.

4.1 Intra-cranial injection - Stereotaxic surgery

Stereotaxic surgeries (Figure 15A) were conducted 3-4 weeks before the start of the
experiment to allow mice recovery and stable expression of viral constructs (Conde-
Berriozabal et al., 2023; Fernandez-Garcia et al., 2020). Surgeries were performed under
isoflurane anaesthesia (5% induction, and 1.5 maintenance, Harvard Apparatus Isoflurane
Vaportizer; #1371), with the mouse positioned on a heating blanket to prevent hypothermia,
and fixed in a stereotaxic apparatus. Metacam (2mg/kg s.c.) was injected subcutaneously
before the surgery to avoid pain and reduce inflammation. The head of the mouse was shaved
and cleaned with ethanol and iodine. Then, local anaesthesia was applied (Lidocaine 2.5%

and Prilocaine 2.5% EMLA®, AstraZeneca), followed by on incision in the skin on the top
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of the head. Then, the skull was cleaned with deoxygenated water and holes were drilled
according to the corresponding coordinates from bregma and dura matter (millimetres; mm)
(Table 5). A volume of 0.5 pL of corresponding viral constructs (Table 4) was injected using
a 5 ul Hamilton syringe with a 33-gauge needle at 0.1 uL./min. An additional 5 min period

was left after each injection to allow diffusion and avoid refluxes.

For fibre photometry recordings and DdPAC stimulation, fibre-optic cannulas of specific
lengths depending on the brain region were unilaterally or bilaterally implanted, respectively,
and secured using dental cement (TAB 2000™, Kerr Dental) (Table 5).

After each experiment, mice were sacrificed by intracardial perfusion or cervical dislocation
for validation of viral infection, confirmed by GFP or Flag expression, validation of location
of fibre-optic cannula, assessed from histological slices (see Immunobistochemistry), and for

biochemical analyses (see Proteonsics and Metabolomics).

Brain area Coordinates Fibre-optic cannula Results section

AP ML DV

Fibre Photometry
Section 1.1
DdPAC cortical
MFC_400/430- stimulation
M2 cortex +2.46 +1 -0.6 0.66_1.0mm_MF1.25_FLT Proteomics and
(Doric Lenses) metabolomics
Section 2.2.3-2.2.4
Non-invasive delivery
Section 2.1
Multi-electrode array
SS cortex +1.5 35 -0.5 No cannula experiments
Section 2.2.1-2.2.2
DCS imaging

SS cortex -0.2 -1.8 -0.4 No cannula .
Section 3.1.1

e DdPAC striatal stimulation

Striatum +0.14 £2.2 -3.0 0.66_3mm_MF1.25_FLT o
; Section 3.1.4
(Doric Lenses)
-2 RWD-R-FOC-L400C-50NA DdPAC hippocampal
Hippocampus -2 +1.25 (from Fibre length: 2mm stimulation
bone) (Biogen Cientifica SL) Section 3.2

Table 5. Coordinates for viral infection and cannula implantation. Summary of the coordinates used for
each viral local injection. This table provides information about the targeted brain region, coordinates and fibre-
optic cannula. Results involving each animal model are presented in the corresponding “Result section”. AP:
Anterio-posterior axis; ML: medio-lateral axis; DV: Dorso-ventral axis. AP and ML coordinates are considered
from bregma, and DV from dura.

4.2 Retro-orbital administration

Retro-orbital administration (Figure 15B) was performed under anaesthesia as previously
described (Challis et al., 2019; Yardeni et al., 2011). The mouse was placed in a plexiglass
induction chamber with =4-5% isoflurane. When the animal was completely anaesthetised,

it was moved to a funnel-shaped nose cone connected to an apparatus with =1-1,5%
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isoflurane (Harvard Apparatus Isoflurane Vaporizer; #1371). To decrease the possibilities of
hypothermia, the mouse was placed on a heating blanket. To prepare for the injection, the
skin above and below the eye was drawn back using the finger and thumb of the non-
dominant hand, resulting in a slight protrusion of the eye from the socket. Then, using the
dominant hand, 100ul of viral solution were injected to the retro-orbital sinus using a 27G
syringe (BD Microlance 3; Ref: 302200) and by inserting the needle, bevel down, at 30/40°
angle into the medial canthus and through the conjunctival membrane, positioning the needle

behind the globe of the eye (figure Viral Delivery).
4.3 Intranasal administration

Intranasal administration (Figure 15C) was performed in awake mice as previously described
(Hanson et al., 2013). Mice were acclimated to handling for a period of two weeks before the
onset of intranasal administration in order to ensure proper body position and reduced
anxiety during and after the procedure. The acclimation process included the following
phases: 1) Gently handling the mouse by grasping it by the tail and placing it on the
experimenter’s arm to acclimate the animal to human presence; 2) Immobilizing the mouse
by holding it at the scruff of the neck; 3) Performing the intranasal grip, which involved
placing the mouse on the cage top, securely grasping the scruff behind the neck and
shoulders, and then carefully turning the mouse onto its back once it was safely immobilized
(Figure 15C). Transitioning from one phase to the next was dependent on the calmness
exhibited by the animal. The intranasal administration involved delivering a 10ul of viral
solution (5ul to each nostril), drawn with a micropipette, to the mouse’s nostrils each day for
a duration of 10 days, while the mouse was positioned in the intranasal grip, as previously
described (total volume delivered 100ul). The administration was considered successful when

the mouse was observed sniffing the AAV droplet.
5  Fibre photometry recording and analysis

Fibre photometry recordings were conducted to evaluate changes in cAMP dynamics in
freely moving mice during the beetle mania and the accelerating rotarod tasks in WT and
R6/1 mice from 14 to 20 weeks (Figure 16). We operated with a custom-made fibre
photometry system from Doric Lenses Inc. and employed the G-Flamp1 fluorescent cAMP
indicator (Table 4). The free Doric Neuroscience studio Software was used to control the
Doric console and light-emitting diode (LED) drivers. A 465-nm LED (CLED_465)
modulated at 241.58 MHz and a 405 nm LED (CLED_405) modulated at 572.21 MHz were
directed and coupled into a personalized fluorescence mini cube GAFMC7_IE(400-
410)_E1(460-490)_F1(500-540)_E2(555-570)_F2(590-645)_O(665-695)_S;  Fluorescence
MiniCube - 7 ports, F1 and F2 with Integrated Photodetector Head, Doric Lenses Inc,
Quebec, Canada) through 1-meter fibre-optic patch cord (core diameter: 400 pm; numerical
aperture: 0.50; M1241.02 TP03030478). To allow freely moving tasks with mice, combined
465 nm and 405 nm light were launched to a fibre-optic rotary joint (RJ1 400-700nm,
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Thortlabs), connected to a low autofluorescence mono fibre-optic patch cord (core diameter:
400 um; numerical aperture: 0.57; P150799-1 FCM-ZF1.25) and mated with black covered
Zicronia sleeve to the mouse-implanted fibre-optic cannula (see Stereotaxic surgery).
Fluorescence delivered through the mini cube was detected and amplified by the
Fluorescence Detector Amplifier from Doric, and data were sent to the fibre photometry
console. Prior to each experiment, fibre-optic patch cords were bleached for at least 3h. To
ensure stable photometric signals, mice were connected to the optic fibre 5 min before the
task with the 465 and 405 LED turned on. After each recording session, mice were returned
to their home cage. At the end of the experiments, mice were sacrificed by cervical
dislocation for viral infection validation, confirmed by GFP expression, and location of fibre-

optic cannula, assessed from histological slices (see Inmunobistochemistry).

(1) Doric console (3) LEDs (5) Rotary joint (7) Amplifier (9) Signal processing
(2) LED driver  (4) Fluorescence mini cube (6) Fiber-optic patchords (9) Doric Neuroscience software (10) Statistical analysis

Figure 16. Schematic representation of fibre photometry set-up in vivo. Intensity of raw and demodulated
fluorescence was defined using Doric Neuroscience software (8) to control the Doric console (1) and LED
drivers (2) 405 and 465 nm LED (3) signals were directed into a fluorescence mini cube (4) using fibre-optic
patchcords (6). A fibre-optic rotaty joint (5) between patchcords connecting the fluorescence mini cube and
the mice was used to allow its freely movement. Recorded signals from the mini cube were amplified (7) and
sent back to the Doric console. Processing of fluorescence demodulated data was done using the Metofico
software (9). Further statistical analysis was performed using Graphpad Prism software (10).

Fluorescence intensity of raw and demodulated 465nm and 405nm signals was recorded at
12049 Hz in freely moving mice using the Doric Neuroscience Studio software. G-Flamp1
fluorescence (465 nm) was normalised using isosbestic fluorescent recordings (405 nm) to
correct for movement and other artifacts. Data processing and analysis were performed using

the Metofico Fibre Photometry Analyser (Metofico).

For fibre photometry recordings during the beetle-mania task (see Bebavionral assessment), data
were down sampled to 1 Hz, large artefacts (>10 standard deviation) were removed using a
digital filter and movement artefacts were corrected by subtracting normalized 405 nm from
normalized 465 nm signal. A 2-second moving average was applied to smooth the data. The
resulting AF/F signal was normalised using z-scoring. Average fluorescence during the 3
minuts before introducing the robo-beetle was considered as baseline. Statistical analysis was
petrformed by comparing area under the curve, number of peaks and peak amplitude during

the presence of the robo-beetle (post-baseline).

For fibre photometry recordings during the ARR task (see Behavionral assessment), data were

down sampled to 1 Hz, artefacts were removed using a custom digital filter and movement
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artefacts were corrected by subtracting normalized 405 nm from normalized 465 nm signal.
Average fluorescence during the 60s in the cage prior to the placement of the mouse on the
rotarod apparatus was considered as baseline. Statistical analysis was performed by
comparing mean trace z-score normalised value of all animals and trials during the time on

the rotarod apparatus of each group (WT vs R6/1 mice, males and females separately).

Heatmaps of activity were obtained using a custom-made MATLAB script to visualise

change in activity after the corresponding stimulus.
6 Light-delivery for optogenetic stimulation

Red light (660nm or 685nm) was delivered to stimulate DAPAC, while blue (473nm) light
was used to stimulate ChR2.

For slice stimulation (which were performed in Aston University by our collaborators Dr.
Parri and Dr. Ngum), red light from 660nm LED (Thorlabs) was used to illuminate the slice

in the MEA chamber during 10 minutes under manual control (Figure 17).

A . B

660nm 660nm

Figure 17. DdPAC stimulation in brain slices. 660nm light illumination of brain slices expressing DAPAC
either in neurons (A) or astrocytes (B).

For 7n vivo DAPAC stimulations (Figure 18), red-light from a 685nm single LD Fibre Light
Source (Doric Lenses) was delivered at ~6-18 mW (measured at the end of the patch cord)
and was controlled by the free Doric Neuroscience studio Software. The stimulation
protocol consisted of a 10-minute stimulation period, 1 second 685nm ON and 4 seconds
685nm OFF, in order to avoid heating of the tissue. Light beam was delivered from the 685
nm laser coupled to a fibre-optic patch cord (core diameter: 200um; numerical aperture: 0.22)
and split using a fibre-optic rotary joint (FRJ 1x2) to two separate fibre-optic patch cords
(Core diameter: 200 um; numerical aperture: 0.22). For omics and behavioural studies,
zirconia sleeves were used to connect the patch cord to the implanted fibre-optic cannulas
and stimulation was performed in freely moving animals. Specifically for behavioural studies,

DdPAC stimulation was conducted 4 days (1 day every 3 days).
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(6)

I " I Ix1 20 seconds

Light ON Light OFF
_— )

(1) Single LD fiber-light source (3) Fiber-optic patchords (5) Fiber-optic cannula (7) Doric software
(2) Stimulation protocol (4) Rotary joint (6) Camera recording (8) Smart Panlab software

Figure 18. DAPAC stimulation in vivo. 685nm light was delivered from a single LD fibre-light source (1)
during 10 minutes 1 seconds ON-4 seconds OFF (2) using fibre-optic patch cords (3) and a rotary joint (4) to
allow the free move of the mouse. Doric Software (7) was used to control the laser parameters. A camera (4)
was used to record the animal behaviour and the Smart software to analyse the behaviour during stimulation

®)-

For diffuse wave spectroscopy imaging experiments, stimulation was performed in
unilaterally in anesthetized head-fixed mice (see Diffuse wave spectroscopy for stimulation
scheme). The patch cord was placed above the surface of the dura-matter, after drilling a
whole on the skull the size of the tip of the cannula. In all 7z vivo cases, mice were habituated
to manipulation before the experiment. For diffuse wave spectroscopy imaging experiments
(see Diffuse wave spectroscopy for stimulation scheme), blue light was also delivered unilaterally
using a 473 nm diode-pumped solid-state blue laser (Laserglow). In this case, blue light was
delivered using a custom-made waveform generator (Arduino) at 10Hz, 5 ms pulses, 10mW

for 1 minute.

7  Multi-electrode arrays

Multi-electrode arrays recordings (MEA) were performed by our collaborator Dr. H. Reinallt
Parri and Dr. Neville Ngum from Aston University (United Kingdom).

7.1  Slice preparation

Slices of the mouse barrel cortex were prepared as previously described (Butcher et al., 2022a;
Pirttimaki et al., 2017). Briefly, mice were anaesthetised with isoflurane overdose (5%)
followed by cervical dislocation and the whole brain was removed and placed in an ice-cold
bathing solution containing the following (in mM); NaCl 120, NaHCO3 25, KC1 1, KH2PO4
1.25, MgSO4 5, CaCl2 2, and glucose 10 and pH 7.2. Brains were glued to a metal block
using cyanoacrylate adhesive and submerged in the bath of a Campden 7000 vibroslicer
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(Campden Instruments) containing the same bathing solution maintained at <5° C and
bubbled with 95% O2 and 5% CO2. Cortical slices (350 um) were cut in the coronal plane
and maintained in the bathing solution at room temperatutre oxygenated (95% O2/5% CO?2)
for at least 1 h recovery period before use. Recordings were performed in an artificial CSF
(aCSF) solution containing the following (in mM): NaCl 120, NaHCO3 25, KCI 2, KH2PO4
1.25, MgSO4 1, CaCl2 2 and glucose 10.

7.2 Multi-electrode array recordings

The MEDOG4 system (Alpha MED Scientific, Japan) with MEA probes consisting of 64
platinum electrodes, each 50 um of diameter each and an inter-electrode distance of 150 pm
in an 8x8 arrangement pattern, was used. Probes were pre-coated with 0.1% w/v
polyethyleneimine (PEI) in a borate buffer overnight (> 12 h) at RT before first use. Cortical
slices were carefully placed on the probes using an inverted microscope (10-X objective lens)
such that the somatosensory barrels were on identified electrodes to enable selective
stimulation of L4. fEPSPs were recorded from 1.2/3. Slices were held in position with mesh
and slice harp. Once in position, a petiod of 15 min was allowed following aCSF perfusion
(2 ml/min) to allow for equilibration before recordings were made. Synaptic stimulation was
achieved by delivering 0.2 ms biphasic pulses to one electrode laying beneath an 1.4 region
and fEPSPs recorded on electrodes laying beneath 1.2/1.3 somatosentory cortex. The
stimulating intensity was set 50% of a maximal fEPSP rising slope determined from the I/O
curve produced using different stimulating intensities for each slice. A relatively low
stimulating frequency [0.008 Hz] was used to evoke fEPSPs to avoid potential continuous
stimulation-related effects on slice responses. Baseline recordings were done for 20 minutes
before either stimulation with 660 nm light and/or TBS protocol, and plasticity was assessed

1 hr post-induction.
7.3 Life confocal imaging for evaluation of glutamate

Live confocal imaging was carried out by our collaborator Dr. H. Rheinallt Parri and Dr.
Neville Ngum from Aston University (United Kingdom) using a Zeiss Axiovert 200M
epifluorescent microscope using Leica Application Suite Advanced Fluorescence (LASAF)
microscopy software (Leica Microsystems, Milton Keynes, UK). Acute cortical slices
transfected with both hSyn.iGluSnFr and AAV-GFAP-DdPAC constructs were
continuously perfused with aCSF and illuminated with 460 nm which is optimum for
1GluSnIR stimulation in the green emission channel (Kopach et al., 2020). Experiments were
done in the presence of 50 ul. DL-threo-beta-benzyloxyaspartate (DL-TBOA) (Toctis) to
block excitatory amino acid transporters. Images for iGluSnFR signals were collected in a
time-lapse mode in 1s intervals before, during and after evoked glutamate release. For a
positive control, some experiments involved bath application of glutamate (100 M) to acute
slices co-injected with both constructs. To assess DAPAC’s effect on glutamate increment,
experiments were done in the dark and acute slices were illuminated with 660 nm light

following collection of baseline measurements. The iGluSnFR signal was expressed as the
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AF/FO0, = (F (t)- FO) / FO where F(t) stands for intensity over time, and FO is the baseline

intensity averaged over ~ 60 s prior to the stimulus.

8  Proteomics and phospho-proteomics

Proteomics and phospho-proteomics analysis were performed at the Clinical
Neuroproteomics Unit (Navarrabiomed-IdiSNA, Hospital Universitario de Navarra,

Navarra, Spain).
8.1 Tissue obtention and sample preparation

Mice were cuthanised by cervical dislocation immediately after the 10 minutes light
stimulation (DdPAC stimulation in the cortex of HD mice) or 24 hours after stimulation
(DdPAC stimulation in the hippocampus of AD mice). The tissue surrounding the cannula
was obtained from the left hemisphere and immediately frozen. Tissue samples were
homogenized in a lysis buffer (7 M urea, 2 M thiourea, 50 mM dithiothreitol (DTT),
supplemented with protease (cOmplete Mini, Roche #11836153001) and phosphatase
inhibitors (PhosSTOP, Roche #4906845001). Lysates were centrifuged at 20,000 g (1 h, 15
°C), and the resulting supernatant was quantified with the Bradford assay kit (BioRad,
Barcelona, Spain). To obtain the phosphorylated peptide sample fraction, 600 ug of protein
was separated for protein digestion. Proteins were reduced with DTT (final concentration of
20 mM; room temperature, 30 min), alkylated with iodoacetamide (final concentration of 30
mM; room temperature, 30 min in the dark), diluted to 0.9 M with ABC and digested with
trypsin (Promega, Madison, W1, USA; 1:20 w/w enzyme protein ratio, 18 h, 37 °C). Protein
digestion was interrupted by acidification (pH < 06, acetic acid), and the resulting peptides
were cleaned-up using Pierce™ Peptide Desalting Spin Columns (ThermoFisher Sci.,
Waltham MA, USA). The following phosphorylated peptide enrichment was performed
using the High-Select™ TiO2 Phosphopeptide enrichment Kit (ThermoFisher Sci.,
Waltham, MA, USA) according to the manufacturer's instructions. Finally, the enriched
phosphopeptide sample fraction was cleaned- up as described before and dried down in a
Speed-Vac system. A 10 pg aliquot of cleaned-up peptides from protein digestion was set

aside for total protein analysis.
8.2 Data independent acquisition (DIA)-mass spectrometry

Dried-down peptide samples were reconstituted with 2% ACN-0.1% FA (Acetonitrile-
Formic acid), spiked with internal retention time peptide standards (iRT, Biognosys), and
quantified by NanoDropTM spectrophometer (ThermoFisher Sci) prior to LC-MS/MS
analysis using an EASY-1000 nanoLC system coupled to an EZ-Exploris 480 mass
spectrometer (Thermo Fisher Sci.). Peptides were resolved using C18 Aurora column (75um
x 25cm, 1.6 um particles; lonOpticks) at a flow rate of 300 nl./min using a 60-min gradient
(50 °C): 2% to 5% B in 1 min, 5% to 20% B in 48 min, 20% to 32% B in 12 min, and 32%
to 95% B in 1 min (A = FA, 0.1%; B = 100% ACN:0.1% FA). Peptides were ionized using
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1.6 kV spray voltage at a capillary temperature of 275 °C. Sample data were acquired in data-
independent acquisiion (DIA) mode with full MS scans (scan range: 400 to 900 m/z;
resolution: 60,000; maximum injection time: 22 ms; normalized AGC target: 300%) and 24
periodical MS/MS segments applying 20 Th isolation windows (0.5 Th ovetlap: Resolution:
15000; maximum injection time: 22 ms; normalized AGC target: 100%). Peptides were
fragmented using a normalized HCD collision energy of 30%.

8.3 Bioinformatics and statistical analysis

Mass spectrometry data files were analyzed using Spectronaut (Biognosys) by direct DIA
analysis (dADIA). MS/MS spectra wete searched against the Uniprot proteome reference from
mouse database using standard settings. Enzyme was set to trypsin in a specific mode. On
the one hand, Carbamidomethyl (C) was set as a fixed modification, and oxidation (M), acetyl
(protein N-term), deamidation (N), and Gln-> pyro-Glu as variable modifications for total
protein analysis. On the other hand, Carbamidomethyl (C) was set as a fixed modification,
and oxidation (M), acetyl (protein N-term), and Phospho (STY) as variable modifications for
phospho-proteome analysis. Identifications were filtered by a 1% Q-value.

The obtained quantitative data for total protein were exported to Perseus software (version
1.6.15.0) (Tyanova et al., 20106) for statistical analysis and data visualization. For total protein
analysis, unpaired Student’s t test was used for direct comparisons. Statistical significance
was set at p-value lower than 0.05 in all cases and 1% peptide FDR threshold was considered.
Differentially expressed proteins were considered significant when their absolute fold change
was below 0.77 (downregulated proteins) and above 1.3 (up-regulated proteins) in linear
scale. Quantitative data obtained from the phosphoproteome were collapsed using a custom
coded plugin Peptide Collapse (v.1.4.4) in Perseus (v.1.6.15.0) that convert a normal
Spectronaut report into a site-level report (Martinez-Val et al., 2021). Plugin settings were set
as default grouping posttranslational modifications (PTMs) by sample (FileName), collapsing
matrix by site-level and setting the PTM localization probabilities filter at more than 0.75.

Statistical analysis were conducted following the same protocol as the total protein study.

The functionality associated to the differential (phospho)proteomes was assessed using
Metascape (Y. Zhou et al., 2019) using default settings (min. overlap: 3, min. enrichment:
| 1.5, P<0.05). Synaptic ontologies were obtained from SYNGO tool (Koopmans et al.,
2019). Protein interactomes and activation predictions were analyzed using QIAGEN’s
Ingenuity Pathway Analysis (IPA; QIAGEN Redwood City) (Krimer et al., 2014).

Mass-spectrometry data and search results files were deposited in the Proteome Xchange
Consortium/PRIDE with the identifiers PXD054633 (Proteomics data; for reviewers:
Username: reviewer_pxd054633@ebi.ac.uk; Password: 078LQM64Kunm) and PXD054635
(phosphoproteomics ~ data:  Username:  reviewer_pxd054635@ebi.ac.uk;  Password:
HyU81NI9RTXRO
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Partial least squares differential analysis (PLS-DA)

In the context of proteomics data from AD. Variable distribution was scaled by calculating
Z-scores for proteomics raw data. Then, we performed a partial least squares differential
analysis (PLS-DA) with repeated cross-validation to analyze the effect of DAPAC activation
in WT and 5xFFAD samples in the cerebral protein profile. To evaluate the performance of
the PLS-DA classification, we calculated the optimal number of components, the balanced
error rate (BER), and the area under the curve (AUC) scores, which estimate the specificity
and sensitivity of the model from training cross-validation with 50 repetitions. The accuracy
of the whole PLS-DA model was validated through a permutation system with 1,000
iterations. Finally, we calculated the variable importance in projection (VIP) scores to
estimate the significance of each variable in the projection used in the PLS-DA model and
to select those proteins that contribute most to the undetlying differences. VIP scores = 1.4
were considered significant. Unsupervised principal component analysis (PCA) and
Pearson’s distance clustering were also performed. All analyses were performed with R. The
PLS-DA model was generated and validated with the MixOmics R package (Rohart et al.,
2017). R packages were executed in RStudio 2022.12.0-353 for Windows (Posit.co) and R
4.2.2 for Windows (The Comprehensive R Archive Network -CRAN-).

PKA network analysis

In the context of proteomics data from AD. The interaction network map of PKA-related
proteins was generated using Cytospace 3.10.3 (U.S.A. National Human Genome Research
Institute (NHGRI) based in the STRING functional protein association network database.
Also using the STRING database, we performed a Gene ontology (GO) enrichment analysis
to find GO terms over-represented, using annotations for the PKA-related protein set. We

considered enriched GO terms with FDR-corrected P < 0.05 statistically significant.

9 Metabolomics

Targeted metabolomics was performed in the VIB Metabolomics core facility (Leuven,

Belgium).
9.1 LC-MS/MS analysis of metabolites

Mice were euthanised by cervical dislocation immediately after the 10 minutes light
stimulation. The tissue surrounding the cannula including the frontal cortex was obtained
from the right hemisphere and immediately frozen. 10 ul of each sample was loaded into a
Dionex UltiMate 3000 LC System (Thermo Scientific Bremen, Germany) equipped with a
C-18 column (Acquity UPLC -HSS T3 1. 8 um; 2.1 x 150 mm, Waters) coupled to a Q
Exactive Orbitrap mass spectrometer (Thermo Scientific) operating in negative ion mode. A
step gradient was carried out using solvent A (10 mM TBA and 15 mM acetic acid) and
solvent B (100% methanol). The gradient started with 5% of solvent B and 95% solvent A

and remained at 5% B until 2 min post injection. A linear gradient to 37% B was carried out
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until 7 min and increased to 41% until 14 min. Between 14 and 26 minutes the gradient
increased to 95% of B and remained at 95% B for 4 minutes. At 30 min the gradient returned
to 5% B. The chromatography was stopped at 40 min. The flow was kept constant at 0.25
mL/min and the column was placed at 40°C throughout the analysis. The MS operated in
full scan mode (m/z range: [70.0000-1050.0000]) using a spray voltage of 4.80 kV, capillary
temperature of 300 °C,sheath gas at 40.0, auxiliary gas at 10.0. The AGC target was set at
3.0E4+006 using a resolution of 140000, with a maximum IT fill time of 512 ms. Data
collection was performed using the Xcalibur software (Thermo Scientific). The data analysis

was performed by integrating the peak areas (El-Maven — Polly - Elucidata).
9.2 Multivariant analysis of metabolites

Raw abundance was calculated as the integrated area of the peak of the metabolite and
corrected by tissue weight. Then, we performed multivariate statistical analysis for differential
concentration assessment. The pipeline includes fold-change and multiple T-test analysis,
correlation heatmaps, principal component analysis (PCA), and hierarchical clustering to
identify differential metabolite concentrations. LC-MS/MS data was log-transformed and
scaled. The correlation between differential metabolites was analyzed using the Pearson
correlation method. The set of metabolites was also subjected to enrichment pathway
analysis using RaMP-data base (integrating KEGG via HMDB, Reactome, and
WikiPathways) as the reference database. Adjusted-p values < 0.05 were considered as
significant. All the analysis were performed using the MetaboAnalyst 6.0 platform (Pang et
al.,, 2024).

10 DCS-based brain hemodynamics imaging system

(1) High-speed camera (3) NIR laser for DCS imaging (5) Workstation
(2) Collimator with diffusor (4) Light source for optogenetic stimulation  (6) Frame grabber card

Figure 19. DCS-based brain hemodynamics imaging system setup. Imaging setup for mapping light
dependent cortical blood flow changes obtained with DCS-based imaging setup in a head-fixed anesthetized
mouse. Images were obtained with (1) a high-speed camera coupled with the (3) 850 nm NIR laser illumination
attached to (2) a collimator with diffusor. (4) Light sources for optogenetic stimulation, 685 nm to stimulate
DdPAC or 473 to stimulate ChR2, were used.
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Diffusion Correlation Spectroscopy (DCS) (Sdobnov et al., 2024) is a technique used to
measure blood flow in biological tissues, including the brain. In DCS, a coherent laser light
illuminates the tissue, and the diffusely reflected light scattered within the tissue is analysed.
The motion of red blood cells within the tissue causes fluctuations in the intensity of the
scattered light. These temporal intensity fluctuations are captured by a high-speed camera.
The basic principle of DCS is that the faster the red blood cells move, the shorter the
correlation time will be. The time correlation, derived from the auto-cottrelation function of

the temporal intensity fluctuations, can be used to assess cetebral blood flow in brain tissues.

R6/1 and WT mice were injected unilaterally (see Local injection - Stereotaxcic surgery) with
DdPAC or ChR2 (see Adeno-associated viral constructs) one month before the acquisition of the
images. Diffuse wave spectroscopy images were acquired under isoflurane anaesthesia (5%
induction, and 1.5 maintenance, Harvard Apparatus Isoflurane Vaporizer; #1371) while the
mouse was positioned on a heating blanket to prevent hypothermia, and fixed in a stereotaxic
apparatus to avoid movement. Metacam (2mg/kg s.c.) was injected subcutaneously before
the procedure to avoid pain and reduce inflammation. The head of the mouse was shaved
and cleaned with ethanol and iodine. Local anaesthesia was then applied (Lidocaine 2.5%
and Prilocaine 2.5% EMLA®, AstraZeneca), followed by an incision in the skin on the top
of the head. Subsequently, a hole was drilled at the location corresponding to the mark from
the previous viral injection surgery, ensuring the dura mater remained intact. A cannula was

positioned over the drilled hole, without contacting the brain, during the stimulation phase.

Our setup for the transcranial blood flow imaging (Figure 19) comprised a high-speed camera
(EoSens 3CL, Germany), a frame grabber card (Silicon Software, Germany), an 850 nm
distributed Bragg reflector single-frequency NIR laser (Thotlabs Inc, USA), and a collimator
with a diffuser. At the surface of the studied object, the laser intensity was maintained at 20
mW/cm?. Crossed polarizers were employed on the collimator and camera objective to
climinate surface reflections. This configuration enabled the reconstruction of blood flow
images with a resolution of 240 x 240 pixels and facilitated the calculation of the temporal
intensity autocorrelation function of light at each of the measured pixels within a range of
10" to 1 second. Specifically, in our study, we recorded 50,000 frames per measurement at a

frame rate of 8,000 fps for subsequent processing.

The protocol for image acquisition was the following. First, 3 baseline images (10s recording
each) were acquired, followed by the placement of the cannula and a 10-minute stimulation

(see Optogenetic stimnlation). Then, 5 post-stimulus images (10s each) were acquired.

Blood flow index (BFI) maps were calculated as an average value of the power spectrum
obtained through the Fourie transform of the measured autocorrelation function in each

pixel according to the equation (Leahy et al., 1999):
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Here S[g,(t) — 1] is the power spectrum obtained through the Fourier transform of the
temporal autocortelation function, (I) is the average DC signal from the pixel, 7/ and ; are
correspondingly the row and column number of the image map identifying the pixel. All data
were processed on Matlab (version 9.4.0.813654 (R2018a), and final images were opened
with Image | software (Schindelin et al., 2012), mounted as stack images and intensity of the
whole hemisphere was measured using the measure tool plugin in all images obtained from

each mouse.

11 Immunohistochemistry and image acquisition

Reference and

Anti Host i Diluti T t
igen ost species ilution arge source
G-Flamp1 .
132 006
GFP Chicken 1:500 AAV9/PHP.eb-CAG-GFP OSO . Synaptic
m
AAV9/PHP.cb-CamKITa-GFP yeems
AAV9/PHP.eb-CamKIIa-GFP
GFP Rabbi 1:500
abbit AAV9/PHP.eb-GFAP-GFP
AAV9/PHP.eb-CamKIIa-DdPAC-Flag F1804, Sigma
Fl1 M 1:200
28 ouse AAV9/PHP.cb-GFAP-DAPAC-Flag Aldrich
GFAP Rabbit 1:500 GFAP positive astrocytes 70334, DAKO
AQP4 Rabbit 1:500 Aquaporin 4 channel AB3594, Merck
p21 Rat 1:200 Proliferative astrocytes ab107099, Abcam
NBP2-62566
APP Rabbit 1:800 AR precursor protein Novus Biologic’als
Ab5076-1001
Ibal Goat 1:500 Ibal positive microglia ’

Abcam
Table 6. Primary antibodies. Summary of the primary antibodies used in this thesis. This table provides

information about the antigen, host species, dilution, specific target, and reference and source.

For immunohistochemical analysis, mice were sacrificed by cervical dislocation and brains
wete post-fixed with 4% PFA and dehydrated in a PBS/sucrose gradient [from 15% (48h
postmortem) to 30% (32 h postmortem)] with 0.02% sodium azide and finally stored at 4°C.
Sections (30um) were cut on a vibratome (Leica VI1000S) and preserved in cryopreservation
solution (30ml Ethylene glycol; 30ml Glycerol; 25ml TB (1M Tris HCI pH 7,5); 15ml H20
miliQ for 1 litre of solution) at -20°C. Free-floating sections were first washed in PBS 0.01M,
then treated with 50mM NH4CI, permeabilized with 0.01M PBS containing 0.5% Triton X-
100 and blocked for 2hrs with a solution of 0.01M PBS with azide 0.02%, 0.3% Triton X-
100, BSA 0.2% and 5% normal goat serum (Pierce Biotechnology). Sections were then
incubated overnight at 4°C with the primary antibodies (Table 6), which were diluted in a
solution of 0.01M PBS with azide 0.02%, 0.5% Triton X-100, BSA 0.2% and 5% normal
goat serum. After washing with 0.01M PBS, brain sections were incubated for 1:30hrs with
the secondary antibodies (Table 7), diluted in 0.01PBS. After secondary antibody incubation,
sections were washed in 0.01M PBS and mounted on microscope slides using DAPI
Fluoromount-G (Southern Biotechnology) and kept in the dark. All washes and incubations
were completed on a shaker and at RT, except for the primary antibody incubation, which

was conducted at 4 °C.
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Secondary antibody Wavelenght Dilution Reference and source
Anti-chicken Alexa Fluor 488 1:200 A11039, Invitrogen
Anti-mouse AlexaFluorTM 647 1:200 A212306, Invitrogen
Anti-rabbit Cy3 555 1:200 JAC 111-165-003
Anti-rat Cy3 555 1:200 712-165-150, Jackson ImmunoResearch

Table 7. Secondary antibodies. Summary of the secondary antibodies used in this thesis. This table provides
information about the antigen, detected wavelength, dilution, and reference and source.

Fluorescence images wete acquired by an epifluorescence microscope (DMI6000 Widefield
Leica) or a confocal microscope (Catl Zeiss LSM880). Image]/Fiji software was used to
analyse the images (Schindelin et al., 2012)(Table 8).

12 Statistical analysis

All results are expressed as mean = SEM, with individual mouse data represented by single
points when possible. Statistical significance was set at P < 0.05 (*¥), P < 0.01 (**), and P <
0.001 (***). Statistical analysis was performed using GraphPad Prism version 10.0.0, except
for diffuse wave imaging experiments, which were analysed in MATLAB (version
9.4.0.813654 (R2018a) (see 10 DCS-based brain hemodynamics imaging system section for detailed
analyses) and omics results (see 8 Proteomics and 9 Metabolomics sections for detailed analyses).
Comparisons between two groups were conducted using either the two-tailed unpaired
Student’s t-test or the Mann-Whitney U test. For comparisons between LTP and baseline in
MEA recordings, the Wilcoxon test was used. Multiple comparisons to the same control
were analysed using one-way ANOVA with the non-parametric Kruskal-Wallis test,
followed by Dunn’s post hoc test. Hemodynamic and behavioural experiments were analysed
using the one-sample t-test, two-tailed unpaired Student’s t-test, or two-way/three-way
ANOVA, followed by Bonferroni post hoc test when appropriate. The specific statistical

tests used ate indicated in the Results section and/or figure legends.
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RESULTS

1 To characterise disruptions in cortical cAMP
signalling and behaviour in the R6/1 mouse model of
Huntington’s Disease

cAMP is a second messenger involved in a diverse range of processes, including synaptic
plasticity, and its signalling pathway has been observed to be disrupted in HD (Gines et al.,
2003; Giralt et al., 2011; Kelly, 2018; Tyebji et al., 2015). Notably, the degree of impairment
varies across brain regions and cell types, and controversies are observed between research
findings (Kelly, 2018). Thus, further investigation is necessary to fully understand the
contribution of cAMP signalling to HD, which could open new possibilities for novel

therapeutic strategies.

In this context, we aimed to investigate whether cAMP dynamics are altered during M2-
cortex-dependent behaviours, given that the M2 cortex is a brain region profoundly affected
in HD (Fernandez-Gatcia et al., 2020; Hintiryan et al., 2016; Thiruvady et al., 2007). These
behaviours include motor learning tasks such as the accelerating rotarod (ARR) and stimuli-
induced defensive responses like the beetle mania task (BMT), both of which are known to
exhibit altered performance in HD models and are M2-cortex dependent (Conde-Berriozabal
etal., 2023; Fernandez-Garcia et al., 2020; Puigdellivol et al., 2015). In this regard, modulation
of M2-dorsolateral striatum circuitry using optogenetics ameliorates motor learning deficits
in the ARR in R6/1 mice (Fernandez-Garcia et al., 2020). Additionally, in another study from
the group, we demonstrated that exposure to a moving robo-beetle induced Ca* increase in
the M2 cortex of WT mice, which was absent in R6/1 mice (Conde-Berriozabal et al., 2023).
Building on this knowledge, we sought to uncover if cAMP dynamics contribute to the
alterations in cortico-striatal-related behaviours in HD, including the ARR and the BMT.
Additionally, we aimed to explore if other M2-cortex behaviours are affected in HD, as well
as to determine their onset to further comprehend the progression of M2-associated
behaviours. Identifying early markers could enable the initiation of therapeutic interventions
at prodromal stages, potentially improving their efficacy and offering a strategy to assess

treatment outcomes.

1.1 Assessment of cCAMP signalling pathway alterations in the
R6/1 mouse model of Huntington’s Disease

1.11 cAMP levels increase in the M2 cortex of 14-week-old mice in
response to an expected stimulus during the beetle-mania test

Despite the numerous cAMP fluorescent sensors developed, until recently it was difficult to
study cAMP dynamics in vivo. In the context of this thesis, we successfully utilised the novel
cAMP sensor G-Flamp1(L. Wang et al., 2022a). G-flamp1 plasmid was generously provided
by Dr. Liang Wang and Dr. Jun Chu (Shenzhen Institute of Advanced Technology, Chinese
Academy of Sciences, Shenzhen, China) and encapsulated into an AAV9 construct by Dt
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Dalkara. By using this cAMP sensor under a neuronal promoter, we first assessed real-time
cAMP fluctuations during the BMT task in 14-week-old male and female mice, a stage at
which R6/1 mice already exhibit behavioural phenotype (Conde-Bertiozabal et al., 2023).
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Figure 20. Neuronal GFlamp-1 fluorescence increases in response to an unexpected sensory stimulus
in the M2 cortex of 14-week-old WT and R6/1 mice. (A) Representative histological images showing
GFlamp-1 expression in neurons (green) from the M2 cortex, indicating the position of the fibre-optic cannula
(scale bars: 600 pm (left) and 200um (right)) (B) Schematic representation of the beetle mania task during fibre-
photometry recordings. After 5 minutes of habituation in the arena, the moving beetle (RB, dashed arrow) is
added for an additional 5 minutes (C) Heatmap of activity showing changes in GFlamp-1 fluorescent signal
(AF/F0 normalised to z-score) in WT and R6/1 mice (Y axis, each line represents an individual mouse) at 14
weeks of age. X axis represents the duration of the recording (in seconds). Only the last 180s of habituation are
considered and represented as baseline for the analysis. AF/FO0 changes are transformed to z-score normalised
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to baseline, colour-coded and represented from >-2 (blue) to <4(red). (D) Mean GFlamp-1fluorescent traces
(Y axis: AF/F0O normalised to z-score) from male (left) and female (right) WT and R6/1 mice during the
performance of the test. The placement of the robo-beetle (RB) is represented at the second 180 of the X axis.

Nwra=3; Nwre=3; Nre/13=3; Nro/19=5

Hence, we expressed the cAMP sensor in M2 cortical neurons by injecting an AAV9-hSyn-
G-Flamp1-WPRE construct (Figure 20A) and recorded cAMP fluorescence throughout the
10-minute BMT. The stimulus, an erratically moving robo-beetle, was introduced at the 5-
minute mark to asses stimulus-dependent cAMP dynamics (Figure 20B). Both genotypes
showed stable and similar fluorescent signal during the habituation phase (3 last minutes of
the baseline, shown in the graph), which notably increased after placing the robo-beetle in
the arena in both genotypes (Figure 20C). In order to evaluate possible sex differences in
cAMP signalling, we decided to examine the cAMP traces of male and female separately
(Figure 20D). Our data showed similar qualitative increases upon the introduction of the

beetle in both genotypes, as well as between male and female traces.
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Figure 21. GFlamp-1 fluorescence changes are similar between WT and R6/1 mice. (A) Histogram
representing the 5-min post-baseline area under the curve (AUC), peak amplitude and number of peaks of the
GFlamp-1 z-scote normalised fluotescent signal between WT and R6/1 male (left) and female (right) mice. (B)
Histogram representing the comparison of area under the curve (AUC) of the GFlamp-1 z-score normalised
signal between male (left) and female (right) WT and R6/1 mice. X axis represents each minute with the
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presence of the robo-beetle. Each point represents data from an individual mouse. Unpaired T-test was
petformed. Nywra=3; Nyro=3; Nio/10=3; Nig/10=5. *p<0.05, *p<0.01, #¥<0.001.

To further quantify these results, we calculated the area under the curve (AUC), the peak
amplitude, and the total number of peaks, and assessed genotype differences in each sex
separately (Figure 21A). We confirmed that there were no differences between genotypes in
neither of the metrics analysed during the 5 minutes. In males, unpaired t-test displayed a
p=0.90, p=0.77, and p=0.20 for the AUC, peak amplitude and total number of peaks,
respectively. In females, unpaired t-test showed a p=0.31, p=0.81, and p=0.95 for the AUC,
peak amplitude, and total number of peaks, respectively. To further investigate if cAMP
dynamics were changing along time, we analysed the G-Flamp1 signal each minute the beetle
was present in the arena (Figure 21B). Again, we did not observe any genotype differences
in any of the time slots analysed in males. Nevertheless, female R6/1 mice displayed an
increase in the G-Flamp1 signal during the second minute with the presence of the beetle
(Unpaired t-test, p=0.002). Overall, these results reveal the involvement of cAMP signalling
in neurons from the M2 cortex during the BMT, although they suggest that cAMP dynamics
are minimally altered in R6/1 mice. Along with our previous findings indicating calcium
changes during the BMT (Conde-Berriozabal et al., 2023), these results demonstrate that

both second messengers contribute to M2-cortex dependent task modulation in neurons.

To ensure that the lack of genotype effects is not due to lack of phenotype, we analysed
locomotion and spontancous behaviour during habituation, along with the behavioural
responses to the beetle during the test phase. Our prior findings (Conde-Berriozabal et al.,
2023) exhibited changes in time spent rearing, but not locomotion, during habituation phase,
and altered reactions to the robo-beetle from 12-week-old male and female mice. Our data
presented here at 14-week-old mice also show altered responses in R6/1 mice, similar to our
previous results. During the first 5 minutes of the test, when no threatening stimulus was
present and the mice were acclimating to the arena, we analysed the distance travelled and
the time spent rearing (Figure 22A and 22B). These parameters allow us to study if these
mice already show altered spontaneous activity, such as rearing and locomotor deficits.
Indeed, this was not the case, as locomotion was similar between genotypes (Genotype:
F1.16=0.01, P=0.92; Sex: F1,19=1.09, P=0.31; Interaction: F1,19=1.06, P=0.32). Moreover, it
is known that symptomatic R6/1 mice usually show decreased rearing time. In this case,
there are no significant differences between groups (Genotype: Fu10=1.31, P=0.27; Sex:
F1.16=0.028, P=0.87; Interaction: F,19=3.91, P=0.00) (Figure 22B). Then, during the testing
phase, we measured escape, avoidance, approach, and tolerance responses to the randomly
moving robo-beetle. Consistent with our previous publication, R6/1 mice reduced defensive
behaviours such as escape and avoidance, while increased tolerance to the beetle. Moreover,
sex differences were not observed. In detail, Two-way ANOVA with sex and genotype as
factors showed genotype effect but not sex or interaction for the number of total responses
(Genotype: Fi6=4.32, P=0.05; Sex: F116=0.30, P=0.59; Interaction: F116=5.27, P=0.03);
escape responses (Genotype: Fu19=6.36, P=0.02; Sex: Fu.19=0.59, P=0.45; Interaction:
Fa16=0.54, P=0.47); avoidance (Genotype: Fu19=6.45, P=0.02; Sex: Fu15=0.01, P=0.93;
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Interaction: Fu10=0.16, P=0.69) and tolerance (Genotype: Fu10=17.98, P=0.0006; Sex:
Fu16=0.27, P=0.61; Interaction: F115=0.18, P=0.68) behaviours (Figure 22I' and 22H).
However, Two-way ANOVA did not display differences in the percentage of approach
responses (Genotype: F.19=1.66, P=0.22; Sex: F,16=0.24, P=0.62; Interaction: F115=0.008,
P=0.92) (Figure 22D and 22G). Moreover, Bonferroni post hoc analysis of the total number
of responses showed that female R6/1 mice exhibited a decreased number compared to
female WT mice (P = 0.04), whereas no genotype differences were observed in male mice
(Figure 22C). Also, for tolerance behaviour, Bonferroni post-hoc showed significant
differences between male WT and male R6/1 (P=0.03) and female WT and male R6/1 mice
(P=0.02) (Figure 22F).

Overall, in 14-week-old mice, we found reduced defensive behaviouts, while increased
tolerance responses in R6/1 mice compared to WT, similar to previous data and with no sex
effects. This suggests that other mechanisms or signalling pathways, rather than neuronal

cAMP dynamic changes, contribute to the observed behavioural alterations.
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Figure 22. Behavioural responses to a randomly moving robo-beetle are altered in both male and
female R6/1 mice compared to WT mice at 14 weeks of age. (A-B) During the habituation phase (A)
distance travelled and (B) time mice spent rearing were measured. (C-H) During the test phase, with the
presence of the robo-beetle, (C) total induced responses to the beetle ate represented. Percentage of (D) escape
responses, (E) total responses without escape and percentage of (F) tolerance, (G) approach and (H) avoidance
responses when excluding escape response were analysed. Each point represents data from an individual mouse.
Two-way ANOVA with genotype and sex as factors was performed. Data are represented as mean = SEM.
Nwrg=3; Nwre=3; Nre/13=3; Nre/19=5. *p<0.05, **p<0.01, ***<0.001.
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1.1.2 cAMP dynamics in the M2 cortex are increased in 15-week-old
R6/1 female mice during the ARR task

To further understand the contribution of cAMP signalling to M2-cortex-related tasks, we
decided to explore cAMP dynamic changes during the ARR. The ARR is a test used to
evaluate motor learning and coordination in mice, functions known to rely on M2 cortex
function and to be altered in Huntington’s Disease mice (Fernandez-Garcia et al., 2020;
Puigdellivol et al., 2015). In R6/1 mice, impairments in motor learning shown by the ARR
start to be present from 8 weeks, while coordination deficits are observed around 12 weeks
(V. Y. Cao et al, 2015; Puigdellivol et al., 2015). Hence, we used the same batch of G-
Flamp1-expressing mice and conducted the ARR task during fibre photometry recordings in
15-week-old male and female mice. To this end, the 12 trials of the ARR were performed

during the same recording session, with 10 minutes inter-trial time (Figure 23A).
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Figure 23. Motor learning procedure during fiber photometry recordings. (A) Schematic representation
of the ARR protocol during fibre-photometry recordings. 12 trials were performed every 10 min while
GFlamp1 signal was simultaneously recorded. Before each trial, 1 min was recorded in the homecage as baseline
(B) Latency to fall from the rod during the ARR task. Two-way ANOVA with genotype and sex as factors was
performed. Data are represented as mean + SEM. Nwr3=3; Nwrg=3; Nre/13=3; Nre/19=5. *p<0.05, **p<0.01,
*k<0.001.

We first analysed the animals’ performance during the test (Figure 23B). In this test, male
mice exhibited worse performance than female mice, while reduced performance was
observed in R6/1 for both genotypes. However, only R6/1 females compared to their
respective female controls, showed genotype differences, as shown by two-way ANOVA
with genotype and trial as factors (Genotype: Fug=9.0, P=0.04; Trial: F3442525=9.6,
P=0.0001; Interaction: F1s3=3.31, P=0.0008). Male mice two-way ANOVA failed to show
significant effects (Genotype: Fug=2.21, P=0.17; Trial: F1,5=7.05, P<0.0001; Interaction:
Fuigs=1.28, P=0.25). These data suggest that impairments in females may be more
pronounced than in males in this group of animals, and that increasing the sample size might

reveal more robust effects.
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Figure 24. GFlamp-1 fluorescence increases during motor learning in neurons from the M2 cortex of
14-week-old WT and R6/1 mice. (A) Representative heatmaps of activity showing fluorescent changes in
GFlamp-1 fluorescent signal (AF/FO0 normalised to z-score) in male (left) and female (right) W'T' (top) and R6/1
(bottom) mice. X axis: each row represents 1 of each of the 12 trials; X axis represents the duration of the
recording. The dashed arrows represent the moment the mouse was placed on the rotarod. Each trial consists
in 60s baseline period and a period when mice stayed in the rotarod (up to 300s, variable time for each
trial/mouse). Changes in normalised GFlamp-1 signal (z-score,) are colour-coded and represented from >-3
(blue) to <4(red) AF/F0 normalised to z-score. Data recorded during the placement of the mice from the cage
to the rod by the experimenter was excluded from the analysis and representations. (B) Mean GFlamp-1 traces
(X axis: AF/F0 normalised to z-score) from male (left) and female (right) WT and R6/1 mice during the
petformance of the test. Histograms compare WT vs HD performance on the rod, each dot representing the
mean value of each of the trials. Unpaired T-test was performed. Data are represented as mean + SEM.
Nwra3=3; Nwr¢=3; Nre/13=3; Nre/19=5. *p<0.05, **p<0.01, **<0.001.

Next, we investigated the changes in cAMP during each of the ARR’ trials. Considering the
sex differences observed in the test, we assessed the cAMP dynamics separately. Prior to
placing the animals to the rod apparatus, we recorded 1 minutes of G-Flamp1 fluorescence,
when the mouse was freely moving in a home-cage with bedding material, which was
considered the baseline measurement. On the whole, we observed that in both male and
female WT and R6/1 mice, there was an increase in G-Flamp1 fluorescence when the mouse
was placed on the rod apparatus in all the trials (Figure 24A). The profile of fluorescent traces
was similar in all trials, with an initial peak after the animal is placed on the rod, followed by
a more stable and increasing cAMP signal during the performance of the task (Figure 24B
left). Nevertheless, while no striking differences can be discerned in cAMP dynamics
between WT and HD male mice, female HD mice tended to exhibit an increased cAMP

response to the stimulus compared to female WT mice in most of the trials. This effect was

84



RESULTS

also qualitatively observed in all fluorescent changes over time for each trial and each animal
(data not shown). In order to quantify it, and considering that no major differences could be
observed between trials, we determined the mean z-score from the time on the rotarod
apparatus (Figure 24B right). Thus, we were able to confirm that while male mice do not
display significant genotype differences in this cohort (Unpaired T-test, p=0.22), female HD
mice respond with an over-increased cAMP response compared to female WT mice
(Unpaired T-test, p=0.001) (Figure 24B). Altogether, these data highlight that female R6/1
mice show an aberrant overactivation of cAMP levels in front of a M2-cortex-related task at
~ 15 weceks of age. Moreover, while cAMP dynamics in male mice remain unaltered, caution
need to be taken here, as male mice did not perform well in the ARR task. Further analysis,
including increasing the number of animals, will help to better describe the role of cAMP in

this task and its alterations in HD.

1.1.3 cAMP activity in neurons from the M2 cortex is decreased in 20-
week-old male mice during the beetle-mania task

To further understand if alterations in cAMP activity during an M2-cortex related task are
more prominent at later stages of disease progression, we repeated the BMT in the same
cohort of animals at 20 weeks, when mice are fully symptomatic (Conde-Berriozabal et al.,
2023; Fernandez-Garcia et al., 2020).

We first analysed cAMP activity in these animals, and we again observed and increase in
cAMP levels upon the presence of the robo-beetle regardless of the genotype (Figure 25A).
Morteovert, we observed a smaller increase in fluorescence levels in R6/1 mice compared to
WT mice. When analysing sexes separately, the responses were further reduced in R6/1 male
mice, while female mice showed a milder decrease. We then analysed both responses
quantitatively, as performed in our previous BMT results (7.2.3 section), by quantifying AUC,
peak amplitude, and peak number (Figure 25B). Male R6/1 mice showed decteased AUC
(Unpaired T-test, p=0.0002) and peak amplitude (Unpaired T-test, p=0.0006) compared to
WT, although no differences in the number of peaks was observed (Unpaired T-test,
p=0.92). In female mice, fluorescence z-score profile looked smaller, but quantification did
not show genotype differences neither in the AUC (Unpaired T-test, p=0.49), peak
amplitude (Unpaired T-test, p=0.20), nor number of peaks (Unpaired T-test, p=0.38).
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Figure 25. cAMP dynamics are decreased in R6/1 mice compared to WT mice in response to a
threatening stimulus at 20 weeks of age. (A) Heatmap of activity showing changes in GFlamp-1 fluorescent
signal (AF/FO0 normalised to z-scote) in W'T and R6/1 mice (Y axis, each line represents an individual mouse)

86



RESULTS

at 14 weeks of age. X axis represents the duration of the recording (in seconds). Only the last 180s of habituation
are considered and represented as baseline for the analysis. AF/F0 changes are transformed to z-score
normalised to baseline, colour-coded and represented from >-2 (blue) to <4(red). (B) Mean GFlamp-1
fluorescent traces (Y axis: AF/F0 normalised to z-scote) from male (left) and female (right) W'T and R6/1 mice
during the performance of the test. The placement of the robo-beetle (RB) is represented at the second 180 of
the X axis. (C) Histogram trepresenting the 5-min post-baseline area under the curve (AUC), peak amplitude
and number of peaks of the GFlamp-1 z-score normalised fluorescent signal between WT and R6/1 male (left)
and female (right) mice. (D) Histogram representing the comparison of area under the curve (AUC) of the
GFlamp-1 z-score normalised signal between male (left) and female (right) WT and R6/1 mice. X axis
represents each minute with the presence of the robo-beetle. Each point represents data from an individual
mouse. Unpaired T-test was performed. Nwr2=3; Nwre=3; Nre/13=3; Nre/19=5. *p<0.05, **p<0.01,
#k<0.001.

As in previous analyses, we also investigated cAMP dynamics along time by analysing the G-
Flamp1 signal each minute with the presence of the beetle in the arena (Figure 25C). An
unpaired t-test revealed significant differences between genotypes for all time points, except
for the third minute, in male mice (Unpaired T-test, minute 1 p=0.02, minute 2 p=0.004,
minute 3 p=0.1, minute 4 p=0.03, minute 5 p<0.0001). Female mice failed to show
significant differences between genotypes at any of the time points (Unpaired T-test, minute
1 p=0.07, minute 2 p=0.14, minute 3 p=0.71, minute 4 p=0.64, minute 5 p=0.76). As
previously, increasing the number of animals might help to decipher how cAMP dynamics
contribute to the BMT, especially between male and female mice. This preliminary data
indicate that neuronal cAMP responses are present but diminished in symptomatic R6/1
mice. Considering our previous findings where Ca*" increases in response to the robo-beetle
were undetectable at this symptomatic stage (Conde-Berriozabal et al., 2023), along with the
absence of cAMP alterations at 14 weeks despite the presence of the phenotype, we
hypothesise that changes in cAMP dynamics are not an eatly event contributing to the HD
phenotype.

In addition, we confirmed the phenotype alterations in the BMT from the animals that
underwent cAMP fiber photometry recordings. Interestingly, when we analysed the
spontaneous behaviour during the habituation phase, two-way ANOVA showed that there
were no genotype differences, while showed sex differences in both locomotion (Genotype:
F(1,15)=0.002, P=0.96; Sex: F(1,15)=5.53, P=0.03; Interaction: F(1,15)= 1.75, P=0.20) and
rearings (Genotype: F'(1,14)=0.26, P=0.61; Sex: F'(1,14)=8.78, P=0.01; Interaction: F(1,14)=
0.58, P=0.45) (Figure 26A and 20B), suggesting that repetitive testing can affect these
behaviours in HD. When analysing the testing phase at 20 weeks, phenotype-dependent
alterations in response to the robo-beetle were more pronounced than at 14 weeks in both
male and female mice. Still, in the escape response, WT mice no longer exhibited this
behaviour (Genotype: Fu15=0.017, P=0.89; Sex: Fu15=1.35, P=0.26; Interaction:
Fu15=0.07, P=0.78) (Figure 26D), possibly due to repeated handling or the photometry
procedure, as previously observed in Conde-Berriozabal et al 2023. Nevertheless, the
phenotype remains robust in the other behavioural responses, with sex differences also

observed in some of the responses. Two-way ANOVA showed decreased number of total
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responses (Genotype: F15=5.66, P=0.03; Sex: Fn15=1.73, P=0.20; Interaction: F15=2.21,
P=0.15), increased tolerance (Genotype: F15=50.10, P<0.0001; Sex: F1,15=1.45, P=0.51;
Interaction: Fai5= 0.12, P=0.73), and decreased avoidance towards the robo-beetle
(Genotype: Fu,15=15.91, P=0.0012; Sex: F15=1.56, P=0.22; Interaction: Fq 5= 0.80,
P=0.38) (Figure 26C, 20F and 26H). Herein, we observed sex differences in the total
responses without escape (Genotype: Fui15=0.13, P=0.02; Sex: Fu15=6.01, P=0.02;
Interaction: Fy 5= 2.92, P=0.10) (Figure 26E). Moreover, this decrease was observed only
in females, while male’s number of responses remained similar between genotypes. Similatly,
the percentage of approach responses was decreased, displaying sex differences (Genotype:
F(1,15)=7.37, P=0.01; Sex: F(1,15)=6.55, P=0.02; Interaction: F(1,15)= 2.92, P=0.11)
(Figure 26G). Overall, our results indicate that at 20 weeks, R6/1 mice have robust
phenotype alterations in the BMT, although increasing number of animals per group would

help to better decipher sex differences at this disease stage.
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Figure 26. Behavioural responses to a randomly moving robo-beetle are altered in both male and
female R6/1 mice compared to WT mice at 14 weeks of age. (A-B) During the habituation phase (A)
distance travelled and (B) time mice spent tearing were measured. (C-H) During the test phase, with the
presence of the robo-beetle, (C) total induced responses to the beetle are represented. Percentage of (D) escape
responses, (E) total responses without escape and percentage of (F) tolerance, (G) approach and (H) avoidance
responses when excluding escape response were analysed. Each point represents data from an individual mouse.
Two-way ANOVA with genotype and sex as factors was performed. Data are represented as mean = SEM.
Nwra=3; NWTQ:?); Nre/14=3; NR6/1Q:5. *p<0.05, **p<0.01, Fkx<(.001.
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1.2 Characterisation of early cortico-striatal related deficits in
the R6/1 mouse model of HD

Given the critical role of M2 cortex in HD pathophysiology, this study aimed to determine
whether additional symptoms associated with cortico-striatal dysfunction emerge at eatly
disease stages in the R6/1 mouse model. Identifying early markers could enable the initiation
of therapeutic interventions at prodromal stages, potentially improving their efficacy and

offering a strategy to assess treatment outcomes.

To do so, we selected two behavioural tests which assess different functions of the cortico-
striatal pathway: the adhesive removal and the marble burying test. The adhesive removal
test is linked to the SS/M2 cortex - striatal pathway and evaluates fine motor and
somatosensory deficits (Bouet et al., 2009), while the marble burying test is associated to the
orbitofrontal cortex - striatal pathway and allows to study obsessive-compulsive and anxiety-
like behaviour (Angoa-Pérez et al., 2013). Of note, these cortical regions are known to show
reduced functional connectivity with the striatum in the symptomatic R6/1 mice (Fernandez-
Garcia et al, 2020). In order to investigate ecach of the cortico-striatal functions
longitudinally, we performed the aforementioned tests once per week in three different
batches of mice that went 1) from 4 to 7 weeks old, 2) from 8 to 12 weeks old, and 3) from
13 to 16 weeks old. We also performed open field tests in the earlier timepoints in order to

control for major motor deficits that could confound our results (Figure 27).

WT and R6/1 mice

BATCH g 4 weeks 5 weeks 6 weeks 7 weeks 8 weeks
4 Trainin ARTMBTOF ARTMBT ARTMBTOF ARTMBT MBT

BATCH 2& 8 weeks 9 weeks 10 weeks 11 weeks 12 weeks
(= Trinin ARTMBTOF ARTMBTOF ARTMBTOF ARTMBTOF ARTMBTOF

BATCH Q 13 weeks 14 weeks 15 weeks 16 weeks
/ AR
Trainin ARTMBT ARTMBT ARTMBT ARTMBT

ADHESIVE REMOVAL OPEN FIELD MARBLE BURYING TEST
TEST (ART) (OF) (MBT)

Figure 27. Schematic representation of the experimental timeline indicating the time points at which
M2-related cortico-striatal tests were conducted. 3 different batches of mice were used to investigate the
behavioural alterations in the adhesive removal test (ART), associated to motor (M2) and sensory (S1)
corticostriatal circuitry; the open field (OF), linked to motor cortex, and marble burying test (MBT), linked to
orbitofrontal circuitry. Animals from batch 1 performed weekly the ART and MBT from 4 to 8 weeks of age.
Animals from batch 2 performed weekly the ART and MBT from 8 to 12 weeks of age. Animals from batch 3
performed the ART and MBT from 13 to 16 weeks of age. The first two days of the first week constituted the
ART training phase. The OF was performed at 4, 6, 8, 9, 10, 11 and 12 weeks.
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1.2.1 Fine motor deficits emerge at 8 weeks, while somatosensory
deficits appear at 16 weeks in R6/1 mice, as assessed using the adhesive
removal test
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Figure 28. Fine-motor deficits emerge at 8 weeks of age, whereas somatosensory impairments become
evident at 16 weeks of age in R6/1 male mice. WT and R6/1 mice were tested from 4 to 16 weeks, grouped
into three different batches of mice (4-7, 8-12, and 13-16 weeks). (A) Representative images of the main phases
of the test, starting with the (i) placing of the adhesive tapes on both right and left forepaws, (ii) placing the
subject in the arena, and quantifying (iii) time to first contact and (iv) time to remove the tape. (B) Histograms
showing the average contact time from 4 to 16-week-old WT and R6/1 mice, grouped according to the three
different batches of mice. (C) Histograms showing the average removal time from 4 to 16-wecek-old WT and
R6/1 mice, grouped into the three different batches. Each dot represents data from an individual mouse.
Unpaired T-test was performed. Data are represented as mean = SEM. Nwr=8-14; Nre/1=10-14. *p<0.05,
**p<0.01, #++<0.001.

We first performed the adhesive removal test and, to assess somatosensory deficits, we
quantified the time the animal took to realise the adhesive tape was attached on the paw
(contact time). In turn, to evaluate fine motor performance, we analysed the time the animal
took to remove the adhesive tape (removal time) (Figure 28A). The mean contact and
removal time between left and right paw is represented in each of the graphs. We did not
observe differences between WT and R6/1 mice in any of the timepoints from 4 to 7 weeks,
neither in the contact or the removal time, shown by unpaired t-test analysis (Pawrrxs=0.44;
Ps\x]:]:Ks:O31, P(,\erEKs:O.27; P7\x/]1]11<s:0.66) (Figure 28B and 28(:) Signiﬁcant differences
between genotypes were observed for the removal time from 8 weeks (Pswrexks=0.004), where

R6/1 displayed longer time to remove the tape, indicating that fine motor deficits start at
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this age (Figure 28C). No contact time differences were observed in any of the timepoints
from this batch of mice (Pswerks=0.82; Powrrks=0.08; Piowreks=0.45; Piiweexs=0.40;
Pioweeks=0.91). Somatosensory deficits shown by the contact time measure were observed
at 16 weeks (Piwrexks=0.12; Piawerks=0.05; Piswreks=0.13; Piowerks=0.003) (Figure 28B).
Broadly, this test demonstrated that fine motor symptoms start at very early stages of the
disease (8 weeks), whereas somatosensory deficits would appear later on (16 weeks), alighing
with the progression of core motor symptoms in HD (Brooks et al., 2012; Puigdellivol et al.,
2015; Rodriguez-Urgellés, Casas-Torremocha, Sancho-Balsells, Ballasch, Garcia-Garcia,
Miquel-Rio, Manasanch, del Castillo, et al., 2023).

1.2.2 Anhedonia-like behaviour is detected from 8 weeks of age in R6/1
mice, as assessed using the marble burying test

As compulsive-like and anxiety behaviour has been observed in Huntington’s Disease
patients (De Marchi et al., 1998; Zadegan et al., 2024), we then conducted the marble burying
test to study these behaviours at different timepoints of the disease in the R6/1 mouse model.
Usually, when compulsive-like behaviour is present, mice bury more marbles (Angoa-Pérez

et al., 2013). Our results show differences in the number of buried marbles from 8 weeks

old.

A B

Before the test After the test 4 weeks 5 weeks 6 weeks 7 weeks 8 weeks

HD 20 *

Buried marbles (n°)
>

Cc D

8 weeks 9 weeks 10 weeks 11 weeks 12 weeks 13 weeks 14 weeks 15weeks 16 weeks

20 ok 20, wer

=5 ﬁ$ 0

Figure 29. Anhedonia-like behaviour emerge at 8 weeks of age in R6/1 mice. WT and R6/1 mice were
tested from 4 to 16-week-old, grouped into three different mice batches (4-7, 8-12 and 13-16 weeks). (A)
Representative images of the 20 marbles placed over the sawdust in the cage before and after the 30-minute
test in WT and R6/1 mice. (B-D) Histogram representing the number of butied marbles from 4 to 16-week-
old WT and R6/ mice, grouped into different batches. Each dot represents data from an individual mouse.
Unpaired T-test was performed. Data are represented as mean = SEM.. NWT=8-14; NR6/1=10-14. *p<0.05,
*p<0.01, **<0.001.
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However, in our case, R6/1 mice significant- and prominently buried less marbles than WT
mice in all timepoints from the week 8 (Pswrrks<0.0001, Powrrks<0.0001, Piowreks <0.0001,
Pll\‘C’EEKS 00009, P12\‘(/EEKS 00014, P13\WEEKS<O-0001, P14\‘C’EEKS<O-0001, PlSW’EEKS:O-OOOZ,
Piowreks=0.0002) which could be indicating a lack of motivation in these mice (Figure 29).
In order to make sure that this effect was not batch dependent, we prolonged the behavioural
study at week 8 in the batch of mice that was analysed from 4 to 7 weeks, confirming that
mice from 8 weeks of age start showing this clear phenotype of burying less marbles (First
batch: Pewerks=0.02). In fact, anhedonia has also been observed in patients with HD at early
stage of the disease (J. Brandt, 2018; Mclauchlan et al., 2022), and hence we named R6/1

aberrant performance as anhedonia-like behaviour.

1.2.3 Locomotor alterations are not present at early stages of the disease

To ensure that the observed deficits were not due to prominent motor dysfunction, we
analysed locomotor activity at early stages (Figure 30). No differences were observed
between groups at any of the tirnepoints (P4WEEKSZO.28; P()\VV"EEKSZO.46; Pg\WEEKs:O.60;
P()WEEKSZO.95; P1o\xrh‘5[<s:O.89; P11WEEKSZO.79; P12w551<s:0.95). Thus, cortico-striatal deficits
observed during the adhesive removal and marble burying tests are not due to major motor
deficits.
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Figure 30. Locomotion is spared at eatly timepoints of the disease. WT and R6/1 mice were tested from
4 to 16-week-old, grouped into three different mice batches (4-7, 8-12 and 13-16 weeks). (A) Representative
images of a mouse walking in the open field (B) Histograms representing the total distance walked by WT and
R6/1 mice throughout the test duration, grouped into different batches. Each dot represents data from an
individual mouse. Unpaired T-test was performed. Data are represented as mean = SEM. NWT=8-14;
NR6/1=10-14. *p<0.05, *p<0.01, ***<0.001.

Collectively, data from the first objective highlight two key findings. First, M2-cortex-related
cortico-striatal dysfunction emerges at very early timepoints, starting at 8 weeks, highlighting
the potential of these timepoint for eatly therapeutic interventions. Second, cAMP dynamics
in neurons can be detected and respond to a stimulus in behaving mice, confirming its
involvement in M2-cortex-related tasks, at least in the ARR and BMT. Nevertheless,
although slight behavioural differences can be observed at 15-week-old mice, genotype
differences only become pronounced at 20-week-old mice. Given that M2-related
behavioural deficits are evident as carly as 8 weeks, neuronal cAMP signalling changes do
not appear to drive these impairments. Thus, while neuronal cAMP signalling is implicated
in these responses, its deficits in neurons are unlikely to be the primary cause of the observed

behavioural alterations.
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2 To implement DdPAC as a novel tool to non-
invasively modulate cAMP signalling in vivo

To establish DAPAC as a non-invasive tool for modulating cAMP signalling in vivo, it is first
necessary to evaluate different viral administration routes to identify a minimally or non-
invasive method for its delivery into the brain. Subsequently, the efficacy of DdPAC must
be validated by assessing its expression, activation through red-light illumination, and the

resulting molecular and functional consequences 77 vivo.

21 Implementation of a non-invasive approach for viral
delivery

Local brain injection for viral delivery is a common practice in neuroscience laboratories to
achieve cell- and region-specific viral infection. While intravenous injections are increasingly
used in basic research, stereotaxic surgeries remain the predominant approach (Deverman et
al., 2016b; Haery et al.,, 2019; K. Zhou et al., 2022). However, for the successful clinical
translation of therapies, the development of non-invasive methods is critical. Intravenous
injections are minimally invasive although not entirely non-invasive, so further research is
required to refine viral delivery strategies that minimise potential harm. In this study, we
evaluated three viral delivery approaches to achieve region-, cell, and mouse strain-
specificity (Figure 31).

Promoter
CAG

CamKilla

FLEXon . .

Delivery route

(1)Intra-cranial
(2)Retro-orbital
(3)Intranasal

Serotype

AAV9
PHP.eB

Strain

C57BL/6J
B6CBA

Figure 31. Schematic representation of the viral delivery approaches, AVV serotypes and constructs,
promoters, and mouse strains used in this section. Two distinct AAV serotypes (AAV9 and PHP.eB) were
administered via intracranial injection, retro-orbital injection, and intranasal delivery to drive GFP expression
under three different promoters (CAG, CamKIIa and FlexON) in two mouse strains (C57BL/6] and B6CBA).
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2.1.1 Both AAVY9 and PHP.eB constructs carrying GFP under the CAG
promoter are expressed in brain cells following intra-cranial and retro-
orbital injections, but not after intranasal administration

First, we compared the infection potential of two different viral serotypes, namely AAV9
and PHP.eB. AAVY is a commonly used serotype for central nervous system delivery due to
its natural affinity for infecting neuronal and glial cells, its ability to cross the BBB, and its
capacity for long-term expression (Ceatley & Wolfe, 2006; Foust et al., 2009)On the other
hand, the PHP.EB serotype is a modified AAV designed to improve gene delivery to the
central nervous system by enhancing its ability to penetrate the blood-brain barrier (BBB)
and increase its tropism for brain tissues. It has also been shown to exhibit remarkable

transduction efficiency in the central nervous system (CNS) following intravenous injection
(Deverman et al., 2016b; Hordeaux et al., 2018).

Intra-cranial Retro-orbital

Intranasal

Figure 32. Expression of GFP after intra-cranial, retro-orbital and intranasal administration of AAV9-
CAG-GFP and PHP.eB-CAG-GFP viral constructs. (A) Representative histological sagittal images (left) of
GFP expression (green) and DAPI (blue) after intra-cranial injection of GFP constructs using PHP.eB (top)
and AAV9 (bottom) serotypes in the M2-cortex of C57BL/6] mice (scale bar: 1500pm). Amplified images
(right) show GFP expressed in both neurons and astrocytes, assessed by the morphology of the cells (scale bar:
200 um). (B) Representative histological sagittal images (left) of GFP expression (green) and DAPI (blue) after
retro-otbital injection of GFP constructs using PHP.eB (top) and AAV9 (bottom) serotypes (scale bar:
1500pm). Amplified images (right) show GFP expression in both neurons and astrocytes in the cortex (CTX)
and hippocampus (HPC) of C57BL/6] mice (scale bat: 200 pm). (C) Representative histological sagittal image
(eft) of GFP (green), S100B (Cyan), red (NeuN) and DAPI (blue) staining after GFP expression by retro-
orbital injection of AAV9-CAG.GFP construct (scale bar: 1500pm). Amplified image (right) show co-
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expression of GFP and S100B, as well as GFP and NeuN, specifically marking astrocytes and neurons,
respectively (scale bar: 300 um). (D) Representative histological images showing GFP expression (green) and
DAPI (blue) after retro-orbital injection of PHP.eB (left) or AAV9 (right) serotypes in the liver (top) and lung
(bottom) (scale bar: 250 pm). (E) Representative histological sagittal images of GFP expression (green) and
DAPI (blue) after intranasal administration of GFP constructs with PHP.eB (top) and AAV9 (bottom)
serotypes (scale bar: 1500 um).

Our collaborator, Dr. Deniz Dalkara (Sorbonne Université), provided constructs designed
to express GI'P under the CAG promoter, enabling expression in all murine cells, and
encapsulated them in AAV9Y and PHP.eB serotypes, resulting in the AAV9-sc-CAG-GFP
and PHP.eB-sc-CAG-GEP viral constructs. We then administered the two constructs to
C57BL/6] mice using the following viral delivery approaches: intra-cranial injection, retro-
orbital injection, and intranasal administration (Figure 31). Intra-cranial injection was
performed in the M2-cortex using stereotaxic surgery, after which GFP expression was
observed with both the AAV9 and PHP.eB serotypes. Furthermore, both neurons and
astrocytes can be identified through visual examination of the GIP images (Figure 32A).
Retro-orbital injection of both AAVY9 and PHP.eB viral constructs resulted in GIFP
expression in the brain, although expression was not detected in the same extend nor in all
regions (Figure 32B). Qualitative examination of GFP fluorescence revealed a higher number
of transfected cells with AAV9 compared to the PHP.eB construct. Furthermore, in both
cases, GFP expression was more pronounced in the cortex and hippocampus, particularly in
the CA2 layer (Figure 32B). Due to the higher GIP expression using the AAVY serotype, we
aimed to further characterise its target cells. Thus, we performed immunofluorescence
staining using S1008 to label astrocytes and NeuN antibody to label neurons, confirming that
both cell types were expressing GEFP, as previously observed (Figure 32C). Lastly, because
retro-orbital injection directly enters the bloodstream, we sought to determine whether AAV
constructs reached organs beyond the brain (Figure 32D). We evaluated the liver and lungs,
detecting GIP expression for both AAV9 and PHP.eB serotypes, as previously described
(Chan et al., 2017). Unfortunately, no GFP fluorescence was detected after intranasal

administration.

2.1.2 Cell-type specificity of PHP.eB is achieved using gene regulatory
elements in different mouse strains

Then, we aimed to enhance the specificity of GIP construct expression in neurons. To
achieve this, we designed AAV constructs to express GIP under the CamKlIla promoter.
Our collaborator, Dr. Dalkara, encapsidated these constructs in both AAV9 or PHP.eB
serotypes: AAVI-CamKlIla-eGFP-WPRE and PHP.eb-CamKIIa-eGFP-WPRE. Thereafter,
we administered them again via intra-cranial injection, retro-orbital injection, and intranasal
administration to C57BL/6] mice. As previously observed, we detected GFP fluorescence
following retro-orbital injections of AAV9 and PHP.eB serotypes. In this case, the
expression of PHP.eB was significantly higher than that of the AAV9 construct, with GFP-
positive cells observed across all brain regions, whereas AAV9 construct expression was

minimal (Figure 33A). Intra-cranial injection confirmed neuronal expression of both
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constructs (Figure 33B). Moreover, and as noted earlier, we could not observe GFP
expression in neurons after intranasal administration, which may indicate that these capsids

are unable to cross the blood-brain barrier in this context (Figure 33C).

A Retro-orbital
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Figure 33. Expression of GFP after intra-cranial, retro-orbital and intranasal administration of AAV9-
CamKII-GFP and PHP.eB-CamKII-GFP viral constructs in C57BL/6] mice. (A) Representative
histological sagittal images (left) of GFP expression (green) and DAPI (blue) after retro-orbital injection of
GFP constructs using PHP.eB (top) and AAV9 (bottom) serotypes (scale bar: 1500um). Amplified images
(right) show GFP expression neurons from the hippocampus (HPC) and cortex (CTX) of C57BL/6] mice
(scale bar: 200 um). (B) Representative histological sagittal images (left) of GFP expression (green) and DAPI
(blue) after intra-cranial injection of GFP constructs using PHP.eB (top) and AAV9 (bottom) serotypes (scale
bar: 1500pm) in the M2-cortex of C57BL/6] mice. Amplified images (right) show GFP expression in neurons
(scale bar: 200 pm). (C) Representative histological sagittal images of GFP expression (green) and blue (DAPI)
after intranasal administration of GFP construct using PHP.eB (top) and AAV9 (bottom) serotypes (scale bar:
1500 pum).

PHP.eB serotype has been reported to be strain specific, being limited to the C57BL/6]
(Hordeaux et al., 2018). Therefore, previous experiments of this section were performed in
this specific strain. The R6/1 mouse model for Huntington’s Disease has B6CBA
background, thus we aimed to determine if retro-orbital injection of PHP.eB-CamKIIa-
eGFP-WPRE was also able to widely transduce to the CNS in WT and R6/1 mice (Figure
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34A). We also intended to investigate if this expression could be cell-specific by retro-
orbitally injecting a PHP.eB viral construct that expresses GIP only in Cre-expressing cells
(PHP.eB-FLEXon-EF1A-EGFP-3xFLAG) in an A2a receptor-Cre BAC transgenic mice
(Figure 34B). First, we were able to detect GFP-positive cells broadly in the brain in both
WT and R6/1 mice (Figure 34A). Moreovert, retro-orbital injection in A2a Cre mice resulted
in a region-specific transduction of the virus, where neurons express A2a receptor (Figure
34B), such as the one of the indirect pathway from the striatum. Here, we demonstrate that
the PHP.eB serotype is not restricted to the C57BL/6] background but can also achieve
widespread expression in the CNS of B6CBA background mice, making it a suitable
candidate for use in the R6/1 mouse model of Huntington's disease. Furthermore, its

expression can be targeted to specific brain cell types through the use of different promoters.

A Retro-orbital

A2A Cre

Figure 34. GFP expression in neurons from WT, HD and Cre B6CBA mice after PHP.eB retro-orbital
injections. Expression of GFP after intra-cranial administration of PHP.eB-CamKII-GFP and
PHP.eB-FLEXon-EF1A-EGFP-3xFlag viral constructs in C57BL/6] mice. (A) Representative
histological sagittal images (left) of GFP expression (green) and blue (DAPI) after retro-orbital injection of
GFP construct using PHP.eB serotypes in WT (top) and HD (bottom) B6CBA mice (scale bar: 1500um).
Amplified images (right) show GFP expression in neurons from the hippocampus (HPC) and cortex (CTX)
(scale bar: 200 pm). (B) Representative histological sagittal image of GFP expression in A2A neurons after
retro-orbital injection of PHP.eB serotype (scale bar: 1500pum) in A2A Cre BCBA mice.
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These results demonstrate the potential of retro-orbital injection as a minimally invasive
method for effectively infecting brain cells across different cell types and mouse strains,
providing an alternative to stereotaxic surgery. Nevertheless, the volume used for retro-
orbital injection (100 ul) is 200 times higher than that used in stereotaxic surgery (0.5 ul),
which should be considered when designing future experiments. Moreover, further research
on viral capsid modifications is necessary to enable neural cell infection via intranasal
administration—an ongoing investigation led by our collaborator, Dr. Dalkara (Sorbonne

Université).

2.2 Characterisation of cell-type-specific DdPAC stimulation
effects in the brain

One of the main objectives of this work was to establish DAPAC as a novel optogenetic tool
for modulating cAMP in vivo. cAMP plays a crucial role in synaptic plasticity, which is highly
relevant  for  neurodegenerative  diseases. DdPAC is a  red-light-activated
bacteriophytochrome that catalyses cAMP synthesis and can be inactivated by far-red light,
providing precise temporal control (Stiiven et al., 2018). However, it had never been tested
in neural cells or iz vivo before. To address this, DAPAC plasmids were obtained from Dr.
Andreas Moglich and packaged into AAV9 constructs with neuronal and astrocytic
promoters by Dr. Deniz Dalkara’s group. Here, we tested and validated its ability to modulate
synaptic plasticity in the mouse cortex, demonstrating its potential as a powerful optogenetic

tool for neuroscience research.

2.2.1 Selective light-induced cAMP signaling in neurons and astrocytes
via DdPAC activation induces synaptic potentiation, which is
particularly enhanced when expressed in astrocytes

To this end, we first sought to characterise the potential of DdPAC stimulation to enhance
neuronal responses when selectively expressed either in neurons or astrocytes. Accordingly,
we used AAV9 constructs expressing DAPAC under Camklla or GFAP promoters to
selectively express them in excitatory neurons or astrocytes. A 3xFlag Tag was also included
in the construct (AAV9-CamKlIla-DdPAC-3xFlag-WPRE, AAV-CamKIIa-DdPAC; AAV9-
GFAP-DdPAC-3xFlag-WPRE, AAV-GFAP-DdPAC) to enable post-experiment cellular

expression localization (Figure 35A).

As a first step to establish whether light activation of DdPAC in neurons and astrocytes
could induce a measurable and physiologically relevant effect in neuronal plasticity,
recordings of field excitatory post-synaptic potentials (fEPSPs) were conducted in acute
slices in collaboration with Dr. Parri and Dr. Ngum from Aston University. Since DdPAC
construct is non-fluorescent, it was co-injected along with AAV9-CamKIIa-eGFP-WPRE
or AAV9-GFAP-eGFP-WPRE (AAV-CamKlla-GFP; AAV-GFAP-GFP), and the
expression of eGFP was used as a guide to locate potential areas of DdPAC co-expression.

Slices were placed on MEA chips and positioned with layer 4 and layer 2/3 ovetlying
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identified electrodes within the grid (Figure 35B-C). The selective expression of DAPAC in
neurons and astrocytes was confirmed by immunohistochemical staining for GFP (Figure
35D).
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Figure 35. Selective light activation of DdAPAC in cortical neurons and astrocytes induces synaptic
plasticity. (A) Schematic representation of DAPAC and its selective activation by red and inactivation by far-
red light. A conformation change in the photoreceptor domain induces the activation of AC in the catalytic
domain leading to cAMP increase. Bottom panel show AAV9 construct under GFAP or CamKIlIa for selective
DdPAC and GFP expression. (B) Experimental set-up representation. DAPAC and GFP AAV constructs were
coinjected in either neurons (left) or astrocytes (right) from layers 2/3 batrel cortex of WT mice to facilitate
visualisation and correct placement on MEA probes for recording (scale bar: 500 pm). (C) Immunostaining of
GFP (green) showing the placement of the MEA (left) and an example of the fluorescent slice image on MEA
(right). (D) Representative histological image expressing GFP in neurons (left) or astrocytes (right). (E) Relative
fEPSP slope (normalised to baseline values) versus time in 660nm light activated DdPAC neurons (n=5),
astrocytes (n=4), and non-transfected (n=4) slices. (F) Average fEPSP slope from the 60 minutes after the
stimulation. Mann-Whitney test was performed. Data are represented as mean = SEM. *p<0.05, *¥p<0.01,
#k<0.001
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Electrical stimulation of cortical 1.4 resulted in fEPSP response in cortical 1.2/3 that, when
stimulated every 120s, displayed a consistent amplitude and slope for 80 minutes. In
recordings from areas expressing DdPAC, illumination with 660nm resulted in an increase
in fEPSP slope indicative of synaptic potentiation. These effects were observed when
DdPAC was expressed in both neurons and in astrocytes (Mann-Whitney: Unstransfected vs
Neuronal DAPAC: P=0.05; Unstranstected vs Astrocytic DdPAC: P=0.01; Neuronal vs
Astrocytic: 0.01). The potentiation was sustained for at least 60 minutes and so we termed
it DdPAC long-term potentiation (DdPAC-LTP). Surprisingly, astrocytic DdPAC-LTP
fEPFP slope was significantly higher than neuronal DAPAC-LTP, highlighting that
modulation of cAMP in astrocytes results in stronger neuronal potentiation than modulation
of cAMP in neurons (T-test Neuronal DAPAC vs Astrocytic DAPAC: P=0.003). In light of
these results, the following experiments focused on the use of DAPAC under astrocytic

promoter to modulate cAMP signalling selectively in astrocytes.

2.2.2 Astrocytic DAPAC-LTP induces glutamate gliotransmission,
shares properties of theta burst potentiation, is PKA dependent, Ca**
independent, and requires synaptic activity
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Figure 36. Selective light activation of DdPAC in cortical astrocytes induces glutamate release. (A)
Representative images showing expression of iGluSnFR in neuronal cell membranes and increase in iGluSnFR
signals following application of 100 mM glutamate. (B) Representative images showing expression of iGluSnFR
in neuronal cell membranes and increase in iGluSnFR signals following stimulation of DAPAC expressed in
astrocytes with 660 nm light. (C). Averaged iGluSaFR AF/FO0 signal traces for 100 mM glutamate square (light
green) and DAPAC hexagon (datk green) = SEM, n = 4 each normalized to their [AF/FO0] values during
baselines. (D) Histogtam detailing the change in iGluSnFR [AF/F0] values after application of 100 mM
Glutamate (p < 0.001) or 660 nm stimulation of DAPAC (p < 0.01) from baseline. Mann-Whitney test was
performed. Data are represented as mean + SEM. *p<0.05, **p<0.01, **+<0.001
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To further understand how light activation of DdPAC in astrocytes could mediate the
observed synaptic potentiation (Parri et al., 2001), we examined whether astrocytic DAPAC
activation resulted in gliotransmitter glutamate release. The genetically encoded glutamate
sensor iGluSnFr under a neuronal promoter (AAV-hSyn.iGluSnFr) was co-injected with
AAV-GFAP-DdPAC. After 3 weeks, acute slices were prepared and iGluSnFR fluorescence
was imaged using confocal microscopy (460nm excitation, 530-565 nm emission). Bath
application of glutamate (100uM) resulted in a 309.1 = 32.7 % (n = 4) increase in fluorescence
confirming the glutamate sensitivity of expressed iGluSnFR (Figure 36A, C and D). DAPAC
activation with a 660nm LED also resulted in iGluSnFR fluorescence increase of 167.70 *
4.99% (n = 4) (Figure 36B, C and D). These results establish that astrocyte DAPAC activation
has a signalling effect following light activation and leads to glutamate release which is able

to activate receptors on neighbouring neurons.

To determine the mechanism of astrocyte DAPAC-LTP, we compared it to conventional
electrical synaptic stimulation-induced L'TP (Figure 37A). Theta burst stimulation (TBS) was
used as an established protocol for inducing LTP in cortical L4-1.2/3 synapses (Butcher et
al., 2022b) TBS-induced LTP (TBS-LTP) lasted for over 60 minutes (Figure 37A), with a
magnitude similar to DAPAC-LTP (Figure 37B) (IBS: 214.80 = 5.56%, n = 4, DdPAC:
187.90 = 6.92%, n = 4, p = 0.05), although both forms had their own distinctive kinetic
profiles (Figure 37A-B). TBS-LTP and DdAPAC-LTP induction were blocked by the presence
of the NMDAR inhibitor AP5, indicating a requirement for NMDAR activation (Figure
37A-B). Furthermore, DdPAC-LTP and TBS-LTP induction were also blocked in the
presence of MK801, an open channel blocker, and 5,7 DCK, an antagonist of the NMDAR
Glycine/Serine site (DdPAC MK801: 104.90 + 1.36, p = 0.049, TBS MK801: 119.95 £ 6.32,
p = 0.029, and DdPAC 5,7 DCK: 102.30 £ 3.15, p = 0.029, TBS 5,7 DCK: 108.32 £ 3.84,
p = 0.028). (Figure 37A-B). These results indicate that both DAPAC-LTP and TBS-LTP
require NMDAR ionotropic signalling and co-agonist activation of the Glycine/D-serine
site. Since DAPAC activation catalyses the formation of cAMP, we then tested the role of
protein kinase A (PKA) as one of the main targets of cAMP. DAPAC-LTP induction was
abrogated in the presence of PKA inhibitor KT5270 (96.67 £ 4.09%, n = 4, p = 0.002), but
TBS-LTP induction was unaffected (198.90 * 7.24%, n = 5, p = 0.52) (Figure 37A-B).

Recognition of the role of astrocytes in L'TP in the cortex, hippocampus and other brain
areas is increasing (Butcher et al., 2022b; Henneberger et al., 2010; Perea & Araque, 2007).
This role often depends on increases in intracellular Ca?" levels within astrocytes
(Henneberger et al., 2010; Min & Nevian, 2012; Shigetomi et al., 2008). We therefore sought
to address this in the case of DAPAC-LTP. Therefore, DAPAC was expressed in the cortex
of the IP;R27" mice (Figure 37C). The R2 subtype of the IP; receptor is the most expressed
in astrocytes and an important mediator of Ca*" signalling (Holtzclaw et al., 2002; Sherwood
et al, 2017). In the mutant IPsR27" mouse, spontaneous and evoked astrocyte calcium

signalling is greatly reduced (Agulhon et al., 2008; Butcher et al., 2022b). 660nm stimulation
resulted in LTP in both IPsR2"/* and IPsR27 (176.33 £ 12.29 %, n=4, p > 0.99), indicating
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a lack of a role for IPsR2 signalling. To further address the role of calcium, we expressed the
plasma membrane Ca*" extrusion pump isoform PMCA2w/b in astrocytes, developed by
Khakh and colleagues (X. Yu et al., 2021) and named CalEx. Co-expression of CalEx and
DdPAC still resulted in DdAPAC-LTP in response to 660nm stimulation (195.98 £ 9.50%,
n=4, p > 0.99) (Figure 37C). Hence, these findings indicate that DdPAC-LTP is not
dependent on Ca*" signalling.
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Figure 37. Light activated DdPAC-induced synaptic potentiation (DdPAC-LTP) shares properties of
theta burst-induced potentiation (TBS-LTP). (A) Theta-burst stimulation induced L'TP in cortical slices.
Left panel shows schematic representation of the experimental setup detailing TBS in layer 4 barrel cortex and
recording of evoked field potentials in layer 3/4. Middle panel shows the induction of TBS-LTP in the presence
of PKA inhibitor (KT5720), NMDA receptor blockers (5,7 DCK, MK801 and AP5). Right panel summarises
fEPSP slope effects at 60 minutes in the different conditions. N'1‘35:4; NKT572[):5; N5,7D(;K:4; NMKs()1:4;
Nars=4. (B) DAPAC stimulation by 660 nm light increases slope of evoked fEPSPs. Left panel shows schematic
representation of the experimental setup detailing 660 nm illumination, input stimulation (1 Hz) in layer 4 barrel
cortex and recording of evoked fEPSPs in layer 3/4. Middle panel shows the induction of fEPSP potentiation
by 660 nm light and in the presence of PKA inhibitor (KT5720), NMDA receptor blockers (5,7 DCK, MK801
and AP5). Right panel shows summary of effects on fEPSP slope. Npapac=4; Nkrs720=4; N5 7pck=4; Nykso1 =6;
Naps=4 (C) 660 nm light evoked fEPSP in cortical slices expressing DAPAC in WT, IP3R2-/- and CalEX mice.
Left panel shows schematic representation of the astrocytic characteristics of the mouse lines used for MEA
recording. Middle panel shows the induction of fEPSP slope potentiation by 660nm light in the different mouse
lines. Right panel shows summaty of fEPSP slope potentiation effects. N=4/group (D) 660nm light evoked
field potentials in cortical slices expressing DAPAC in WT in the presence or absence of 1 Hz input during
MEA recordings. Middle panel show the induction of fEPSP slope potentiation by light. Right panel shows
summary of fEPSP slope potentiation effects. Npapac=4; NpdrAcminusinpur=3. Differences were analysed either
by Kruskall Wallis with Dunn’s post-hoc or Mann-Whitney test. Data are represented as mean £ SEM. *p<0.05,
*p<0.01, **<0.001

We finally examined whether 660 nm stimulation alone could induce synaptic change that
resulted in LTP. Following a period of baseline synaptic stimulation at 0.008Hz, this
stimulation was paused, and DdPAC was activated by 660nm light for 10 minutes. After
660nm light stimulation cessation, baseline stimulation was resumed. Against expectations,
there was no potentiation of the subsequent synaptic responses (111.23 £ 4.12%, n=4, p =
0.014) (Figure 37D).

These results indicate two things: that astrocyte PKA-dependent LTP induction requires co-
activation of astrocyte pathways and likely postsynaptic depolarization, and that the effect of
DdPAC and PKA does not last beyond the 660 nm light stimulus. DdPAC light activation
enhanced synaptic activity at 1 Hz and 0.008 Hz, but not at 0 Hz. This indicates that while
DdPAC-induced LTP requires synaptic activity, unlike TBS-LTP, it is synaptic frequency-

independent.

The finding that the DdAPAC-LTP induction mechanism shares pathways with electrically
induced activity-dependent TBS, led us to further characterise the properties of DAPAC-
LTP (Figure 38). When TBS was applied in DdPAC expressing slices in conjunction with
660nm light stimulation, there was no increase in the degree of LTP (TBS-LTP: 214.80 £
5.56%, n = 3, DAPAC-LTP: 187.90 * 6.92%, n=4, and 201.5 £ 9.36% for TBS + DdPAC-
LTP n=5, P= 0.58) (Figure 38). TBS stimulation applied following the 660 nm induction of
DdPAC-LTP also did not further increase potentiation (Figure 38B). Therefore, TBS-LTP
and DAPAC-LTP are not additive, which is consistent with the respective LTP induction

being through common mechanisms.

LTP and LTD are considered opposing mechanisms in the brain that act to modify and
balance synaptic strength (Artola & Singer, 1993). In L4-L3 synapses low frequency
stimulation (LFS) of 900 stimuli at 1Hz induces synaptic depression (Figure 38C-D). If
DdPAC-LTP shares a mechanism with electrically induced TBS-LTP, then electrically
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induced LFS should be able to reverse it. Indeed, this was the case (Figure 38C). This means

that electrical synaptic activity can reverse the effect of DAPAC cAMP-mediated light

activation.
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Figure 38. DdPAC activation instigates an activity dependent but frequency independent potentiation.
(A) Combination of TBS with DAPAC stimulation with 660 nm light. Left panel show the schematic
representation of the experimental setup detailing TBS in layer 4 barrel cortex during 660nm illumination and
recording evoked field potentials in layer 3/4. Middle panel show the induction of fEPSP slope only with TBS,
with both the presence of TBS and DAPAC stimulation, or only DdPAC stimulation. Right panel summarises
fEPSP slope effects at 60 minutes in the three different conditions. Ntes=4; Npapac=4; Npapac+rs=5 (B).
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Effects of TBS stimulation after DdPAC stimulation with 660 nm light. Left panel show schematic
representation of the experimental setup detailing TBS in layer 4 barrel cortex after 660nm illumination and
recording evoked field potentials in layer 3/4. Middle panel show induction of fEPSP slope with TBS applied
after 60 minutes of 660nm illumination in DAPAC expressing slices. Right panel symmarises fEPSP slope effect
during DAPAC stimulation or TBS after DAPAC stimulation. Npapac=4; Nrsspostparac=4. (C) Effects of LFS
stimulation after DAPAC stimulation with 660 nm light. Left panel show the schematic representation of the
experimental setup detailing LLFS in layer 4 barrel cortex after 660nm illumination and recording evoked field
potentials in layer 3/4. Middle panel show induction of fEPSP slope with LFS applied after 60 minutes of
660nm illumination in DAPAC expressing slices. Right panel symmarises fEPSP slope effect duting DAPAC
stimulation or LFS after DAPAC stimulation. Nparac=4; Nrrsposparac=4. (D) Combination of LFS with
DdPAC stimulation with 660 nm light. Left panel show the schematic representation of the experimental setup
detailing LES in layer 4 barrel cortex during 660nm illumination and recording evoked field potentials in layer
3/4. Middle panel show the induction of fEPSP slope only with LES, or with both the presence of TBS and
DdPAC stimulation. Right panel summarises fEPSP slope effects at 60 minutes in the two different conditions.
Nbarac=4; Nirs+papac=3. Differences were analysed either by Kruskall Wallis with Dunn’s post-hoc or Mann-
Whitney test. Data are represented as mean £ SEM. *p<0.05, **p<0.01, ***<0.001

Finally, it is known that TBS-LTP and LI'S-induced LTD (LEFS-LTD) utilize some of the
same cellular mechanisms including NMDAR and astrocyte Ca**. We therefore tested
whether 660 nm DdPAC activation would enhance or abrogate LIS-induced LTD. In fact,
when they were co-applied, 660nm DdPAC activation counteracted the effect of LFS and
instead induced DdPAC-LTP (LFS-LTD: 55.65 £ 2.53 %, n = 4, versus induced DdPAC-
LTP: 184.02 + 19.26%, n=4, p = 0.029) (Figure 38D).

Overall, these results demonstrate that DdPAC-mediated cAMP increase in cortical
astrocytes triggers glutamate release, operates through the cAMP-PKA pathway, is
independent of Ca2+ signaling, and requires synaptic activity. These findings further suggest
that DAPAC activation could serve as a powerful tool for inducing potentiation in active

neural networks through red-light exposure.

2.2.3 In vivo astrocyte DdPAC stimulation mainly impacts synaptic
signalling pathways

To elucidate the molecular targets underlying DAPAC potentiating response, we conducted
phosphoproteomics and proteomics analysis. Frontal cortex tissue was obtained immediately
after 7n vivo light stimulation of DAPAC or GI'P expressed in cortical astrocytes (Figure 39A).
Both phosphoproteome and proteome heatmaps (Figure 39B-C) reveal a clear separation
between GFP-injected and DdPAC-injected, red-light stimulated mice. Moreover, volcano
plots (Figure 39 B-C) displayed and confirmed differential phosphoprotein and protein
expression between groups. Indeed, the changes induced by DAPAC stimulation are stronger
in the phospho-proteome than proteome dataset (Figure 39D-E).

In detail, ontology analysis of the phospho-proteome confirmed that DAPAC stimulation in
astrocytes leads to the phosphorylation of synaptic plasticity associated proteins (Figure
40A). Interestingly, the top-modulated ontology includes the modulation of chemical
synapses, followed by signalling by Rho GTPases which has been reported to modulate actin

dynamics, (Tolias et al., 2011) a finding that also appears in the analysis. Moreover, the most
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abundant phosphoprotein changes were localised at the pre- and post-synapse, including the
synaptic cleft (Figure 40B), consistent with its involvement in synaptic plasticity mechanisms.
In turn, the proteome dataset (Figure 40C) included ontologies related to synaptic
transmission, neuron projection development, BDNF signalling, transynaptic signalling,
postsynaptic neurotransmitter receptor activity, as well as to cytoskeletal remodelation. All
these changes are indicative of abundant synaptic changes within minutes, as expected from

the observed DdPAC-induced synaptic plasticity from slice experiments.
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Figure 39. Astrocytic DAPAC activation affects both the phosphoproteome and proteome profiles (A)
Schematic representation of the experimental design. Injection of AAV-GFAP-DdPAC or AAV-GFAP-GFP
as control was performed in the M2 cortex of WT mice (n=4 each). DAPAC stimulation was performed in
freely moving mice using 685nm light source for 10 minutes (1 second light ON and 4 seconds light OFF

cycle). Frontal cortex brain tissue was dissected immediately after iz vivo light delivery (B) Differential
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phosphoproteome heatmap and volcano plot (C) Differential proteome heatmap and volcano plot (D) Number

of quantified proteins and phosphoproteins (E) Representation of the increased (up) or decreased (down)

phosphoproteins.
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between DAPAC and GFP stimulation. (B) Main synaptic localisation of the phospho-proteome. (C) Top 20

main proteome ontologies. (D) Main synaptic localisation of the proteome.

astrocytes operates through PKA signalling. First, cAMP-dependent protein kinase type I-
alpha regulatory subunit (PRKAR1A) and A-kinase anchor protein 8 (AKAPS) were found
higher phosphorylated in DdPAC stimulated cortical samples compared to control.
Additionally, many PKA downstream effector proteins were also phosphorylated, such as
the actin-binding protein Adducin, the focal adhesion kinase-associated protein Paxillin
(PXN) and Vasodilator-stimulated phosphoprotein (VASP), all involved in actin and
cytoskeletal modulation (Bachmann et al., 1999; Matsuoka* et al., 2000; Turner, 2000).

Finally, while phospho-proteomic and proteomic differential proteins include proteins
associated with astrocyte development, which are indicative of cell-autonomous effects, the
impact of DdPAC stimulation was observed beyond the astrocyte cell type. Analysis of cell-
type markers (Sharma et al., 2015) shows phosphoprotein changes in proteins enriched not
only in astrocytes, but also in neurons, microglia and oligodendrocytes. This indicates that
DdPAC activation in astrocytes has a broad impact involving wide variety of responses in

diverse brain cells in just a few minutes.
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2.2.4 In vivo DAPAC stimulation in cortical astrocytes modulate
metabolomic profile

cAMP is a purine derivative of adenosine triphosphate (ATP), and along pyrimidines are one
of the more abundant metabolite classes in cells involved in the generation of DNA and
RNA, cellular energy and intracellular signalling (Chandel, 2021). Because their complex
metabolism and the relevance in cell homeostasis, we sought to study the effects of cAMP
induction by astrocytic DAPAC stimulation on the profiles of 28 metabolites, including
mainly nucleotides and related metabolites (Figure 42). PCA analysis evidenced a clear
segregation of DAPAC samples from controls in the graph of the first two principal
components (Figure 42A). Heatmap representation shows that DAPAC stimulation induce
overall changes in the metabolite profile compared to control group (Figure 42B). The
differential concentration analysis showed an effect of light activation of DdPAC in the
concentration of 12 of the 28 metabolites analyzed (Figure 42C). While cAMP levels are
spared, significant reductions of glutamate and nucleotides TTP, UTP, CDP, ATP, and
UDP, where observed, among others. DAPAC activation only increased the concentration
of oxidized glutathione, indicative of an increased energetic demand. Therefore, these results
suggest that the effects of DAPAC stimulation might also be a consequence of the quick
changes in at least the related metabolites analysed, which can contribute to further explain

the broad effect observed in the phosphoproteomic and proteomic assays.
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3 To restore physiological function through light-
driven DdPAC stimulation in mouse models of
Huntington’s and Alzheimer’s Disease

HD and AD are devastating neurodegenerative disorders for which no cure or effective
treatment currently exist to significantly improve patient’s quality of life. Synaptic plasticity
deficits and dysregulated cAMP signalling are hallmark features of these diseases (Cepeda &
Levine, 2022; Griffiths & Grant, 2023; Kelly, 2018; S. H. Kim et al., 2001; H. Wilson et al.,
2016), contributing to the observed functional impairment. Based on our previous findings
demonstrating that DAPAC can modulate cAMP 7z vivo and enhance synaptic plasticity, we
aimed to investigate whether this approach could restore physiological function in mouse
models of HD and AD. Moreover, given our prior evidence highlighting the role of astrocytic
cAMP modulation, we placed a particular emphasis on its contribution to disease pathology

and potential therapeutic relevance.

Hence, we first investigated the impact of DAPAC-mediated cAMP modulation in astrocytes
from the cortex and striatum — the two brain regions most affected in HD — on brain
functionality and behaviour in the R6/1 mouse model of the disease (Figure 43A).
Subsequently, we employed the 5xFAD mouse model of AD to examine the effects of cAMP
modulation in both neurons and astrocytes of the hippocampus, the region most relevant in
the disease (Figure 43B).

A B

. e . 9 AT
Huntington’s disease AAVQ_GFAP_DdPAC Alzheimer’s disease

R6/1 mice

Striatum ) Hippocampus

Figure 43. Schematic representation of the experimental design outlining DdPAC injections in mouse
models of Huntington’s Disease and Alzheimer’s Disease. (A) DAPAC injection in astrocytes from the
M2-cortex (top) ot striatum (bottom) of R6/1 mice. (B) DAPAC injection in astrocytes (top) ot neurons

(bottom) from the hippocampus of 5xFAD mice. Specific analysis were conducted following viral expression.
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3.1 Evaluation of the effects of enhanced DdPAC-mediated
cAMP signalling in cortical and striatal astrocytes in a
Huntington’s Disease mouse model

3.1.1 DdPAC activation in cortical astrocytes induces hemodynamic
responses in WT and R6/1 mice

In the previous section, we have demonstrated a clear association between DAPAC activation
and synaptic plasticity. Furthermore, astrocytes are known to regulate cerebral blood flow
(CBF) in response to neuronal activity (Diaz-Castro et al., 2019; Jiang et al., 2016b; Sdobnov
et al., 2024). Therefore, here we investigated whether DAPAC activation exerts a broader
cortical effect by assessing cortical blood flow in both WT and HD mice. For this purpose,
we took advantage of the Dynamic Light Scattering imaging technique, known as Diffusion
Cortrelation Spectroscopy (DCS) (Sdobnov et al., 2024) which allows the direct visualization
of blood flow trans-cranially at mesoscale level, enabling acquisition of label free wide-field
images from the dorsal surface of the adult mouse cortex (Figure 44). This bespoke
application was developed by our collaborators, Dr. Bykov from Oulu University and Dr.
Meglinski from Aston University (Sdobnov et al., 2024).

Mice were anaesthetised, head-fixed, and a small hole was performed in the skull to ensure
that delivered red light reached the cortex during DCS imaging (Figure 44A). After five
baseline image collection, we stimulated with red light for ten minutes and obtained
additional five images right after (Figure 44C). Our data showed that red light induced an
increase in CBF throughout the cortex in mice expressing DdPAC in astrocytes (Figure 44C).
Specifically, red light-mediated DAPAC stimulation in the left hemisphere induced a 1.5%
increase in blood flow in WT mice (one sample t-test, p=0.07). In contrast, in R6/1 mice,
activation of DdPAC induced a 3.5% increase in blood flow, (one sample t-test, p=0.02). As
a control for neuronal activity, we also expressed blue-dependent ChR2 in cortical neurons
with AAV-CamKIIa-ChR2 in WT mice (Figure 44E-F).

Activation of opsins with 685 nm red-light induced a ~1.6 % change (one sample t-test,
p=0.03), while 473 nm blue light-induced ~5.8 % change in blood flow (one sample t-test,
p=0.01) (Figure 44G). No effects were induced by red 685 nm light stimulation in control
(naive) mice (one sample t-test, p=0.7), indicating specificity of the light-induced effects by
opsins. This set of data demonstrates that astrocytic cAMP activity induced by DAPAC can
modulate cortical CBF and provides further evidence on aberrant astrocytic function in R6/1

mice.
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Figure 44. Astrocytic DAPAC stimulation induces distinct cortical hemodynamic changes in WT and
R6/1 mice. (A) Imaging setup for mapping light dependent cortical blood flow changes obtained with DWS
in a head-fixed anesthetized mouse. (B) Validation of expression of DAPAC and opsins (ChR2) in astrocytes
and neurons respectively in the cortex from the left hemisphere. Naive mice were used as control.
Representative immunofluorescence shows virus constructs (green) and DAPI (blue) staining (Scale bar 1 mm).
(C) Color-coded brain images indicating cortical blood flow before (1, 2, 3) and after red light (1°, 2°, 3’, 4, 5°)
stimulation in DdPAC-expressing WT' (top images) and the R6/1 mouse model of HD (bottom images). (D)
Color-coded brain images indicating cortical blood flow before (1, 2, 3) and after (17, 2°, 3, 4, 5°) red (top) and
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blue (17, 27,37, 4”, 57, bottom) light stimulation in WT mice expressing opsins (ChR2) in neurons. (E) Color-
coded brain images indicating cortical blood flow before (1, 2, 3) and after (17, 2°, 3°, 4, 5’) red light stimulation
on control (naive) WT mice. (F) Quantification of the percentage of hemodynamic change induced by DAPAC
in the left hemispheres in WT and the R6/1 mouse model of HD (left) and mean percentage change (right).
(G) Quantification of the percentage of hemodynamic change induced by red and blue light in mice expressing
CHR2 and control (left) and mean percentage change (right). WT DdPAC n=7; HD DdPAC n=7; WT ChR2
n=3; Controls n=2. Values are expressed as mean + SEM. Hemodynamic effects were analyzed by one sample
T-test (*p<0.05). (H) Representative immunofluorescent images of Aquaporin4 expression (red) in light
stimulated (top panels) or control hemisphere (bottom panels), from WT (left) and HD (right) expressing
DdPAC (Scale bar=100uM). Histograms show the quantification of the AQP4 intensity in both hemispheres.
(I) Representative immunofluorescent images of Aquaporin4 expression (red) in light stimulated (top panels).
or control hemisphere (bottom panels) of WT expressing ChR2 (Scale bar = 100uM). Histograms show the
quantification of the AQP4 intensity in both hemispheres. Each point represents data from an individual mouse
(WT DdPAC n=7; R6/1 DdPAC n=7; WT ChR2 n=3; Controls n=2. Differences were analyzed by T-test
(** p<0.001).

To further investigate the hemodynamic changes observed by DdPAC stimulation in
astrocytes, we evaluated Aquaporin 4 (AQP4) expression in the cortex of stimulated animals.
AQP4 is a water channel highly expressed in the end-feet of astrocytes which facilitate water
movement at the blood-brain interface (Amiry-Moghaddam & Ottersen, 2003; Bocci et al.,
2016). At the synapse, AQP4 also regulates water and potassium fluxes in astrocytes through
cAMP (lliff et al., 2012) and synaptic activity through the mobility of the astrocytic processes
(Y. Song & Gunnarson, 2012). Thus, we explored the levels of AQ4 expression in the
DdPAC-stimulated hemisphere vs the non-stimulated hemisphere (Figure 44H-I).
Immunofluorescence results showed an increase in APQ4 expression in the DAPAC
expressing hemisphere (left) in WT mice stimulated with red light (Paired t-test, two-tailed,
p=0.0002). In contrast, no differences were observed between hemispheres in DdPAC-
stimulated R6/1 mice (Paired t-test, two-tailed, p=0.7). WT mice stimulated with neuronal
ChR2 also did not show a change in AQP4 expression (Paired t-test, two-tailed, p=0.2).
These results indicate that astrocyte activity induced by DAPAC triggers local changes in
AQP4 expression which are absent in R6/1 mice.

3.1.2 Acute DdPAC-mediated cAMP increase in cortical astrocytes
modulate spontaneous behaviour in R6/1 mice

To determine whether DdPAC-stimulation could impact network function and behaviour,
we conducted 7z vivo behavioural studies in WT and in the R6/1 mouse model. To do so, we
bilaterally injected DdPAC in cortical astrocytes of WT and R6/1 mice and performed
DdPAC repetitive stimulation for 4 days, with 2 days in between stimulations (Figure 45A).
To assess if DAPAC activation in M2 cortex was having an acute impact on behaviour, we
tested paradigms of locomotion, exploration, and stereotypic behaviour (Figure 45A-C).
During a 10 minute-stimulation period, total distance walked by the animals remained
unaltered (genotype: Fuoy = 3.78 p = 0.00; stimulation: Funy = 048 p = 0.5);
genotype/stimulation: Fi29 = 0.32 p = 0.6). Similatly, exploratory behaviour, measured by
the time spent rearing, was unchanged (genotype: Faz = 0.43 p = 0.5; stimulation: F ) =
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0.1.94 p = 0.2); genotype/stimulation: F 20, = 0.013 p = 0.9). Whilst, stereotypic behaviour,
measured by the time spent grooming, was increased specifically in HD DdPAC mice. Two-
way ANOVA revealed a significant genotype (Fuz) = 9.03 p = 0.005) and genotype-
treatment interaction effect (Faz) = 7.38 p = 0.01), although no treatment effect (Fi9) =
9.03 p = 0.1). Bonferroni post hoc showed significant differences between HD DAPAC with
all other groups (vs WT GFP p = 0.02; vs WT DdPAC p = 0.003 and vs HD GFP p = 0.04).
Our data demonstrate that modulation of cortical astrocytes has minor impact on
spontaneous behaviour in WT but can generate associated behavioural responses such as

self-grooming (Ozawa et al., 2023) after only a brief period of DAPAC activation in R6/1

mice.
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Figure 45. Acute DAPAC activation in M2 cortical astrocytes increases steteotypic behaviour in R6/1
mice. (A) Representative immunostaining of DAPAC (flag) or GFP with GFAP and DAPI in mouse cortical
slices revealing the co-localisation of DAPAC/GFP in astrocytes (scale bar: 15um) (B) Experimental timeline.
Injection of AAV-GFAP-DdPAC or AAV-GFAP-GFP as control was performed bilaterally in the M2 cortex
of WT and R6/1 mice at 8 weeks. DAPAC stimulation started at 12 weeks and was repeated 4 times every 3
days. Behavioural tests started the day after the last stimulation with 14 weeks old mice and included open field
(OF), accelerating rotarod (ARR), vertical pole (VP) and balance beam (BB). (C) . Short-term behavioural
effects during the first stimulation on: locomotion, as total distance travelled; time spent grooming, as a measure
of stereotypic behaviour; and time spent doing rearing, as a measure of exploration time. (D) DdPAC
stimulation consisted of 1 second of 685nm light ON followed by 4 seconds light OFF, 5-min per hemisphere.
Differences were analysed by Two-way ANOVA followed by Bonferroni post-hoc test. *p <0.05. WT GFP
n=12, WT DdPAC n=13, HD GFP n=10, HD DdPAC n=10.
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3.1.3 Repetitive DdAPAC-mediated cAMP increase in cortical astrocytes
modifies motor behaviour by improving motor learning in WT mice and
compromising coordination in R6/1 mice

We then investigated the long-term effects of repetitive DAPAC stimulation 7z vivo using well-
characterised motor-related behavioural tests which are associated with HD cortico-striatal
pathology (Fernandez-Garcia et al., 2020; Kalueff et al., 2016) (Figure 40). Starting the day
after the last stimulation, we again assessed locomotion, stereotypies, and exploratory
behaviour during an open field test (Figure 46A). Similar to the short-term effects observed
by DdPAC stimulation, after four sessions of light stimulation, HD DdPAC increased
grooming while locomotion and exploratory behaviour remained unaltered. Two-way
ANOVA showed no differences in genotype (Fas4 = 2.06 p = 0.2) nor stimulation (Fpz4 =
243 p = 0.1), nor genotype/stimulation interaction effects (Fusy = 1.206 p = 0.3) in
locomotion. Exploratory behaviour showed genotype (Fusy = 6.94 p = 0.01) but not
stimulation (F 34 = 0.25 p = 0.6) or genotype/stimulation interaction effects (Fa 4= 0.15p
= 0.7). Regarding the time the animals spent grooming, we observed genotype effects (F 4
= 20.82 p < 0.0001) and a tendency for the stimulation effect (Fu 34 = 3.02 p = 0.09), but
not genotype/stimulation interaction effect (Fusy = 2.34 p = 0.1). Bonferroni post-hoc
showed significant differences between HD DAPAC and both WT GEFP (p = 0.002) and WT
DdPAC (p = 0.002).
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Figure 46. Repetitive DdPAC activation in M2 cortical astrocytes differentially impacts motor
behaviour in WT and R6/1 mice. (A) Long-term behavioural effects of DAPAC stimulation on locomotion,
grooming and rearing in the open field. (B) Effects of DAPAC stimulation on motor coordination evaluated as
number of frames traveled in the balance beam. (C) Effects of DdPAC stimulation on motor cootdination
evaluated in the vertical pole, quantified with the seconds used to flip and descend the pole (D) Effects of
DdPAC stimulation on motor learning evaluated by an accelerated rotarod, as the latency to fall from the
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rotarod (left) and the learning slope per each day and group (right). Differences were analysed by Two or Three-
way ANOVA followed by Bonferroni post-hoc test. *p <0.05. WT GFP n=12, WT DdPAC n=13, HD GFP
n=10, HD DdPAC n=10.

Next, we evaluated motor learning using the cortico-striatal dependent accelerating rotarod
test (Creus-Muncunill et al., 2019; Kupferschmidt et al., 2017) (Figure 46D-E). We observed
that R6/1 mice display impaired motor learning compared to WT control, shown by reduced
latency to fall from the rotarod, as expected in 14-week-old-mice (A. hua Cao et al., 2012)
DdPAC stimulation improved the performance in the rotarod in both genotypes, although
the effects were more prominent in WT mice. Three-way ANOVA showed trial (Fuis5 =
17.47 p < 0.0001), genotype (Fus5 = 12.07 p = 0.001) and trial /stimulation interaction effect
(Fa1,385 = 2.66 p = 0.003); but not stimulation (Fu 35 = 3.56 p = 0.07), trial/genotype (Fu13ss
= 1.404 p = 0.2), nor genotype/stimulation (Fi 35 = 0.04 p = 0.8), trial/genotype/stimulation
(Faizss = 0.92 p = 0.5). When the learning slope was investigated, we observed an
improvement in learning on the first day in WT mice, as indicated by a two-way ANOVA
analysis with group (Fg = 2.72 p = 0.05) and day effect (Fuuss 7711y = 11.66 p = 0.0002),
although not day/group effect (Fi09 = 2.04 p = 0.06). Bonferroni post hoc test revealed
significant differences during the first day of stimulation between the WT DdPAC and WT
GFP (p = 0.04), HD GFP (p = 0.002) and HD DdPAC groups (p = 0.002). This

demonstrates an enhanced motor learning on the first day of stimulation in WT mice.

Finally, we assessed coordination changes with the balance beam and vertical pole test, which
are associated with basal ganglia function and are strongly affected at late symptomatic stages
of R6/1 mice (>16-week-old R6/1 mice). These coordination changes have been previously
shown to be modulated by cortico-striatal optogenetic stimulation in R6/1 mice (Ciappelloni
et al, 20192a) (Figure 46B-C). In 15-weck-old AAV-GFAP-GFP expressing mice, no
coordination deficits were observed neither in the vertical pole test nor balance beam in HD
compared to WT, as expected at this stage of HD. In both tests, detrimental effects of
DdPAC stimulation on coordination were observed, particularly in R6/1 mice. The balance
beam test showed stimulation effects (F 34 = 4.23 p = 0.04) but no genotype (Fuzy=1.97 p
= 0.2), nor genotype/stimulation interaction (Fu 4= 1.96 p = 0.2). Bonferroni post hoc did
not show significant differences between groups. In the vertical pole test, which also
evaluates coordination, stimulation (Fus3 = 7.2 p = 0.01) and genotype (Fi33 = 11.05 p =
0.002) and genotype/stimulation interaction effects (F33 = 4.08 p = 0.05) were observed
by a two-way ANOVA. Bonferroni post-hoc showed a significant increase in the total time to
perform the test between HD DAPAC and the WT GEFP (p=0.002), HD GFP (p=0.04), and
WT DdPAC (p=0.007) groups.

Moreover, during the confirmation of the expression of the virus constructs in the brains of
mice in all groups (Figure 47A), we observed changes in GFAP expression levels in the tissue
of stimulated mice compared to their respective controls. Thus, we decided to analyse the
intensity of GFAP by immunofluorescence (Figure 47B). We observed significantly
increased GFAP expression levels in both WT and HD DdPAC stimulated mice compared

to GFP controls. This aligns with our proteomic data, which indicated that short-term
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DdPAC stimulation elevated GFAP levels in WT mice and indicates astrocytic activation by
DdPAC. Two-way ANOVA showed the effects of the simulation (F33=29.67 p<0.0001),
but not genotype (Fu;33=1.617 p = 0.2) ot genotype/stimulation interaction (F133=3.02 p =
0.09). Using a Bonferroni post-hoc analysis we detected a significant increase in between WT
GFP and WT DdPAC (p<0.0001) and HD DdPAC (p>0.03), and between WT DdPAC and
HD GFP (p<0.0002).
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Figure 47. Repetitive DAPAC activation increase GFAP expression in M2-cortical astrocytes from WT
mice. (A) Top row: representative fluorescent images showing in green the AAV-infected brain regions (GFP
for AAV-GFAP-GFP; FLAG, for AAV-GFAP-DdPAC) and in blue DAPI staining (scale bar 100um) in WT
(left) and R6/1 mice (right). Bottom row: representative fluorescent images showing GFAP positive astrocytes
on the infected region (scale bar 100pum). (B) Quantification of GFAP intensity. Differences were analyzed by
Two-way ANOVA followed by Bonferroni post-hoc test. *p <0.05. WT GFP n=12, WT DdPAC n=13, HD
GFP n=10, HD DdPAC n=10.

Overall, these findings indicate that an increase in ¢AMP in cortical astrocytes triggers
cortico-striatal-associated behavioural responses in mice, particularly by enhancing motor
learning. Notably, DAPAC stimulation produces different behavioural outcomes in WT and
R6/1 mice, improving motor learning while impairing coordination in R6/1 mice. This
suggests that alterations in astrocytic cAMP signalling in the cortex may contribute to motor
symptoms in HD. Further research is needed to fully understand the role of astrocytic cAMP

signalling in HD pathology.

3.1.4 Acute DdPAC-mediated cAMP signalling increase in striatal
astrocytes induce anxiety-like behaviour in R6/1 mice, while repetitive
DdPAC stimulation impairs locomotion, spontaneous behaviour, and
coordination in both WT and R6/1 mice

Striatal degeneration is a key hallmark of HD, with the cortico-striatal pathway being among
the carliest and most severely affected connections (Cepeda et al., 2007; Miller et al., 2011).
Following our investigation of the impact of increased cAMP signalling on behaviour of
R6/1 mice, we sought to explore the effects of DAPAC stimulation on striatal astrocytes. To
this end, we injected DdPAC under the GFAP promoter into the striatum of both WT and
R6/1 mice (Figute 48A), and then we followed the same stimulation protocol used in the
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cortex: 4 days of 10-minute stimulation, with two days between each session. Following the

stimulation, we performed a series of tests to assess motor behaviour (Figure 48B).
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Figure 48. Acute DdPAC activation in striatal cortical astrocytes increases anxiety-like behaviour in
R6/1 mice. (A) Representative immunostaining of DAPAC (flag) or GFP with GFAP and DAPI in mouse
cortical slices revealing the co-localisation of DAPAC/GFP in astrocytes (scale bar: 15um) (B) Experimental
timeline. Injection of AAV-GFAP-DdPAC or AAV-GFAP-GFP as control was performed bilaterally in the
striatum of WT and R6/1 mice at 8-9 weeks. DAPAC stimulation started at 12-13 weeks and was repeated 4
times every 3 days. Behavioural tests started the day after the last stimulation with 14-15 weeks old mice and
included open field (OF), accelerating rotarod (ARR), vertical pole (VP) and balance beam (BB). (C) Short-
term behavioural effects during the first stimulation on: locomotion, as total distance travelled; time spent
grooming, as a measure of stereotypic behaviour; and time spent doing rearing, as a measure of exploration
time. (D) DAPAC stimulation consisted of 1 second of 685nm light ON followed by 4 seconds light OFF, 5-
min per hemisphere. Differences were analysed by Two-way ANOVA followed by Bonferroni post-hoc test.
*p <0.05. WT GFP n=8, WI DdPAC n=11, HD GFP n=7, HD DdPAC n=7.

First, we aimed to investigate if acute DdPAC stimulation on striatal astrocytes had an impact
in spontaneous behaviour, by analysing locomotion, rearings, and groomings during the first
stimulation session in WT and R6/1 mice (Figure 48C). Contratry to what was observed with
cortical astrocytes, an acute increase in cAMP did not affect locomotion (Two-way ANOVA:
Genotype: F29=0.80, P=0.38; Stimulation: F2=1.8, P=0.19; Interaction: F29=0.18,
P=0.68) nor rearing (Two-way ANOVA: Genotype: Fq30=1.62, P=0.21; Stimulation:
Fasn=1, P=0.32; Interaction: Fa3p=1.1, P=0.3) or grooming time (Two-way ANOVA:
Genotype: Fi30=6.9, P=0.01; Stimulation: F3=1.14, P=0.29; Interaction: Fys,=2.11,
P=0.15), although a tendency to increased grooming in RG/1 mice was observed.
Specifically, Bonferroni Post-hoc showed significant differences between WT stimulated vs
HD stimulated mice (p=0.03). Moreover, we measured the distance spent in the centre of
the open field as a measure of anxiety (Figure 48C). Two-way ANOVA with genotype and
stimulation as factors, showed a stimulation effect for the distance travelled in the centre of
the arena (Genotype: Fusp=1.01, P=0.3227; Stimulation: Fq3)=17.44, P=0.0002;
Interaction: Fi 3= 0.30, P=0.58). Particularly, we observed a decrease in the distance that
the animals walked in the centre of the arena, especially for R6/1 mice, in which Bonferroni

post-hoc test showed significantly reduced travelled distance during the 10 minutes of
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stimulation (P=0.02), indicating increased anxiety-like behaviour. Significant differences
between WT GFP and HD DdPAC mice were also observed (P=0.007).
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Figure 49. Repetitive DdPAC activation in striatal astrocytes differentially alters spontaneous
behaviour and worsens coordination in WT and R6/1 mice. (A) Long-term behavioural effects of DAPAC
stimulation on locomotion, grooming and rearing in the open field. (B) Effects of DAPAC stimulation on
motor coordination evaluated as number of frames traveled in the balance beam. (C) Effects of DdPAC
stimulation on motor coordination evaluated in the vertical pole, quantified with the seconds used to flip and
descend the pole (D) Effects of DAPAC stimulation on motor learning evaluated by an accelerated rotarod, as
the latency to fall from the rotarod (left) and the learning slope per each day and group (right). Differences
were analysed by Two or Three-way ANOVA followed by Bonferroni post-hoc test. *p <0.05. WT GFP n=8,
WT DdPAC n=11, HD GFP n=7, HD DdPAC n=7

To determine which were the consequences of repetitive DAPAC-mediated cAMP increase
in striatal astrocytes on motor phenotype, we conducted the same battery of motor-related
behavioural tests as was performed previously for cortical astrocyte stimulation (Figure 48B).
Generally, we observed that DAPAC stimulation had an effect both in WT and R6/1 mice,
impairing their behaviour. Specifically, the time WT mice spent rearing was decreased while
the time R6/1 mice spent grooming was increase, both indicative of aberrant function.
Precisely, two-way ANOVA with genotype and stimulation as factors, showed stimulation
effect on the total distance travelled during the last stimulation, although no genotype nor
interaction effects were observed (Genotype: F25=7.09, P=0.012; Stimulation: F25=7.67,
P=0.009; Interaction: F 5= 0.04, P=0.83). Rearing time also showed stimulation effect, with
not genotype nor interaction effects (Genotype: Fi27=1.71, P=0.2; Stimulation: F27,=13.9,
P=0.009; Interaction: Fu27= 0.18, P=0.67). However, grooming time displayed interaction,
genotype and stimulation effects (Genotype: Fi20=8.57, P=0.006; Stimulation: F129=8.70,
P=0.000; Interaction: F 9= 5.26, P=0.02). Bonferroni post-hoc showed significant decrease
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in total distance between WT GFP and HD DdPAC mice (P=0.007), as well as significant
decreased in the time spent rearing between WT GFP mice vs WT DdPAC mice (P=0.03)
and WT GFP mice vs HD DdPAC mice (P=0.01). For the time spent grooming, Bonferroni
post hoc displayed significant differences between WT GFP and HD DdPAC (P=0.002),
WT DdPAC and HD DdPAC (P=0.004), and HD GFP and HD DdPAC (P=0.01). These
results suggest that spontaneous, stereotypic behaviour is affected in both WT and R6/1

mice after increase in cAMP in astrocytes from the striatum.

Next, we evaluated coordination in these mice by conducting the balance beam and vertical
pole tests. Again, we observed that DdPAC stimulation impaired coordination in both WT
and R6/1 mice. Two-way ANOVA exhibited both genotype and stimulation effects the in
number of frames walked during the balance beam test (Genotype: Fu29=8.01, P=0.008;
Stimulation: F20=36.98, P<0.0001; Interaction: Fu29= 0.55, P=0.46) and the total time
needed to conduct the vertical pole test (Genotype: Fu20=5.97, P=0.02; Stimulation:
F20=0.67, P=0.01; Interaction: Fi29= 2.43, P=0.12). No interaction effect was shown in
neither of these tests. Bonferroni post-hoc displayed a decrease in the number of frames
walked by WT DdPAC (P=0.04), HD GFP (P=0.0004) and HD DdPAC (P<0.0001)
compared to WT GFP mice, as well as a significant decrease between WT DdPAC and HD
DdPAC (P=0.002). Regarding the vertical pole test, Bonferroni Post-hoc displayed increased
total time in HD DdPAC mice compared to WT GFP (P=0.007) and WT DdPAC (P=0.03).
These results indicate that an increase of cAMP signalling in striatal astrocytes from both

WT and R6/1 mice is compromising the ability to coordinate in these animals.

Lastly, motor learning was assessed using the ARR test. Contrary to what we observed in the
cortex, motor learning was not affected by DAPAC-mediated cAMP increase in striatal
astrocytes. In this context, Three-way ANOVA with genotype, stimulation and time as
factors showed genotype, time and genotype x time but no stimulation effect (Genotype:
Fu20=14.32, P=0.0007 ; Stimulation: F2=0.28, P=0.59; Time: Fu135=11.29, P<0.0001;
Interaction genotype x time: Fuizis= 3.09, P=0.0006; Interaction stimulation x time:
Fu1315=1.01, P=0.43; Interaction stimulation x genotype: Fu29=0.60, P=0.44; Interaction
stimulation x genotype x time: F1315=0.82, P=0.61) in the time to fall from the rod. We also
analysed the learning slope, where Two-way ANOVA with time and group as factors only
showed time effect (Group: Fp29=0.48, P=0.69; Time: Fuow, s458=5.88, P=0.005;
Interaction: Fgs= 0.98, P=0.44), suggesting that motor learning is not affected by
modulated cAMP signalling in striatal astrocytes.

After sacrificing the animals, we removed, post-fixed, and sliced the brain to confirm the
expression of either GFP or DAPAC in the striatum as well as correct cannula placement.
Considering our previous results where we detected an increase in GFAP expression in
DdPACs stimulated astrocytes, we aimed to further investigate if this effect was also present
in the striatum or if it was region-dependent (Figure 49A). Therefore, we immunolabeled
GFAP in these mice striatal slices. We detected an increase of GFAP expression in both WT
and HD DdPAC stimulated mice. Two-way ANOVA revealed stimulation and genotype but
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not interaction effects (Genotype: Fu25=>5.13, P=0.03; Stimulation: F25=62.75, P<0.0001;
Interaction: Fp5= 1.56, P=0.22) (Figure 49B). Moreover, Bonferroni post-hoc confirmed
significant differences between WT GFP and WT DdPAC group (P<0.0001), and HD GFP
and HD DdPAC group (P=0.002). Post-hoc differences were also observed between WT
GFP and WT DdPAC (P<0.0001), and WT GFP and HD DdPAC (P=0.003). These results
indicate that, similar to our observation in the cortex, DdPAC stimulation activates astrocytes
in the striatum. Furthermore, in this brain region, repeated activation appears to negatively

influence both spontaneous behaviour and coordination in both groups.
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Figure 49. Repetitive DAPAC activation increase GFAP expression in striatal astrocytes from WT and
R6/1 mice. (A) Top row: representative fluorescent images showing in green the AAV-infected brain regions
(GFP for AAV-GFAP-GFP; FLAG, for AAV-GFAP-DdPAC) and in blue DAPI staining (scale bar 100um)
in WT (left) and R6/1 mice (right). Bottom row: representative fluorescent images showing GFAP positive
astrocytes on the infected region (scale bar 100um). (B) Quantification of GFAP intensity. Differences were
analyzed by Two-way ANOVA followed by Bonferroni post-hoc test. *p <0.05. WT GFP n=8, WT DdPAC
n=10, HD GFP n=5, HD DdPAC n=5.

3.2 Evaluation of DdPAC-mediated cAMP signalling effect in
hippocampal neurons and astrocytes of an Alzheimer’s Disease
mouse model

Given the impact of DdPAC stimulation on neuronal plasticity in WT' mice (see section 2.2)
and the differential hemodynamic and behavioural responses observed in HD, here we
sought to further investigate the potential of DdPAC to restore physiological function in
AD. Moreover, as our previous findings demonstrated that DAPAC activation in neurons
differentially affects neuronal plasticity (see section 2.2.1), we aimed to extend our investigation
by exploring the impact of increased cAMP signalling selectively in neurons or in astrocytes
within the hippocampus, as well as its effects in the context of AD. We chose to examine
DdPAC effects using the 5xFAD model of the disease, which is well-characterised and
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presents with an aggressive AD-like pathology, which includes early-onset AB deposits,
synaptic loss, and neuronal degeneration (Oakley et al., 2006). We injected AAV9-CamkIIa-
DdPAC and AAVI-GFAP-DdPAC in the dentate gyrus (DG) of WT and 5xFAD male and
female mice, as well as AAV9-Camklla-GEFP and AAV9I-GFAP-DdPAC as controls (Figure
50). Similar to our previous experiments, we stimulated for 10 minutes (1s ON + 4s OFF)

using a 685 nm laser and sacrificed the mice 24h later for tissue analysis.
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Figure 50. DAPAC activation in neurons and astrocytes from the hippocampus of Alzheimer’s Disease
mouse model. Schematic representation of the experimental design. Injection of AAV-GFAP-DdPAC or
AAV-CamKIIa-GFP as control was performed in the CA1 region of the hippocampus in WT and 5xFAD mice
(n=8 each). DAPAC stimulation was performed in freely moving mice using 685nm light source for 10 minutes
(1 second light ON and 4 seconds light OFF cycle). Mice were sacrificed 24 hours after red-light stimulation.
One hemisphere was post-fixed for immunolabeling and CA1 brain tissue from the other hemisphere was
dissected and frozen for proteomics analysis.
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3.2.1 DdPAC-mediated cAMP increase in astrocytes, but not in neurons,

specifically reduces GFAP-positive astrocytes in the hippocampus of
5xFAD mice

We first validated the expression of the AAV construct in the hippocampus and observed
that most mice predominantly expressed either GFP or Flag not only in the dentate gyrus
but also in other hippocampal regions, including CA1 (Figure 51A and Figure 52A).

The presence of AB deposits and inflammation in the hippocampus are two key hallmarks
of AD. Thus, we first decided to analyse GFAP expression intensity in the hippocampus of
WT and 5xFAD mice (Figure 51-52). One day after a 10-minute red-light stimulation, we
analysed GFAP intensity in the hippocampus from mice expressing DdPAC in astrocytes.
Notably, we observed an overall hippocampal GFAP increase in 5xFAD control mice, while
DdPAC stimulation in astrocytes from 5xFFAD mice induced a decrease in GFAP expression.
Both genotype and interaction effects were observed after a two-way ANOVA analysis
(Genotype: F(1,40)=9.10, p=0.004; Stimulation: F(1,40)=3.43, p=0.07; Interaction:
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F(1,40)=1.97, p=0.04). Bonferroni Post-hoc showed differences specifically between 5xFAD
GIP and 5xFAD DdPAC mice (p=0.03) displaying specific stimulation effects in 5xFAD
mice (Figure 51B).
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Figure 51. DAPAC activation in astrocytes decrease GFAP expression in hippocampal astrocytes from
Alzheimer’s Disease mice. (A) Representative fluorescent images (left) showing in green the AAV-infected
brain regions (GFP for AAV-GFAP-GFP; FLAG, for AAV-GFAP-DdPAC) and in blue DAPIT staining (scale
bar 500um) in WT (top row) and 5xFAD mice (bottom row). Amplified images (right) show GFAP positive
astrocytes on the infected region (scale bar 500um). (B) Quantification of GFAP intensity. Differences were
analysed by Two-way ANOVA followed by LSD Fisher test. *p <0.05. WT GFP n=13, WT DdPAC n=14,
AD GFP n=6, AD DdPAC n=11.

Then, we analysed GFAP expression in mice expressing DdPAC or GFP in neurons. In this
scenario, we observed again overall GFAP increase in 5xFAD mice (Figure 52A), as
expected. Two-way ANOVA displayed genotype differences but not stimulation or
interaction in animals where DdPAC was expressed in neurons (Genotype: F(1,36)=8.2,
p=0.01; Interaction: F(1,36)=0.3, p=0.59; Stimulation: F(1,36)=2.18, p=0.15) (Figure 52B).
Therefore, in this case, DdPAC stimulation did not impact GFAP expression. Overall,
GFAP expression results indicate that DAPAC-mediated effects have major impact when
cAMP modulation happens in astrocytes, but not in neurons. Surprisingly, cAMP modulation
in astrocytes reduced overall hippocampal astrogliosis in 5xFAD mice, while no effects were

detected in WT mice, suggesting altered cAMP signalling responses in AD.
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Figure 52. DAPAC activation in neurons do not changes GFAP expression in hippocampal astrocytes
from Alzheimer’s Disease mice. (A) Representative fluorescent images (left) showing in green the AAV-
infected brain regions (GFP for AAV-GFAP-GFP; FLAG, for AAV-GFAP-DdPAC) and in blue DAPI
staining (scale bar 500um) in WT (top row) and 5xFAD mice (bottom row). Amplified images (right) show
GFAP positive astrocytes on the infected region (scale bar 500um). (B) Quantification of GFAP intensity.
Differences were analysed by Two-way ANOVA followed by LSD Fisher test. *p <0.05. WT GFP n=15, WT
DdPAC n=15, AD GFP n=6, AD DdPAC n=11.

3.2.2 DdPAC-mediated cAMP increase in astrocytes, but not in neurons,
specifically reduces Af deposits in the hippocampus of 5xFAD mice

AR deposits represent another key histopathological hallmark of AD. To evaluate the effects
of DAPAC stimulation on A deposits, we analysed the percentage of A@ plaques and the
number of plaques per mm’® (Cummings & Cotman, 1995; Gatcia-Alloza et al., 2000).
Significantly, we observed both reduced percentage of AB plaques and number of plaques
per mm” in 5xFAD mice expressing DAPAC in astrocytes, but not in neurons (Figure 55A-
B). Unpaired t-test did not show significant differences between 5xFAD GIP and DAPAC
mice neither in the immunoreactive area (p=0.98) nor the number of plaques (p=0.47) in the
animals where both were expressed in neurons (Figure 55C). Nevertheless, DdPAC
expressed in astrocytes from 5xFAD mice was able to reduce both the immunoreactive area
(p=0.007) and the number of plaques (p=0.03) (Figure 55D). Overall, these results suggest
that cAMP modulation in hippocampal astrocytes using DAPAC could be a novel therapeutic
opportunity for AD.
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Figure 55. DdPAC activation specifically in astrocytes decrease APP deposits in the hippocampus of
Alzheimer’s Disease mice. (A) Representative fluorescent images (left) showing in red the Af deposits and
in blue DAPI staining (scale bar 500um) in 5xFAD mice expressing GFP (top row) and DdPAC (bottom row)
in neurons. Amplified images (right) show AB deposits and were used for the quantifications (scale bar 500um).
(B) Representative fluorescent images (left) showing in red the A deposits and in blue DAPI staining (scale
bar 500um) in 5xFAD mice expressing GFP (top row) and DAPAC (bottom row) in astrocytes. Amplified
images (right) show AB deposits and were used for the quantifications (scale bar 500um). (C) Quantification of
AR deposits in 5xFAD mice expressing DdPAC in neurons. (D) Quantification of AB deposits in 5xFAD mice
expressing DAPAC in neurons. Differences were analysed by Unpaired T-test. *p <0.05. WT GFP n=15, WT
DdPAC n=15, AD GFP n=6, AD DdPAC n=11.

3.2.3 DdPAC-mediated cAMP increase in neurons, but not in astrocytes,
specifically reduces Ibal-positive microglia in the hippocampus of
5xFAD mice

Considering our findings on AP deposits, we investigated the state of microglia, given their
crucial role in plaque clearance. Therefore, to further investigate inflaimmation in the
hippocampus, we quantified Ibal intensity in the CA1 and DG regions, both of which are
known to be affected in AD (Nairuz et al., 2024). We first analysed Ibal intensity in the
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hippocampus of DdPAC-activated astrocytes from 5xFAD and WT mice (Figure 53).
Broadly, we observed that while no main changes were detected in the CA1, a slight increase
was noted in the DG of DdPAC stimulated animals. Indeed, Two-way ANOVA with
genotype and stimulation as factors revealed stimulation effects in the DG (Genotype:
F(1,40)=3.64, p=0.06; Interaction: F(1,40)=0.60, p=0.44; Stimulation: F(1,40)=4.35,
p=0.04), but no effects in the CAl region (Genotype: F(1,40)=2.8, p=0.10; Interaction:
F(1,40)=2.35, p=0.13; Stimulation: F(1,40)=2.8, p=0.35). Furthermore, Bonferroni Post-hoc
reported significant changes between WT GIP and 5xFAD DdPAC mice in the DG but not
with any of the other groups. Further analysis in the morphology of the microglia might help
to further confirm how microglia is modulated by DdPAC.
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Figure 53. DAPAC activation in astrocytes modulates microglia in the DG. (A) Representative
fluorescent images (left) showing Ibal expression (light blue) in the CA1 (left) and DG (right) regions from
WT (top) and 5xFAD (bottom) mice expressing GFP. (B) Representative fluorescent images (left) showing
Ibal expression (light blue) in the CA1 (left) and DG (right) regions from WT (top) and 5xFAD (bottom) mice
expressing DAPAC. (C) Quantification of Ibal intensity in the CA1 region. (D) Quantification of Ibal intensity
in the DG region. Differences were analysed by Two-way ANOVA followed by Bonferroni Post-hoc test. *p
<0.05. WT GFP n=13, WT DdPAC n=13, AD GFP n=6, AD DdPAC n=11.

Subsequently, we analysed Ibal intensity in the hippocampus of DAPAC-activated neurons
from 5xFAD and WT mice. Conversely to our results in DdPAC-activated astrocytes, we

observed a general decrease in Ibal intensity, especially in the CA1 of 5xFAD mice. Two-
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way ANOVA reported both genotype and stimulation effects in the CA1 region (Genotype:
F(1,36)=13.86, p=0.0005; Interaction: F(1, 36)=2.08, p=0.16; Stimulation: F(1, 36)=1.36,
p=0.0005), whereas no main effects were observed in the DG (Genotype: F(1,38)=1.28,
p=0.26; Interaction: F(1, 38)=0.11, p=0.75; Stimulation: F(1, 38)=2.73, p=0.10). Specifically
in the CA1, Bonferroni Post-hoc displayed significant changes between WT GFP and
5xFAD GFP (p=0.007), 5xFAD GFP and WT DdPAC (p=<0.0001), and 5xFAD GFP and
5xFAD DdPAC (p=0.01). This data indicates that while DdAPAC activation in astrocytes
seems to activate microglia, its stimulation in neurons drives the contrary effect, suggesting
that the modulated cell type should be carefully considered when choosing a therapeutic

approach.
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Figure 54. DAPAC activation in neurons decrease microglial activation in the CA1 region from
Alzheimer’s Disease mice. (A) Representative fluorescent images (left) showing Ibal expression (light blue)
in the CAl (left) and DG (right) regions from WT (top) and 5xFAD (bottom) mice expressing GFP. (B)
Representative fluorescent images (left) showing Ibal expression (light blue) in the CA1 (left) and DG (right)
regions from WT (top) and 5xFAD (bottom) mice expressing DdPAC. (C) Quantification of Ibal intensity in
the CA1 region. (D) Quantification of Ibal intensity in the DG region. Differences were analysed by Two-way
ANOVA followed by Bonfetroni Post-hoc test. *p <0.05. WT GFP n=13, WT DdPAC n=13, AD GFP n=6,
AD DdPAC n=11.
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3.2.4 Proteomic analysis uncovers cell-type and AD-specific DdPAC
activation effects

Proteomic analysis of DdPAC-induced changes in hippocampal neurons and astrocytes in
WT and 5xFAD mice may provide insight into the molecular mechanisms underlying glial
and A deposits changes that we observed in the histological analyses. DG tissue from the
hippocampus of WT and 5xFAD mice injected with either DAPAC or GIP as control was
collected 24 hours after stimulation to assess changes in the proteome. In samples from mice
expressing GFP or DAPAC in astrocytes, 5651 proteins were detected, compared to 4494 in

samples from mice expressing GFP or DdPAC in neurons.

In samples where DAPAC was expressed in astrocytes, the Partial Least Squares Discriminant
Analysis (PLS-DA) model generated provided 4 as the optimal number of clusters,
highlighting clear differences between the 4 proteomic profiles, corresponding to our
experimental groups: WT GFP, WT DdPAC, 5xFAD DdPAC and 5xFAD GFP, and as
evidenced in the sample plots that include 95% confidence elipses (Figure 56A). To estimate
the risk of overfitting and evaluate the performance of the generated model, we calculated
the optimal number of PLS-DA components, the BER, and the AUC scores, which estimate
the specificity and sensitivity of the model. The analysis reached 4 as the optimal number of
components, with a BER of 11.16% and an AUC of 96.65%. The accuracy of the whole
model was validated through a permutation system with 1,000 iterations, which provided a
p < 0.001 as the probability that the model occurs by chance. In detail, 5xFAD GFP and
5xFAD DdPAC groups are clustered closely but separate from the WT groups, indicating a
distinct proteomic profile in 5xFAD mice. Moreover, DAPAC shift the proteomic profile in
both WT and 5xFAD mice, but the extent of the shift depends on the component analysed
(Figure 56A). We then estimated the contribution of every protein to the differences found
in our PLS-DA model by calculating their VIP scores. We found 363 proteins with VIP
scores = 1.4 that were considered significant. A final unsupervised clustering analysis with
the standardised values of these 363 proteins split WT and 5xFAD samples. It also segregated
DdPAC and GFP samples from the 5xFAD group but not from WT. The column
dendogram (Figure 56B) further confirms the separation between groups. Moreover, the
dendrogram indicate that WT DdPAC resembles more to 5xFAD GFP than to WT GFP, as
they do not fully segregate, suggesting that activating DdPAC is triggering molecular
pathways that are affected in 5xFAD pathology.

In samples where DAPAC was expressed in neurons, the PLS-DA highlighted clear
differences between 2 proteomic profiles, WT vs 5xFAD, but not between treatment, GFP
vs DAPAC, as evidenced in the sample plots that include 95% confidence elipses (Figure
56C). The model performance analysis reached 7 as the optimal number of components,
with a BER of 19.05% and an AUC of 94.83%. The accuracy of the whole model was
validated through a permutation system with 1,000 iterations, which provided a p < 0.001 as
the probability that the model occurs by chance. Thus, the model denotes significant

differences in the protein concentration between all four experimental groups. In detail,
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5xFAD groups are clustered closely but separate from the WT groups, indicating a clear
distinct proteomic profile in 5xFFAD mice. However, DAPAC do not shift significantly the
proteomic profile in WT and 5xFAD mice, especially for component 2 (Figure 56C). We
then estimated the contribution of every protein to the differences found in our PLS-DA
model by calculating their VIP scores. We found 171 proteins with VIP scores = 1.4 that
were significant. A final unsupervised clustering analysis with the standarised values of these
171 proteins split WT and 5xFAD samples. It also segregated DAPAC and GFP samples in
the 5xFAD group, but not from WT. Therefore, the column dendrogram (Figure 56D)
further confirms the separation between genotypes but not stimulation.
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Figure 56. DdPAC activation in neurons or astrocytes triggers differential effects in WT and 5xFAD
mice at proteome level. Proteome dataset in astrocytes: (A) PLS-DA model with components 1 (15%) and 2
(16%) on the left, and components 1 (15%) and 3 (8%), on the right. (B) Column dendrogram representing the
proteins with VIP scores = 1.4. Proteome dataset in neurons: (C) PLS-DA model with components 1 (15%)
and 2 (14%) on the left, and components 1 (15%) and 3 (10%), on the right. (D) Column dendrogram
representing the proteins with VIP scores = 1.4.
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3.2.41DdPAC activation in astrocytes expands the proteome towards
cytoskeletal regulation and immune response, while neuronal activation
primarily influences synaptic plasticity in WT mice

In order to know how DdPAC-mediated cAMP increase impacts on neurons or astrocytes
in physiological conditions, we first analysed the impact of DdPAC activation in WT mice
(WT DdPAC vs WT GFP comparison). We observed that the number of differential
proteins is considerably higher when DAPAC is activated in astrocytes compared to when it
is activated in neurons in WT mice (Differential proteinspdpAcastrocyres=488; Differential

prOteinSDdPACneurons =1 68) .
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Figure 57. DAPAC activation in astrocytes from WT mice primarily impacts on plasticity and immune
response. (A) Differential proteome heatmap and volcano plot. (B) Main subcellular localisation of the proteins

related to the synapse (C) Top 20 main proteome gene ontologies
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To further investigate the consequences of cAMP modulation in each cell type, we first
specifically compared the proteomes of WT DdPAC and WT GIP in astrocytes (Figure 57).
Astrocytic proteome heatmap revealed a clear separation between hippocampal GFP-
injected and DdPAC-injected, red-light stimulated mice. Furthermore, the volcano plot
displayed and confirmed differential protein expression between groups (Figure 57A). Based
on the plasticity modulation observed through DdPAC activation in our previous results, we
specifically analysed synaptic ontologies (Figure 57B). Synaptic ontology analysis revealed a
strong enrichment of proteins localised in the synaptic cleft and post-synapse, with additional
representation in the pre-synapse. This suggests that astrocytic cAMP signalling may broadly
influence synaptic architecture and function. Lastly, we aimed to study the characterised
ontologies based on our proteome dataset (Figure 57C). Gene ontology analysis of the
proteomic profile identified the top 20 enriched biological processes, including immune
regulation, cytoskeletal organization, and synaptic function. These involved processes related
to the innate and adaptive immune response (neutrophil degranulation, antigen processing
and presentation, interferon alpha/beta signalling), cellular structure and transport (actin
cytoskeleton organization, regulation of vesicle-mediated transport, regulation of cellular
component size), and synaptic modulation (modulation of chemical synaptic transmission,
neuronal system, cell-cell adhesion). These results imply that DdPAC-mediated cAMP
modulation in astrocytes from the hippocampus has a main impact in immune and synaptic

function, strongly influencing the whole tissue protein profile.

We then aimed to study the effects of DdAPAC-mediated cAMP modulation in neurons from
the hippocampus of WT mice (Figure 58). Once again, a clear distinction was observed
between the hippocampal GFP-injected and DdPAC-injected groups in the neuronal
proteome heatmap. Moreover, the volcano plot revealed and validated differential protein
expression between the groups (Figure 58A). Synaptic ontology analysis following neuronal
DdPAC stimulation revealed that the main identified proteins were localised in the synaptic
cleft and post-synapse compartments, with undetectable representation in the presynaptic
compartment (Figure 58B). This indicates that neuronal cAMP modulation via DdPAC
primarily influences postsynaptic and extracellular synaptic processes rather than presynaptic
mechanisms. Finally, the top 20 gene ontology analyses highlighted significant enrichment in
pathways related to synaptic function, intracellular signalling, and cellular organization
(Figure 58C). Notably, we observed enrichment in processes associated with synaptic
transmission (modulation of chemical synaptic transmission, regulation of postsynaptic
neurotransmitter receptor internalization, and neuroinflammation and glutamatergic
signalling) and neuronal structure and development (neuron projection development, axon
guidance, and telencephalon development). Additionally, enrichment in intracellular
regulatory processes (endomembrane system organization, vesicle-mediated transport, and
intracellular chemical homeostasis) suggests broader modulation of cellular dynamics. These
results suggest that DAPAC-mediated cAMP modulation in neurons from the hippocampus
have a key role in synaptic plasticity.
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Figure 58. DAPAC activation in neurons from WT mice has a main impact on synaptic plasticity. (A)
Differential proteome heatmap and volcano plot. (B) Main subcellular localisation of the proteins related to the

synapse (C) Top 20 main proteome gene ontologies

3.2.4.2Proteomic analysis reveals strong immune response regulation by
DdPAC activated astrocytes in 5xFAD mice

In order to investigate how DdPAC-mediated cAMP increase was impacting neurons and
astrocytes from AD, we checked the number of differential proteins for neuronal or
astrocytic proteome when comparing 5xXFAD DdPAC and 5xFAD GFP mice. In contrast
to our previous observations in WT mice, a higher number of differential proteins was
detected in neuronal DAPAC-activated samples compared to the astrocytic ones (Differential

proteinspdpPACastrocytes=208; Differential proteinspdrACaeurons=532).

To further investigate the effects of DdPAC in AD, we first compared the proteomes of
astrocytes from 5xFAD DdPAC and 5xFAD GFP mice (Figure 59). The heatmap of the
astrocytic proteome clearly distinguished between the hippocampi of GFP-injected and
DdPAC-injected, red-light stimulated 5xFAD mice. Additionally, the volcano plot
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highlighted and validated the differential protein expression between the groups (Figure
59A). We then analysed the synaptic ontologies (Figure 59B). Consistent with our findings
in wild-type mice, the synaptic ontology analysis of astrocytic DAPAC activation showed a
significant enrichment of proteins localised in the synaptic cleft and post-synapse, along with
some presence in the pre-synapse. The top 20 gene ontology analyses revealed significant
enrichment in pathways associated with immune response, cellular signalling, and
cytoskeletal organization (Figure 59C). Notably, we observed enrichment in processes related
to immune activation and response (innate immune response, cytokine signalling, and
antigen processing and presentation). Furthermore, pathways associated with cell adhesion
(leukocyte cell-cell adhesion) and inflammation (inflammatory response, immune effector
process) were prominently enriched, confirming the strong immune-related response. In
addition, the enrichment of processes related to actin cytoskeleton organization and

proteasome degradation suggests extensive cellular reorganization and protein regulation.
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Figure 59. DdPAC activation in astrocytes from 5xFAD mice mainly modulates immune response (A)
Differential proteome heatmap and volcano plot. (B) Main subcellular localisation of the proteins related to the

synapse (C) Top 20 main proteome gene ontologies.

These findings suggest that DdPAC-mediated cAMP modulation in astrocytes plays a critical
role in regulating both immune and structural responses, potentially contributing to the
modulation of neuroinflammation and cellular dynamics in neurodegenerative disease

contexts.

We next sought to investigate the impact of DdPAC-mediated cAMP modulation in
hippocampal neurons of 5xFAD mice by comparing the protecome dataset of 5xFAD
DdPAC vs 5xFAD GFP mice (Figure 60). Again, the heatmap of the astrocytic proteome
clearly distinguished between the hippocampi of GFP-injected and DdPAC-injected, red-
light stimulated 5xFAD mice. Additionally, the volcano plot highlighted and validated the
differential protein expression between the groups (Figure 60A).
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Figure 60. DdPAC activation in neurons from 5xFAD mice mainly modulates cellular organisation
and synaptic function. (A) Differential proteome heatmap and volcano plot. (B) Main subcellular localisation

of the proteins related to the synapse (C) Top 20 main proteome gene ontologies.

Unlike WT DdPAC-stimulated mice, synaptic ontologies in 5xIFAD DdPAC mice exhibited
a pronounced enrichment of proteins localised not only in the synaptic cleft and post-
synapse, but also in the pre-synapse (Figure 60B). Finally, the top 20 gene ontology analyses
revealed significant enrichment in pathways associated with cellular organization, signalling,
and synaptic function (Figure 60C). Notably, we observed a strong enrichment in processes
related to cell junction organization, cell-substrate adhesion, and hemostasis, highlighting the
importance of cellular structure and adhesion in response to DdPAC-mediated cAMP
modulation. Additionally, pathways associated with neuronal signalling (modulation of
chemical synaptic transmission and glutamatergic synapse regulation) were enriched,
suggesting enhanced synaptic activity. Enrichment in vesicle-mediated transport and
phospholipase D signaling pathway indicates dynamic intracellular processes involved in
secretion and signalling. Furthermore, pathways related to cell activation (Rho and Miro
GTPases, as well as receptor tyrosine kinase signaling), suggest that DdPAC activation
modulates cellular responses to external stimuli. These findings point to a complex interplay
between cell adhesion, intracellular signalling, and synaptic modulation, with potential

implications for neuronal plasticity in neurodegenerative disease contexts.

3.2.4.3PKA interactome mainly reveals cytoskeleton regulation

Since DAPAC modulates cAMP, we also aimed to explore the cAMP pathway in the whole
tissue. Thus, we analysed the PKA interactome from neurons and astrocytes in WT and
5xFAD mice. We observed that when there was a DAPAC-mediated cAMP increase in
astrocytes, the PKA interactome involved 17 proteins (PRKACA=12; PRKACB=4;
PRKACG=1), whereas when the increase was in neurons, the interactome reduced to 5
proteins (PRIKACA=4; PRKACB=1). Therefore, it seems that DdPAC activation in
astrocytes has a greater impact on the cAMP pathway, although the specific cell types
expressing these proteins are unknown. Still, this aligns with the fact that astrocytic
modulation has a greater impact on the whole tissue proteome than neuronal modulation,
and suggests that astrocytes may play a major role in regulating cAMP-PKA signalling at the
whole-tissue level. PRKACA (PKA catalytic subunit o) is the most abundant subunit in the
brain (Cadd & McKnight, 1989; London et al., 2019), supporting the idea that more proteins
belong to its interactome in both neurons and astrocytes. Specifically, the proteins associated
with the PRKACA interactome in neurons are: MAVS, CAMKK2, VIN and XPO5. In
astrocytes, PRKKACA interactome is: CDK17, FYN, PKIA, CALR, CAPZB, DOCKI1,
GSTM2, NXF1, OCIAD1, TRIM21, UGDH and VIM. In neurons, CAMKK?2, which is a
kinase that participates in calcium-mediated signalling, and VIN, involved in extracellular
matrix interactions (Furutani et al., 2012; J. Lisman et al., 2002; Oishi et al., 2021; Ruzha et
al., 2022; Tokumitsu & Sakagami, 2022), may reflect a role for PRIKACA in synaptic plasticity
and neuronal network stability. The presence of XPOS5, a protein implicated in RNA export,

135



RESULTS

hints at a contribution of PRKACA to the regulation of gene expression and post-
transcriptional control in the brain(Bohnsack et al., 2004; J. Wang et al., 2020). In astrocytes,
the PRKACA interactome is more complex and diverse, with proteins such as CDK17, FYN,
and PKIA, which are involved in cell cycle regulation, intracellular signalling, and
phosphorylation events related to plasticity(de Lecea et al., 1998; Hirose et al., 1997; Y. D.
Saito et al., 2010). The presence of CALR and CAPZB, which are proteins related to calcium
homeostasis and actin filament dynamics (Mukherjee et al., 2016; Venkatesan et al., 2021),
suggests that PRICACA signalling in astrocytes may influence both structural and functional
plasticity within the glial network. Proteins like DOCK1 and NXF1, which are involved in
cytoskeletal remodelling and nucleocytoplasmic transport (Koubek & Santy, 2022; Y. Li et
al., 20106), further indicate that PRIKACA may modulate astrocytic responses to cellular stress
and environmental changes. The presence of VIM in astrocytes highlights the potential role
of PRKACA in regulating glial activation and cytoskeletal dynamics (K.-Z. Chen et al., 2023),
which are crucial for supporting neuronal function and maintaining the blood-brain barrier
integrity. Therefore, these results suggest that neuronal PKA interactors are specialised,
focusing on calcium signalling, RNA transport, and plasticity, whereas astrocytic PKA

interactors affect metabolism, cytoskeleton, immune function, and oxidative stress.

Then, we explored the PKA interactome in 5xFAD DdPAC vs 5xFAD GFIP, red-light
stimulated mice. Conversely to what we observed in WT mice, the PKA interactome from
neuronal stimulated 5xFAD mice involved 28 proteins (PRKACA=16; PRKACB=S;
PRKACG=4), whereas the astrocytic stimulated 5xFAD mice interactome was reduced to
12 proteins (PRKACA=9; PRKACB=3; PRKACG=0). Consequently, it seems that DdPAC
activation in neurons has a greater impact on cAMP pathway in AD. Due to the higher
abundance of PRKACA in the brain, we specifically focused on its interactome. Specifically,
the proteins belonging to the PRKACA interactome in neurons are: AKAP7, AKAPY,
RYR2, FGG, SNAP23, AKAP12, CAPZB, CREB1, FERMT2, FOXO1, HSPD1, IMMT,
IQGAP1, MARCKSL1, PDZDS8 and PIK3R2. In astrocytes, PRKACA interactome is:
MAVS, SNAP23, EMD, GNA13, RAC1, RHOA, TORIAIP1, TRIM21 and VIM. In
neurons, the PRKACA interactome is enriched with proteins involved in critical cellular
processes such as synaptic plasticity, cellular signalling, and mitochondrial function. For
example, proteins like AKAP7 and AKAPY are known to scaffold PKA signalling
complexes, facilitating the spatial and temporal regulation of cAMP-dependent processes
(Wild & Dell’Acqua, 2018). RYR2 and CREB1 are associated with calcium signalling and
gene expression regulation, respectively, both of which atre pivotal in neuronal function and
plasticity (Glazewski et al., 1999; Hiess et al., 2022). Furthermore, proteins like FOXO1 and
IQGAP1, which are involved in cellular stress response and cytoskeletal organization (D.
Cao et al., 2015; Watroba et al., 2012), may highlight an adaptive or maladaptive response in
neurons under pathological conditions. In contrast, the PRKKACA interactome in astrocytes
presents a more restricted set of interactions, with proteins such as MAVS, which are linked
to immune and inflammatory pathways (Sun et al., 2006). The presence of RHOA and RAC1,
both key regulators of the actin cytoskeleton (Corbetta et al., 2009; Dupraz et al., 2019),
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suggests that PRIKACA signalling in astrocytes could play a role in glial cell morphology and
neuroinflaimmation. The involvement of VIM, a protein typically associated with glial
activation, further supports the hypothesis that astrocytic PRKACA signalling may be
modulating glial responses to neurodegenerative stress in AD (K.-Z. Chen etal., 2023). These
findings underscore the cell-type-specific nature of cAMP signalling and suggest that DAPAC
activation may differentially affect neuronal and astrocytic functions, potentially offering

insights into targeted therapeutic strategies for AD.

In our proteomics analysis, we identified 22 differentially expressed proteins related to the
PKA interacting network in the different conditions of the DdPAC-stimulated astrocyte
experimental set (WT-DdPAC, 5xFAD-DdPAC and their controls) (Figure 61). The most
enriched biological processes and KEEG pathways were predicted using the fold enrichment
tool of the STRING database and visualized as an interaction network using Cytospace.
These pathways were functionally related to neural cell morphogenesis processes, such as
cytoskeleton arrangement and axon guidance. Eight of the proteins in the network showed
a DdPAC-induced concentration increase in 5xFAD samples compared to controls,
according to the differential expression analysis. In contrast, in WT samples, the treatment
cither had no significant effect or led to a decreased concentration of most proteins in the

network.

In the DdPAC-stimulated neuron experimental set, we identified 24 differentially expressed
proteins related to the PKA interacting network. In this case, the KEGG pathways were
functionally related to the actin cytoskeleton and processes regulation and the AMPK
signaling pathway. In 5xFAD samples, eleven proteins in the network showed a DAPAC-
induced concentration decrease, while eight proteins exhibited a DdPAC-induced decrease
compared to controls. In contrast, in WT samples, the treatment had no significant effect on

the expression of most proteins in the network.
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Figure 61. Network analysis of the PKA-related proteins modulated by the DdPAC stimulation.
Cytospace network models showing protein-protein interactions of the 22 and 24 proteins in the PKA network
in the different conditions (WT-DdPAC, 5xFAD-DdPAC and their controls) of the DdPAC-stimulated
astrocytes or neurons, respectively. The color bar represents the log2 fold change protein ratios from the
differential expression analysis. Node color represents an increase (red), decrease (green), or non-significant
change (gray) in DdPAC-stimulated vs GFP-stimulated samples. Edges show interactions from the STRING
database.

Notably, the main related function of the proteins involved in the astrocytic and neuronal
PKA networks (Figure 61), is cytoskeleton regulation. However, most of the proteins
involved in each network are different, highlighting the differential effect DAPAC-mediated

cAMP modulation in neurons and astrocytes.

Opverall, our proteomic analyses reveal that cAMP signalling exerts distinct functions in
neurons and astrocytes, which may further diverge under pathological conditions such as
Alzheimer's Disease. These findings highlight the need to investigate cAMP-mediated

responses in disease contexts to guide the design of more effective therapeutic interventions.
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Neurodegenerative disorders represent a growing challenge in modern society. With the aged
population increasing, the incidence of these diseases is expected to rise significantly, creating
a growing social and economic burden that may become unsustainable if the current trend
persists. For instance, the number of people living with Alzheimer’s Disease is expected to
nearly triple by 2050 (Brodaty et al., 2011), a striking number considering that this disease,

like most other neurodegenerative disorders, currently has no cure or effective treatment.

Huntington’s and Alzheimer’s Disease are the two neurodegenerative disorders central to
this study. Both are primarily characterised by the accumulation of aberrant proteins —
huntingtin in HD and amyloid plaques and neurofibrillary tangles in AD — which ultimately
lead to cell death (Glenner & Wong, 1984; Huntington, 2003). Crucially, a key feature and a
consequence of the protein accumulation is the impairment or dysfunction of synapses
(Cepeda & Levine, 2022; Selkoe, 2002). Additionally, synapse dysfunction can impair specific
neuronal populations, molecular pathways, and both local and large-scale networks, all of
which contribute to functional deficits prior to cell death or even in the absence of it (Palop
et al., 2006). Hence, therapies aimed at enhancing synaptic plasticity could offer a ground-
breaking solution for these devastating diseases, addressing both the undetlying molecular
disruptions and the resulting functional impairments. Furthermore, a better understanding
of the early-stage impairments associated with these diseases could help identifying the

optimal timepoint for initiating potential therapies.

In this regard, cAMP is a second messenger involved in numerous cellular processes
throughout the body but plays a particulatly significant role within the brain (C. C. Huang &
Hsu, 20006). The cAMP-PKA pathway is well-established as a key mechanism initiating gene
transcription during NMDAR-dependent long-term potentiation in neurons (Nguyen &
Kandel, 1997). Building on this evidence, along with the documented disruptions in cAMP
signalling in neurodegenerative disorders (Kelly, 2018; Xiang et al., 2024), we focused on
modulating cAMP as a potential strategy to enhance synaptic plasticity and mitigate the

pathological hallmarks of these diseases.

Along these lines, photoactivated adenylyl cyclases (PAC) are enzymes capable of increasing
cAMP levels in response to light stimulation, achieved through the activation of an AC
domain coupled to a photoreceptor module (Iseki & Park, 2021). In particular, DAPAC is a
recently developed and optimised PAC that modulates cAMP levels in response to red light
stimulation. Originally engineered in bacteria, DAPAC exhibits an enhanced light response
compared to other red-light-sensitive PACs (Stiiven et al., 2018). However, until now, it had
not been applied to brain cells, nor to the brain 7z vive. Furthermore, red light is known for
its ability to penetrate tissues due to its longer wavelength, which allows it to pass through
biological material with less scattering compared to shorter wavelengths (Lehtinen et al.,
2022). Accordingly, we propose that DdPAC holds significant potential as a tool for
modulating cAMP 7» vive, with the added advantage of red-light activation, making it a

promising candidate for non-invasive applications.
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In essence, this thesis aimed to trestore molecular and behavioural functions in
neurodegenerative diseases by modulating cAMP signalling through DAPAC. In parallel, we
sought to characterise previously unknown disruptions in cortical cAMP signalling and
behaviour in HD. First, we tested a cAMP fluotrescent sensor that allows to measure cAMP
dynamic changes using fibre photometry in behaving mice. By using this sensor, named G-
Flampl, we demonstrated the involvement of cAMP signalling in M2-cortex-related
behavioural tests, while also revealing altered neuronal cAMP dynamics at 16 and 20 weeks
in HD mice. Furthermore, HD’s early impairments are less understood compared to other
neurodegenerative disorders, making it a valuable focus for investigation and helping in the
identification of an earlier timepoint for initiating treatments. Consequently, we have
characterised early alterations in HD, as its mouse models are well-established and faithfully
replicate the symptoms observed in humans. From these findings, we have demonstrated
that subtle fine motor and anhedonia-like alterations can be observed as early as 8 weeks,
similar to cognitive and motor learning symptoms onset, and before described major
coordination alterations occur. In parallel, we aimed to implement DdPAC as a novel
optogenetic tool to non-invasively modulate synaptic plasticity through cAMP signalling. As
first step, we aimed to develop a non-invasive method for AAV delivery and to characterise
the expression and functionality of DAPAC for 7z vive applications. Using retro-orbital
injection of the PHP.eB capsid, we successfully delivered GFP transgene across various brain
regions and mouse strains, opening the possibility for future minimally-invasive optogenetic
treatments. In parallel, we evaluated and characterised the impact of DdPAC-mediated
cAMP signalling on synaptic plasticity. Notably, DdPAC-mediated increases in cAMP levels
significantly enhanced synaptic plasticity, with a more pronounced effect when activated in
astrocytes. Finally, we aimed to restore physiological functions in neurodegenerative disorder
—specifically addressing molecular and behavioural deficits in HD and AD— by enhancing
cAMP signalling through DAPAC activation within affected brain circuits. In the context of
HD, elevating cAMP levels in cortical astrocytes generated cortical hemodynamic responses
and improved motor learning in WT mice but impaired coordination in HD mice.
Additionally, DAPAC-mediated cAMP increase in striatal astrocytes impaired coordination
in both WT and HD mice. In AD, cAMP elevation in hippocampal astrocytes reduced
astrogliosis and AR deposits in AD mouse model, whereas an increase in cAMP in neurons
led to a reduction in microglial activation. Finally, proteomics analyses in DdPAC-activated
neurons and astrocytes from AD mice revealed changes in the proteome associated with
activated cAMP-PKA pathway. Specifically, in hippocampal tissue where DAPAC was
activated in neurons, the proteomic response was confined to synaptic plasticity. In contrast,
activation of DdPAC in astrocytes led to proteomic changes involving both synaptic

plasticity and immune response pathways.

Overall, these findings highlight the capacity of both neuronal and astrocytic DAPAC-
mediated cAMP modulation to influence neuronal plasticity, while also emphasising the
differential effects of cAMP modulation across various cell types and in the context of

neuropathology. Furthermore, our results underscore the importance of the specific brain
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region and molecular context in targeting cAMP modulation, as the outcomes of DdAPAC
stimulation vary between the cortex, striatum, and hippocampus, as well as depending on the
pathological condition. Finally, we provide compelling evidence for the potential of DdPAC,
an approach that could be extended to other PACs, to modulate cAMP signalling pathways.
This offers not only a powerful tool for investigating brain function but also a promising

therapeutic strategy.
1. Cortical cAMP impairments in Huntington’s Disease

Alterations in cAMP signalling have been identified in the context of aging and various
neurodegenerative disorders, including AD, PD, and HD. Notably, these impairments
exhibit disease-specific patterns and are localised to distinct brain regions (Bonkale et al.,
1996; Chen et al., 2012; Gines et al., 2003; Giralt et al., 2013; J.-T. Lin et al., 2013; O’Neill et
al., 1994; Tyebii et al., 2015; Zhang et al., 2013). For instance, while AD is associated with
decreased cAMP signalling in the hippocampus and temporal cortex, HD is attributed to
decreased cAMP signalling in the striatum and cortex but increased cAMP signalling in the
hippocampus, although there are some controversies between groups and animal models
(Gines et al., 2003; Giralt et al., 2013; J.-T. Lin et al., 2013; O’Neill et al., 1994; Tyebji et al.,
2015; Zhang et al., 2013). However, this remains a subject of debate among research groups.
Moreover, cAMP is a small, highly dynamic molecule, making its direct quantification
challenging. Consequently, insights into cAMP signalling are often inferred by measuring
components of the pathway, such as AC, pPKA/PKA, pPCREB/CREB, or PDEs. Therefore,
in this study, we aimed to elucidate the alterations in cAMP signalling in our HD mouse
model, the R6/1. In this model, data regarding cAMP signalling is still limited. To date,
increased pPKA levels in the striatum and hippocampus have been reported in R6/1 mice
(Giralt et al., 2011, 2013; Tyebiji et al., 2015). Notably, a recent study shows that cAMP
signalling in astrocytes from the striatum of R6/2 mice is increased due to decreased GPCRi
signalling(X. Yu et al., 2020). Therefore, to draw definitive conclusions, cell-specific studies
are essential. In this work, we provided an initial overview of cAMP signalling in cortical
neurons from R6/1 mice, offering a preliminary insight of its status in this model. However,
further research is needed, with a comprehensive analysis of additional components of the
cAMP signalling pathway, to achieve a more complete understanding of the mechanisms at

play in this model.

cAMP sensors offer a powerful tool for investigating cAMP dynamics with high specificity
in distinct cell types. Over the past few years, significant efforts have been made to develop
a cAMP sensor suitable for fibre photometry (Harada et al., 2017; Odaka et al., 2014; Ohta
etal., 2018). However, most available sensors use Forster resonance energy transfer requiring
two different wavelengths (requiring more complex optical systems), are indirect as they rely
on PKA activity, or exhibit fluorescence changes that are not optimised for fibre photometry
applications (Massengill et al., 2021). For instance, Pink Flamindo is a single-fluorescence
protein sensor that has demonstrated the ability to track cAMP dynamics 7 vivo using two-

photon imaging (Harada et al., 2017), but exhibited limited performance when applied to
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fibre photometry. In fact, when tested in our laboratory, Pink Flamindo did not yield
successful results, as cAMP dynamics were not detected (data not shown). Recently, (L.
Wang et al.,, 2022b) developed GFlamp-1, which showed promising results compared to
other cAMP sensors. Herein and for the first time, we have successfully characterised
neuronal cAMP dynamics using GFlamp-1 during two M2-dependent behavioural tasks —

the beetle mania and accelerating rotarod tests — using fibre photometry.

Notably, by using GFlamp-1 sensor, we have demonstrated that excitatory CamKIIa neurons
signal through cAMP during two M2-cortex-dependent tests. In the cortex, many
neurotransmitters, including dopamine, norepinephrine or serotonin, signal through the
cAMP pathway by binding Gi-coupled GPCRs, such as D1, B-adrenergic or 5-HT4
receptors(Gurevich, 2022; Jones-Tabah et al., 2022; Sgambato, 2024). In a recent paper from
the group, we showed an increase in calcium during the BMT in WT mice (Conde-
Berriozabal et al., 2023). Therefore, it seems that both calcium and cAMP signalling would
be involved in regulating these behaviours. Furthermore, we have investigated cAMP
dynamics not only in WT but also in R6/1 mice. In both cases, WT and R6/1 exhibit an
increase in cAMP in response to the presented stimulus; however, we also display that 15-
week-old R6/1 mice show an abnormal cAMP rise during the ARR task. These results align
with functional studies in HD patients, which have shown that the cerebral cortex becomes
hyperexcitable during the disease, as well as with 7z vivo electrophysiological studies that
obsetved decreased inhibition of cortical pyramidal neurons in 6-month-old R6/2 mice
(Cepeda et al., 2019). Nonetheless, this hyperactivation of cortical neurons mediated by
cAMP exhibits sex differences, as it is observed exclusively in female mice in the present
cohort. Sex-related differences in cAMP signalling have already been observed in different
regions of the mouse brain (Basu et al., 2021; Jain et al., 2019; Nazarian et al., 2009). Yet, in
this specific case wild type male mice did not perform as expected during the accelerating
rotarod test, so these experiments should be repeated in order to obtain conclusive results
regarding sex differences. To further investigate the temporal dynamics of cAMP, we
repeated the beetle mania task at 20 weeks. Although engagement in the response was still
present, it was reduced compared to that of WT mice. This is consistent with the findings of
(Gines et al., 2003), who reported reduced cAMP levels in the striatum of HdhQ111 knock-
in mice. However, it contrasts with the increased striatal cAMP levels observed in R6/1 mice
by (Tyebiji et al., 2015), although the latter was estimated indirectly through the analysis of
phospho-PKA substrates.

Taken together, these findings suggest that cAMP plays a central signalling role in the M2-
cortex, with its alterations varying across different disease stages and exhibiting sex-
dependent differences. Further investigation of cAMP dynamics in additional brain regions
is essential to elucidate the region- and cell-type-specific dystegulation in the R6/1 mouse
model of HD. In this regard, the use of genetically encoded cAMP sensors offers a significant
advantage by enabling the study of cell-type-specific alterations, which is crucial to

understand the molecular mechanisms underlying behavioural impairments. Recent evidence
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has demonstrated impaired Gi-coupled GPCR signalling in striatal astrocytes of the R6/2
mouse model, leading to increased cAMP levels in this cell type and brain region (X. Yu et
al., 2020). This highlights a key limitation of the present study, as our findings are restricted
to cortical neurons, without insights into astrocytic cAMP dynamics. Addressing this gap,
future studies should aim to express GFlamp-1 in astrocytes to investigate cAMP signalling
during M2-dependent behavioural tasks. Furthermore, previous work from our group
reported an inability of cortical neurons to activate through calcium signalling during the
beetle mania task in R6/1 mice (Conde-Bertriozabal et al., 2023). Despite the observed
genotype differences, our current results show that R6/1 mice still exhibit an increase in
cAMP in response to a threatening stimulus. This suggests that calcium and cAMP may
contribute differently to the behavioural alterations observed in HD. Given the known
interplay between these two second messengers (Sobolczyk & Boczek, 2022), further studies
are needed to explore the relationship between calcium and cAMP during M2-cortex
dependent tasks in HD, thereby providing insight into the potential mechanisms underlying

M2-cortex-related behavioural impairments.

2. Disrupted cortico-striatal circuitry as key pathological alteration in Huntington’s

Disease

The striatum, as the main input nucleus of the basal ganglia, integrates excitatory projections
from the entire cortical mantle and the thalamus. This extensive netwotk, in which the
striatum directly receives input from nearly all cortical regions, plays a critical role in
regulating movement and cognitive processes (Bunner & Rebec, 2016b; Rebec, 2018).
Notably, the cortex plays a crucial role in providing the striatum with associative, limbic, and
motor information, essential for selecting and guiding appropriate behavioural responses
(Kreitzer & Malenka, 2008).

In HD, the striatum is among the most severely affected brain regions, playing a key role in
the motor deficits, cognitive disorganization, and emotional dysregulation characteristic of
the condition. Nevertheless, significant cortical atrophy also occurs in HD, with its severity
varying across different cortical regions (Rebec, 2018). The pronounced atrophy of the
striatum in HD primarily results from the loss of GABAergic medium spiny neurons,
coupled with the degeneration of cortical pyramidal glutamatergic neurons (Miller et al.,
2011; Vonsattel et al., 1985; Vonsattel & Diliglia, 1998). HD disrupts the cortico-striatal
system by impairing the mechanisms underlying communication between cortical and striatal
neurons (Dallérac et al., 2015; T.-H. Wong et al., 1982). However, alterations in neuronal
function emerge well before visible cell death, suggesting that circuit dysfunction contributes
to the carly symptoms of the disease (Blumenstock & Dudanova, 2020). Given this
information, the cortico-striatal pathway is recognised as one of the earliest and most

significantly affected pathways in the disease.

Our findings in this study provide further evidence of disruptions in the cortico-striatal

circuitry in HD, particularly involving the M2-cortex. In previous work from our group, we
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demonstrated that the M2 cortex is functionally disconnected from the striatum in the R6/1
mouse model of HD (Fernandez-Garcia et al., 2020). This disconnection aligns with the
behavioural alterations observed during the beetle-mania task, a test closely related to M2-
cortex functionality (Conde-Berriozabal et al., 2023). Specifically, we observed significant
impairments in task performance in 14- and 20-week-old R6/1 mice. This aligns with our
previous findings (Conde-Berriozabal et al, 2023), in which we demonstrated that
behavioural deficits in the beetle mania task are present at 12 and 20-week-old R6/1 mice.
Importantly, as previously discussed, we have revealed that cAMP signalling plays a role in
M2-cortex-related tasks, although it seems that alterations in cAMP may not be directly

related to the observed behavioural impairments.

Notably, most studies concentrate on the motor cortex’s projections to the striatum, due to
their role in the initiation and control of voluntary movements (Blumenstock & Dudanova,
2020; Bunner & Rebec, 2016b). Herein, we demonstrate that cortico-striatal projections
beyond the M2 cortex-striatum pathway are also impaired in the R6/1 mouse model of HD.
Specifically, the connection between M2-cortex, SS-cortex, and striatum appear to be
disrupted, as shown by the eatly revealed alterations in the removal adhesive and marble
burying tests. Altered sensory processing through the basal ganglia was reported in HD
symptomatic patients (Boecker et al.,, 1999; Mirallave et al., 2017), as well as decreased
connectivity in the somatosensory cortices in zQ175DN mice at 12-month of age and R6/1
symptomatic mice (Conde-Berriozabal et al, 2023; FPernindez-Garcia et al, 2020;
Vasilkovska et al., 2024). These results are in line with our data, which reveal impairments in
behaviours associated to the somatosensory cortex (Bouet et al., 2009) at 16 weeks of age,
when mice fail to detect a stimulus on their forepaws during the removal adhesive test.
Indeed, our experiments involving astrocytic DdPAC stimulation in the SS during in vivo
hemodynamic imaging reveal impaired SS activity in 16-week-old R6/1 mice. Specifically, we
observe cortical hyperactivation following the modulation of cAMP signalling, which may
reflect a compensatory mechanism. Furthermore, this test enabled us to uncover fine motor
deficits in 8-week-old R6/1 mice, a very eatly stage of the disease. As a matter of fact, only
motor learning and other cognitive impairments had previously been reported at this
timepoint (Puigdellivol et al., 2015), with main motor abnormalities typically observed

starting at 14 weeks (Naver et al., 2003).

The orbitofrontal cortex-striatum connection represents another cortico-striatal pathway
identified as impaired in this study, which leads to anhedonic behaviour in R6/1 mice.
Psychiatric symptoms are common yet a variable feature of HD, differing both in severity
and onset among patients. These symptoms, which may include depression, anxiety,
irritability, and apathy, often precede motor impairments (Jauhar & Ritchie, 2010). Increased
anhedonia has been observed in our animals, measured by a decreased number of buried
marbles in the marble burying test, a task associated to the orbitofrontal cortex (Angoa-Pérez
et al,, 2013). In HD patients and also in mouse models, a commonly observed feature is

compulsive, repetitive, stereotypic behaviour (Bolivar et al., 2004; Rodriguez-Urgellés, Casas-
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Torremocha, Sancho-Balsells, Ballasch, Garcia-Garcia, Miquel-Rio, Manasanch, del Castillo,
et al., 2023; Zadegan et al., 2024). Considering that the marble burying test is usually applied
as a measure of obsessive-compulsive and anxiety behaviour, our hypothesis was that an
increased number of buried marbles, and thus heightened compulsive behaviour, would be
observed in HD. In contrast, R6/1 animals did not bury marbles and often merely touched
them starting at 8 weeks, which we interpreted as indicative of anhedonia or apathy. Indeed,
apathy is a feature observed in HD patients (J. Brandt, 2018; Mclauchlan et al., 2022).
Crucially, in 2019 it was described that impairments in the white matter cortico-striatal tracts
could predict apathy in HD (De Paepe et al., 2019). Emotional apathy has, in turn, been
associated with the medial orbitofrontal circuit (Le Heron et al., 2018; Levy & Dubois, 2000).
Consequently, our observations in a genetic mouse model indicate that this is a feature that
may be a direct effect of mutated HTT and would confirm that arises due to orbitofrontal-

cortex to striatal pathway impairments.
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Figure 62. Cortical alterations in Huntington’s Disease. Summary of the main cortical alterations observed
in R6/1 mice. Tgp: cAMP signaling alterations observed at 15 and 20 weeks of age in R6/1 mice. Bo#tom: cottico-
striatal behavioural deficits detected in R6/1 mice. Brain regions relevant to these findings are highlighted in
the corresponding atlas sections. M2: secondary motor cortex; SS: somatosensory cortex; STR: striatum; OFC:

orbitofrontal cortex.
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In summary, these results confirm that cortical function has a highly relevant role in the
physiopathology of HD. As a result, the cortico-striatal functions identified in this study offer
new avenues for circuit-based treatments. Indeed, neuronal modulation of the M2-
dorsolateral striatum through blue light stimulation of CHR2 has been shown to effectively
restore behaviour in HD (Fernandez-Garcia et al., 2020), reinforcing the potential of the
cortico-striatal pathway as target for novel therapies. Furthermore, these results strengthen
the R6/1 mouse model of HD as a valuable tool for investigating early disease impairments,
although studies with other more models should be performed in order to confirm these
results. In summary, our findings provide a more refined understanding of HD pathology,
offering potential for earlier diagnosis and the development of circuit-specific therapeutic

interventions.
3. Non-invasive brain delivery of AAV constructs

A critical aspect in the development and establishment of potential non-invasive therapies is
the efficient and targeted delivery of therapeutic agents to the brain. Given that the current
standard in basic research involves direct brain injection, facilitating the clinical translation
of optogenetics requires the development of minimally invasive strategies for delivering
AAVs carrying the transgene of interest to the brain. Intravenous injections have emerged
as minimally invasive alternatives for AAV delivery, requiring the engineering of AAV
capsids to enable crossing of the BBB (Chan et al., 2017; Deverman et al., 2016b; Haery et
al., 2019; Lykken et al., 2018). For instance, PHP.B and PHP.eB capsids have been used in
recent years to target the brain via intravenous delivery due to their enhanced ability to cross
the BBB (Chan et al., 2017; Deverman et al., 2016b). Nevertheless, they have shown certain
limitations regarding the mouse strain and delivery route (Mathiesen et al., 2020). Therefore,
establishing and AAV capsid and delivery route capable of effectively transducing specific

brain cells of interest is of great importance.

In this thesis, we compared the widely used AAV9 capsid for neural infection with the
enhanced PHP.eB capsid. Using a general CAG promoter to drive GFP expression, we
confirmed that both AAV9 and PHP.eB can infect the brain following either local or retro-
orbital injection. However, GFP fluorescence was limited to certain brain regions in both
cases under CAG promoter, especially the CA2 region of the hippocampus, failing to spread
throughout the whole brain. This CA2 phenomenon has recently been reported by other
groups (Alexander et al., 2024; Okamoto et al., 2023), who observed an exaggerated tropism
in these cells following intravenous injection of various AAV serotypes. Specifically, it has
been suggested that this observation may result from increased expression of AAV receptors
and the enrichment of cell-surface glycan receptors in these cells (Alexander et al., 2024),
therefore potentially limiting its expression in other brain regions. When assessing the cell
types expressing GFP following retro-orbital injection of the AVV9 capsid, we observed
GIP expression in both neurons and astrocytes. AAV9 has shown increased tropism for
neurons (Cearley & Wolfe, 2006; Haery et al., 2019) although it is also expressed in astrocytes
(Hammond et al., 2017). Interestingly, when using the specific CamKIla promoter, we
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observed a broad expression throughout the brain with the PHP.eB capsid, but not with
AAV9. The better performance of PHP.eB aligns with expectation, as PHP.B and its variants
have been shown to enhance the efficiency of crossing the blood-brain barrier (Chan et al.,
2017; Deverman et al., 2016b; Mathiesen et al., 2020). A recent study comparing transgene
expression across different promoters reported a reduction with the hSynl promoter
compared to CamKlla. while no significant differences were observed with the CAG
promoter (Finneran et al., 2021). Based on these results and considering that CAG retro-
orbital injections were the first performed in our laboratory, we cannot rule out the possibility
that the reduced GIP expression under the CAG promoter is due to technical factors.
Therefore, our results demonstrate that retro-orbital injection is an effective method for
driving transgene expression under specific promoters. However, this approach requires a
substantially larger injection volume (100ul per animal) compared to local injections (0.5ul
per animal). Additionally, the vg concentration needed for retro-orbital delivery is
considerably higher, typically ranging from 10" to 10" vg (Finneran et al., 2021). These
factors should be carefully considered when selecting an administration route, which still

favour local injection for routine application.

Despite the advantages of PHP.eB for retro-orbital administration, this serotype exhibits
limitations related to mouse strain or delivery route, as it has been shown to inefficiently
transduce strains such as B6C3 or BALB/c] mice (Hordeaux et al., 2018; Mathiesen et al.,
2020). Our results demonstrated that PHP.eB, delivered via retro-orbital injection and
expressing GFP under the CamKlIla promoter, efficiently infects the entire brain of WT
B6CBA mice. Specifically, this mouse strain is an F1 cross between a C57Bl/6f and CBA
mouse, the genetic background in which we maintain the R6/1 mouse model for HD.
Notably, retro-orbital injection of PHP.eB successfully transduced the cortex, hippocampus,
and striatum also in R6/1 mice. This data supports the feasibility of using this viral delivery
route in our mouse model in future studies. Furthermore, retro-orbital injection of PHP.eB
also targeted A2A-expressing cells in a region-specific manner in A2A-Cre mice.
Consequently, our results highlight both strain and cell-type specificity of PHP.eB-mediated
transduction, emphasising its potential for targeted gene delivery in specific neuronal

populations.

Unfortunately, intranasal delivery of both AAV9 and PHP.eB was unsuccessful under all
tested conditions. While intranasal drug delivery has been widely demonstrated in research
studies, particularly for peptide administration (Alcala-Barraza et al., 2010) its efficacy for
AAV-mediated gene delivery to the brain remains controversial. Only a few studies have
explored this approach (C. Chen et al., 2020; J. Wang et al., 2023), and among them, only
one provides histological evidence of transgene expression. Notably, this study was
conducted in BBB impaired rats, raising the possibility that species-specific physiological
differences and disrupted BBB may influence viral delivery and expression. Therefore,

further research is essential to engineer novel AAV variants capable of efficient, non-invasive
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brain entry, a breakthrough that could significantly advance the development of future gene

therapies.
4. DdPAC as a new tool to modulate synaptic plasticity through cAMP

A primary aim of this work was to optimise a tool capable of modulating synaptic plasticity
in a specific and long-lasting manner. Currently, technological approaches such as DBS
(Okun, 2012) and TMS (Barker et al., 1985) are employed to enhance neuronal plasticity in
targeted brain areas. However, these techniques lack cellular specificity, and their effects
often extend beyond the intended focus, impacting circuits outside the disease-relevant
regions. In contrast, optogenetics, a technique that combines genetic and optical methods to
control the activity of specific cells in living tissue (Boyden et al., 2005), offers a promising
alternative to overcome these limitations. Despite its potential, the clinical application of
optogenetics remains restricted, and its use is primarily confined to basic research. Since
cAMP plays a crucial role in synaptic plasticity, the precise control of its signalling via
optogenetic tools holds significant potential for modulating plasticity in a highly specific and
temporally controlled manner. In this context, PACs are enzymes used in optogenetics to
modulate cAMP levels in response to light stimulation. Particularly, DdPAC, an improved
red-light-activated PAC employed in this thesis (Stiven et al, 2018), has proved its
effectiveness in bacteria but was not yet been applied 7 vivo. Our data showed that expression
and stimulation of DdPAC in cortical neurons and astrocytes potentiates neuronal activity,
specifically inducing LTP. These findings align with previous studies that used non-cell-
specific cAMP modulators, such as forskolin, an AC activator, to demonstrate the role of
cAMP in synaptic potentiation (Otmakhov et al., 2004). Forskolin has been shown to
enhance synaptic transmission in rat hippocampal cultures, indicating that cAMP elevation
can directly facilitate synaptic strengthening (Sokolova et al., 2006). However, our study adds
an important dimension to previous work by showing that the cellular context in which
cAMP is modulated influences the outcome of synaptic plasticity. Our results related to
proteomic analyses in DdPAC-mediated cAMP increase in the cortex and hippocampus
from WT mice further support this idea. Proteomic analyses from DdPAC-activated
hippocampal cells revealed that activation of DdPAC in neurons primarily modulated
proteins associated with synaptic plasticity. In contrast, stimulation in astrocytes not only
affected proteins related to plasticity but also those involved in immune activation,
inflammation, and cytoskeletal remodelling. Cytoskeletal remodelling it also strongly
associated with our proteomic analyses of cortical DdPAC stimulated samples, with key
ontologies including axon guidance, supramolecular fibre organisation or neurofilament
bundle assembly. Indeed, actin cytoskeleton is vital for both synaptic structure and function,
regulating processes such as receptor anchoring, synaptic trafficking, and local protein
translation (Hotulainen & Hoogenraad, 2010). Moreover, in both cortical and hippocampal
experiments, proteins were predominantly found in the pre- and post-synaptic regions,

further indicating synaptic modulation. This suggests that astrocytes play a more complex
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role in synaptic modulation, potentially influencing both neuronal activity and its

microenvironment.

Indeed, we observed a stronger effect when cAMP modulation occurred in astrocytes
compared to neurons, both at proteomic and electrophysiological level. Recent studies have
increasingly acknowledged the importance of astrocytes in synaptic plasticity, with evidence
suggesting that astrocytic signalling can modulate synaptic strength, neuronal excitability, and
synaptic function, all contributing to the maintenance of LTP (Henneberger et al., 2010;
Perea et al,, 2009). The enhanced effect of cAMP modulation in astrocytes could be
attributed to their role in maintaining extracellular environment and their direct involvement
with the tripartite synapse (Bonansco et al., 2011; Perea et al., 2009; Perea & Araque, 2007),
by releasing gliotransmitters and responding to neurotransmitters, among other processes,
which could be amplifying the effects of cAMP elevation on synaptic plasticity. Our results
further support this hypothesis, as DAPAC-mediated cAMP increase in cortical astrocytes

triggered release of glutamate, thereby activating neighbouring neurons.

While the mechanisms by which astrocytes are implicated in synaptic plasticity remains an
active area of investigation, it is well established that Ca** elevations in astrocytes enhance
the probability of transmitter release by liberating glutamate (Perea & Araque, 2007). In line
with this, much of the research to date has mainly focused on Ca*"-mediated signalling
pathways, which have been well-documented for their role in regulating synaptic activity and
modulating neuronal communication (Araque et al., 2014). Elevations in intracellular Ca*
are known to trigger the release of gliotransmitters like glutamate, ATP, and D-serine, which
in turn modulate synaptic strength and neuronal excitability (Butt, 2011; Mothet et al., 2005;
Santello & Volterra, 2009). This focus on Ca®* has overshadowed the exploration of other
important intracellular pathways, such as those involving cAMP, which remains less
understood, possibly due to the technical challenges associated with measuring cAMP
dynamics in vivo. Notably, our data in cortical slices showed that cAMP induction
specifically in astrocytes modulates synaptic potentiation through a PKA-dependent
mechanism which does not require intracellular Ca*" elevations. In our data, astrocytic cAMP
signalling-dependent potentiation shares some of the mechanisms known to mediate
synaptic plasticity by astrocytes, such glutamate release (Bonansco et al, 2011) and
modulation of synaptic potentiation through NMDAR and D-serine (Perea & Araque, 2007).
As previously mentioned, glutamate release from astrocytes has been classically associated to
Ca’" signalling. However, in our context, our results demonstrate that this glutamate release
occurs independently of calcium, suggesting the involvement of alternative gliotransmission
mechanisms. Ca**-dependent exocytosis has been suggested as the primary mechanism
underlying the release of major gliotransmitters, including glutamate (Sahlender et al., 2014),
however, our findings suggest that an alternative mechanism potentially regulating this
process in our context could be non-vesicular release mediated by plasma membrane ion
channels (Sahlender et al., 2014; Y. Wang et al., 2022). Crucially, the potentiation induced by

astrocytic DAPAC stimulation was only observed in the presence of synaptic activity. This is
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consistent with a situation where astrocyte cAMP-induced glutamate activates NMDAR and
requires synaptically-induced neuronal depolarisation to enable NMDAR ionotropic
signalling associated with classical L'TP. Moreover, it also goes in line with the general
knowledge that astrocytes are able to sense neuronal activity and respond accordingly (Y.
Wang et al., 2022). Importantly, in addition to requiring activity in conjunction with DdPAC
activation to induce DdPAC-LTP, the induction of LTP was frequency-independent,
allowing even synaptic frequencies that normally induce L'TD to instead induce LTP. It
therefore appears that astrocyte cAMP elevation and downstream signalling pathways leads
to a state where synapses are primed for potentiation. Interestingly, recent studies
demonstrated that astrocytes increase cAMP signalling upon synaptic activity (Hasel et al.,
2017; Theparambil et al., 2024), an effect attributed to extracellular adenosine, which is
independent of intracellular calcium (Theparambil et al., 2024), suggesting that our DAPAC-

mediated interventions are recruiting an existing physiological synaptically activated pathway.

The comprehensive analysis of molecular changes induced by cortical DAPAC stimulation
shed further light on the involvement of cAMP signalling in astrocytes to synaptic plasticity.
Particularly, DdPAC stimulation in astrocytes especially involved the phosphorylation of
proteins linked to the modulation of synapses and the modulation of cell morphology.
Indeed, it is well-known that cAMP contributes to morphological changes in astrocytes, as
shown by forskolin-induced effects (Goldman & Abramson, 1990; Schweinhuber et al.,
2015). Furthermore, Gene ontology enrichment analysis pointed to regulation of cytoskeletal
proteins and mediators of the immune system by astrocytes (Sobolczyk & Boczek, 2022),
similarly to what we observe in our data. These effects have been associates with the
involvement of ARP2/3 activity (Mutk et al., 2013), a major modulator of actin dynamics,
which is also increased by DAPAC stimulation in our phosphoproteomic differential dataset.
DdPAC activation also induced the phosphorylation of the PKA catalytic unit (PRKAR1A)
and its effector proteins: adducin (Matsuoka et al., 2000), PXN (Turner, 2000), and VASP
(Bachmann et al., 1999), highlighting the direct link between cAMP increase in astrocytes
and the potential modulation of astrocyte morphology through actin and focal adhesion
modulation. These effects are further supported by the induction of Rho GTPases signalling
by DAPAC, which has been reported to modulate actin dynamics (Paskus et al., 2020). In
this line, a concerted neuronal activity and astrocyte-dependent morphology changes appear
necessary for synaptic plasticity, as previously shown in studies on dendrite dynamics and
motor behaviour during critical periods (J. P. Brandt & Ackerman, 2025). Astrocyte
processes and dendritic spines have been proved to physically interact via EphA4-ephrinA3
to the point that ephrin mutants dendritic spines overgrow and fail to mature, and
consequently synaptic plasticity is inhibited (Filosa et al., 2009). In our samples, increased
Ephrin receptor signalling in the SNC canonical pathway at the phospho-proteome level
suggests enhanced neuronal-astrocyte interactions, which may contribute to the modulation
of synaptic plasticity. Additionally, our phospho-proteome dataset has also reinforced the
idea of cAMP modulation in astrocytes directly impacting on synaptic plasticity, as most of

the synaptic proteins are found in the pre- and -post synaptic compartments.
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Importantly, our results suggest that modulation of cAMP signalling in astrocytes has a
broader impact beyond the astrocytic cell type itself. The phospho-proteomic and proteomic
analyses revealed differential expression of proteins associated with astrocyte development,
which suggest cell-autonomous effects. However, the impact of DdPAC stimulation was

observed across multiple cell types, including neurons, microglia, and oligodendrocytes.
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Figure 63. Mechanisms underlying enhanced plasticity in cortical DdPAC-activated astrocytes.
Summary of key findings from electrophysiological, proteomic, metabolomic, and histological analyses

following DAPAC activation in cortical astrocytes of WT mice.

These findings align with the growing understanding that astrocytes, traditionally thought of
as support cells, play a more central role in regulating broader brain activity. As shown in
previous work (Sobolczyk & Boczek, 2022), this broad response indicates that the activation
of cAMP signalling in astrocytes can have a multifaceted effect, coordinating cellular activity
across different brain cells types in a rapid and dynamic manner. Indeed, we also observed

an increase in AQP4 expression and improved motor learning in WT mice after DdPAC
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stimulation, which further supports this idea (expanded information can be found in the

following section).

Moreover, the effects of DAPAC stimulation involve changes in many nucleotides’ levels.
While our metabolic analysis shows spared cAMP levels, the overall reduction of nucleotide
levels highlights the complexity of cAMP regulation (Chandel, 2021). The decrease in ATP,
the activation of antioxidant mechanisms, together with the large number of proteomic
changes observed suggest the induction of high energy consumption by DAPAC stimulation.
Notwithstanding, the decreased ATP and ADP levels along with constant cAMP suggest a
tightly regulated system where cAMP synthesis is balanced with its degradation(Bielenberg
et al., 2024; Conti & Beavo, 2007). Interestingly, ATP released from astrocytes has been
shown to inhibit synaptic transmission through adenosine signalling. Therefore, it is possible
that altered metabolites by DAPAC stimulation, such as reduced ATP levels, may also
contribute to the facilitation of synaptic transmission. Nevertheless, these results highlight a
limitation in our study. While we have robustly demonstrated that DdPAC activation signals
through PKA activation, we lack a direct measurement of cAMP levels. This absence of
direct quantification of cAMP elevation prevents us from conclusively linking the observed
effects to cAMP signalling in a more precise manner. Future studies incorporating cAMP-

specific sensors would be crucial for validating the precise role of cAMP in mediating the
effects of DAPAC activation.

These findings underscore the therapeutic potential of targeting cAMP signalling to modulate
synaptic plasticity in a controlled manner. Moreover, they contribute to a deeper
understanding of the role of cAMP in astrocytes and its impact on synaptic plasticity, as well
as its broader influence on brain activity, offering a promising opportunity for precision-

based interventions.
5. cAMP modulation in astrocytes from Huntington’s Disease

Currently, there is no cure of effective treatment available for Huntington’s Disease that
significantly improves patients’ quality of life. Numerous clinical trials are ongoing in the
search for therapeutic strategies, with several focusing on reducing or eliminating mutant
huntingtin protein (Kwon, 2021). However, to date, these trials have not achieved success in
delivering a clinically effective solution. In HD, as in many other neurodegenerative
disorders, deficits in synaptic plasticity play a crucial role in the emergence of behavioural
abnormalities (Cepeda & Levine, 2022). Therefore, identifying strategies that enhance
synaptic plasticity may help ameliorate or delay the onset of disease symptoms. Our previous
findings have demonstrated that the expression of DdPAC in astrocytes is able to enhance
synaptic plasticity through DdPAC-mediated cAMP modulation. Building on this evidence,
our study also aimed to explore this mechanism further and assess its potential implications
for addressing synaptic dysfunction in HD. In fact, ongoing clinical trials are investigating
the modulation of cAMP through the use of PDE inhibitors (Erro et al., 2021; Menniti et
al., 2021). However, these efforts have not yet been successful, likely due to their lack of
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region and cell specificity, a limitation that could potentially be addressed through the use of
DdPAC in astrocytes.

To further understand the broader impact of astrocytic cAMP modulation, we investigated
its influence beyond synaptic plasticity at cellular level. Since astrocytes play a crucial role in
neurovascular coupling and metabolic support (Lia et al., 2023), we hypothesised that
DdPAC-induced cAMP signalling could have functional consequences on whole-brain
activity. Hemodynamic responses, which reflect neurovascular interactions and overall brain
function, are a very useful readout of such effects. Thus, we examined hemodynamic
responses before and after astrocytic DAPAC stimulation in both WT and R6/1 mice via
DCS, to determine the extent to which astrocytic cAMP signalling contributes to global brain
functions and its potential therapeutic implications. In this study, we were able to
demonstrate the potential of DdPAC-induced cAMP signalling in modulating whole cortical
function in R6/1 mice, as hemodynamic responses were induced 7z vivo by the stimulation of
astrocytic DAPAC. This observation emphasises the importance of incorporating the
astrocytic cAMP signalling pathway as an additional mechanism in the broader framework
of neurovascular coupling (Petzold & Murthy, 2011). Interestingly, cAMP induced by PACs
expressed in blood vessel cells have also shown to induce local hemodynamic increases (Abe
etal., 2021). Furthermore, R6/1 mice showed a greater increase in blood flow than WT mice.
This observation is consistent with our previous findings, which demonstrate that R6/1 mice
exhibit neuronal cAMP hyperactivation in response to stimuli, suggesting that both neurons
and astrocytes in HD might show altered cAMP responses, and which might require further
investigation. In fact, no significant hemodynamic response was detected in WT, although a

tendency was observed.

Moreover, we observed increased AQP4 levels in WT mice post-mortem tissue from the
same cohort. AQP4 membrane trafficking modulate synaptic plasticity through astrocyte
processes motility (Ciappelloni et al., 2019b). Interestingly, synaptic transmission involves
the swelling of perisynaptic astrocyte processes as a consequence of extracellular K+
buffering and associated water movement through AQP4 (Walch & Fiacco, 2022). This
aligns with the observed increase in GFAP expression in stimulated areas in the iz vivo
behavioural experiment, and increased modulation of cytoskeletal processes in the phospho-
proteomic study. Besides, R6/1 mice were not able to show an increase in AQP4 levels.
Indeed, the glymphatic system has been seen to be impaired in HD (H. Liu et al., 2024).
Specifically, AQP4 levels are known to be disturbed in neurodegenerative diseases (H. Liu et
al., 2024; Yang et al., 2011). Hence, cAMP modulation in astrocytes can influence brain

function and the glymphatic system in WT' mice; however, this response is disrupted in HD.

In 2021, Zhou and colleagues (Z. Zhou et al.,, 2021) increased cAMP in hippocampal
astrocytes using blue activated PAC transgenic mouse lines and facilitated memory formation
via NMDAR-dependent plasticity. In light of this and our previous results, we expressed
DdPAC in M2 cortical astrocytes and evaluate motor behaviour after sustained stimulation.

Yet, we first demonstrated that a 10-minute stimulation was sufficient to elicit detectable
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changes in spontaneous behaviour in R6/1, but not in WT mice, specifically inducing
stereotypic grooming. Grooming is an innate behaviour in mice and is known to be increased
in HD, where the development of stereotypical behaviours likely indicates cortico-striatal
dysfunction (Fernandez-Garcia et al., 2020). Notably, after repetitive DdPAC stimulation,
motor learning was improved in WT mice. Indeed, alterations in astrocyte-neuron
communication have been shown to impair motor learning while sparing locomotion and
motor coordination (Lundquist et al., 2022). Accordingly, divergent responses were observed
in DdPAC stimulated R6/1 mice, which did not improve motor learning and impaired their
coordination. In Zhou’s study (Z. Zhou et al., 2021), they reported that the effects of cAMP
clevation vary depending on the timing of the stimulation in the context of memory, with
increased cAMP levels disrupting memory retention. These findings highlight that the impact
of astrocytic cAMP modulation is highly context-dependent, suggesting that its effects may
be influenced by the synaptic molecular and disease-related environment. Additionally,
alterations in astrocytic function and cAMP signalling are known in HD (Diaz-Castro et al.,
2019; Gines et al., 2003; Kelly, 2018; Tyebii et al., 2015; Villanueva et al., 2023), which may
be influencing DAPAC response.

The striatum, along with the cortex, is one of the regions most affected in HD. Consequently,
we aimed to investigate the effects of DAPAC expression specifically in astrocytes within the
striatum of R6/1 mice. In this context, we observed that an acute stimulation of DAPAC
increased anxiety-like behaviour in R6/1, and impaired coordination in both WT and R6/1
mice. Furthermore, no improvement was observed in any of the tests performed. This data
could be explained by another recently published study (X. Yu et al., 2020). In it, it was
suggested that cAMP signalling in striatal astrocytes might include an inhibition of the
GPCRi receptor in R6/2 mice, thereby increasing cAMP signalling. Still, more studies should
be performed in order to known if astrocytes in the cortex of HD may also exhibit inhibited
GPCRi signalling.

Furthermote, after both cortical and striatal DAPAC stimulation and behavioural
experiments, we aimed to study the status of astrocytes in this samples. In both cases, we
observed an increase in GFAP expression in DdPAC-activated astrocytes from W' mice.
However, DAPAC stimulation in hippocampal astrocytes from WT mice in AD experiments,
did not show differences in GFAP expression. Furthermore, only striatal astrocytes from
R6/1 displayed also this increase. This astrocyte reactivity aligns with our previous results in
which we observe modulation of the cytoskeleton after DdAPAC-mediated cAMP increase.
Other studies further support this idea, as it was observed that after increasing cAMP levels,
RhoA phosphorylation, a key GTPase in cytoskeleton regulation, increased the hippocampus
of R6/1 mice (Miguez et al., 2015). However, we observe regional heterogeneity, suggesting
that astrocytes in the striatum, cortex, and hippocampus may respond differently to cAMP
modulation, likely due to intrinsic molecular and functional differences. Notably, several
studies highlight significant regional differences in astrocyte function. For instance,

astrocytes exhibit diverse molecular profiles in different brain regions, with unique subtypes
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contributing to synapse regulation and responses to stimuli (Bocci et al., 2016; Kruyer, 2022).
Specifically, astrocytes can display distinct calcium flux patters and synaptic associations
(Augusto-Oliveira et al., 2020; Kruyer, 2022; Martin et al., 2015), which may explain varying
responses to cAMP modulation in different regions. The observed variability in response
across brain regions further supports the idea that astrocytes are a heterogeneous population,
whose functional diversity influences both disease mechanisms and the efficacy of

therapeutic interventions.

In conclusion, our findings highlight the complex role of astrocytic cAMP modulation in
HD. We demonstrated that cAMP modulation can influence whole brain function and
behaviour, but with differential responses depending on the brain region and between WT
and R6/1 mice. While astrocytic cAMP signalling shows potential as therapeutic strategy, our
results underscore the importance of considering regional heterogeneity and the context-
dependent nature of astrocytic responses. These findings emphasise the need for region-,

cell-type specific therapeutic responses in HD.

Notably, we also demonstrated the ability of DCS to non-invasively detect differential CBI
responses in vivo in HD. While these results support a role for astrocytic cAMP in regulating
neurovascular coupling, they also underscore the potential of this technique for assessing
brain-wide cortical responses. Blood flow can be visualised using DCS in an intact skull, by
analysing the intensity fluctuations of laser light caused by the scattering of red blood cells
(Sdobnov et al., 2024). A blue-light illumination of ChR2 in cortical neurons has proved that
increased neuronal activity can be translated as increased hemodynamics and monitored
through DCS. Neuronal activation has been related to the hemodynamic response i vivo,
which has been studied using functional magnetic resonance imaging, based on the BOLD
signal (Ogawa et al., 1993). Nevertheless, MRI is a costly and complex technique that
demands significant expertise and specialized equipment. Thus, DCS could serve as a more

affordable and accessible alternative for studying brain function.
6. cAMP modulation in neurons and astrocytes from Alzheimer’s Disease

AD represents the most prevalent neurodegenerative disorder, with its incidence expected
to rise due to global population aging (Schneider et al., 2009). Currently, no cure exists for
AD, highlighting the need for novel therapeutic strategies. Synaptic plasticity impairments
are central to AD pathology, leading to cognitive deficits and memory loss (Koss et al., 2016;
Querfurth & LaFerla, 2010). The hippocampus, crucial for learning and memory, is
particularly vulnerable, exhibiting significant neuronal degeneration and synaptic dysfunction
in AD patients. cAMP is essential to synaptic plasticity and memory formation within
hippocampal neurons. Increase in neuronal cAMP signalling have been associated with
enhanced L'TP and improved cognitive function (Glazewski et al., 1999; Kandel, 2012;
Zamarbide et al., 2019). Astrocytes also use cAMP signalling to modulate neuronal activity,
and disruptions in astrocytic cAMP pathways have been implicated in neurodegenerative

processes (Sobolczyk & Boczek, 2022). Furthermore, modulation of hippocampal neurons
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with bPAC has shown to modulate memory in mice (Z. Zhou et al., 2019). Building upon
this information and our prior findings, which underscored the importance of the molecular
context and brain region when modulating cAMP signalling, we investigated the effects of
DdPAC-mediated cAMP increase in both neurons and astrocytes within the context of AD
and in the hippocampus.

AR plaque accumulation and gliosis are main signatures of AD pathology (Braak & Braak,
1991; J. A. Hardy & Higgins, 1992; Stelzmann et al., 1995). Assessing these markers is crucial,
as AP aggregation drives neurotoxicity, while reactive gliosis reflects neuroinflaimmation,
both contributing to synaptic dysfunction and disease progression in AD. 24 hours after
DdPAC stimulation, we observed that GFAP expression was elevated in both neuronal and
astrocytic GFP histological analysis from 5xFAD compared to WT, consistent with the well-
documented astrogliosis in AD (Fakhoury, 2017; Matsuoka et al., 2001). Interestingly,
DdPAC-mediated cAMP increase in astrocytes did not alter GFAP levels in whole
hippocampal slices from WT mice, but increased GFAP protein expression in our proteomic
samples, confirming that cAMP is modulating GFAP expression in astrocytes, as observed
in previous experiments. However, DdAPAC activation in astrocytes from 5xFAD mice,
significantly reduced GFAP expression in slices from 5xFAD astrocytes, and no differences
were observed in GFAP protein expression. This suggests that astrocytic reactivity in AD
may be partially modulated by cAMP signalling. Some studies reported GFAP modulation
through cAMP signalling (Shafit-Zagardo et al., 1988), and cAMP in astrocytes is known to
mediate inflammatory processes through NFK increase (Ageeva et al., 2024; Z. Zhou et al.,
2019), though available data on this mechanism remains limited. Furthermore, it supports
our hypothesis that the regional and molecular context influences the outcome of cAMP
signalling modulation, as we previously observed no major changes in GFAP expression in
the cortex but increase GFAP expression in the striatum of R6/1 mice. Conversely, neuronal
DdPAC stimulation had no effect on GFAP expression, indicated by both our histological
and proteomic analyses, suggesting that astrocytic reactivity was not indirectly affected by
neuronal cAMP modulation. This further highlights the potential cell-specific response,
where direct cAMP regulation in astrocytes is required to modulate astrogliosis. These
findings support the idea that targeting astrocytic cAMP pathways could be a promising
strategy to mitigate neuroinflaimmation in AD, potentially improving the glial environment

and restoring synaptic function.

To further investigate the inflammatory state in the hippocampus, we next studied Ibal
expression, specifically in the dentate gyrus and CAl regions, both known to be highly
affected in AD (Nairuz et al., 2024). Ibal, a microglial marker, plays a critical role in the
identification of microglial activation, which is an indicator of neuroinflammation. After
DdPAC activation in astrocytes, we did not observe significant changes in Ibal expression
in the histological analysis from CA1 region, suggesting that cAMP modulation in astrocytes
might not be impacting microglial activation in this specific hippocampal area. However, we

did observe a modest effect in the DG, although differences were not striking. Still, genotype
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differences were not observed in our histological data, limiting our ability to interpret these
results. Importantly, these differences were confirmed with our proteomic analyses, in which
Ibal expression is increased in both WT and 5xFAD samples. Notably, DAPAC stimulation
in neurons resulted in decreased Ibal expression in histological analysis from the CA1 region
of the hippocampus, indicating that neuronal cAMP elevation may have an inhibitory effect
on microglial activation. Indeed, it is known that neurons communicate with microglia
through the release of fractalkine, a known microglial chemoattractant, which could be
modulated by cAMP signalling (Eyo et al., 2016; Harrison et al., 1998). Interestingly,
fractalkine has been seen to be modulated by cAMP signalling in mesangial cells, which
indicates that this mechanism could be shared with neurons (Y.-M. Chen et al., 2003). Indeed,
our proteomic analyses indicate that fractalkine is differentially increase in our samples,
further supporting our hypothesis. We did not observe differences in microglial activation in
the DG following DdPAC activation of neurons, neither in our histological or proteomic
analysis. However, similar to our previous findings, this interpretation should be considered
with caution, as no genotype differences were observed in this group. While our analysis
focused on GFAP and Ibal expression levels, studying their morphological changes would
provide a more detailed insights into glial activation. Astrocytes and microglia undergo
characteristic morphological alterations in response to neuroinflammation, which correlate
with functional changes, such as AB clearance, cytokine release, and neuroinflaimmation

modulation.

We then assessed AR deposits in AD mice. We observed no changes in plaque depositions
in the hippocampus where DAPAC was activated in neurons, suggesting that neuronal cAMP
clevation does not directly impact AR plaque formation nor elimination. Furthermore,
microglia are crucial for the clearance of A plaques through several mechanisms, including
phagocytosis (Y. Huang et al., 2021). When activated, microglia can migrate toward plaques
and engulf AB, thereby reducing plaque load. In our study, DAPAC activation in neurons led
to a decrease in microglial activation, aligning with our results on unaltered AB depositions.
In contrast, DAPAC stimulation in astrocytes led to a significant reduction in both the
number and percentage of AB plaques in the hippocampus. The reduction of AB plaques
observed aftert DAPAC-mediated cAMP increase in astrocytes from 5xFAD mice could be
linked to several mechanisms. Astrocytes play a key role in AP clearance through
phagocytosis and secretion of AB-degrading enzymes (C.-C. Liu et al., 2017; Ries & Sastre,
2016). Elevated cAMP could be enhancing these clearance pathways, leading to a reduction
in plaque deposition. Moreover, the observed decrease in GFAP expression in DdPAC-
activated astrocytes may reduce astrogliosis, which could promote a more functional, less
reactive astrocytic phenotype, thereby facilitating A clearance. Previously, we hypothesised
that the lack of altered plaque deposition in tissue where DAPAC was activated in neurons
may be due to decreased microglial activation. Consequently, the third suggested mechanism
through which we might be observing reduced AB deposition in tissue where DdPAC was
activated in astrocytes could be the increase in Ibal expression, as observed in our proteomic

analysis. Therefore, cAMP-mediated astrocytic activation could be promoting Af3 clearance,
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potentially through both release of AB-degrading enzymes and microglial engulfment of AB
deposits, ultimately reducing plaque burden in 5xFAD mice.

To further investigate the mechanisms underlying the observed changes, we performed a
more detailed analysis of the proteomic data. Proteomic analysis of DdPAC-activated
astrocytes confirmed distinct profiles in WT and 5xFAD mice, with DdPAC inducing
protein changes in both groups. Notably, WT DdPAC resembled 5xFAD GIP group,
suggesting activation of pathways altered in 5xFAD pathology. However, proteomic analyses
of tissue where DAPAC was activated in neurons revealed only genotype differences, with
the proteomic shift induced by DdPAC being minimal. In line with this, DdPAC activation
in astrocytes of WT' mice induced a greater proteomic shift than in neurons, supporting our
hypothesis that astrocytic cAMP modulation leads to broader brain-wide changes than
neuronal modulation. Furthermore, the widespread effects of astrocytic cAMP modulation
may be due to their extensive networks, allowing them to regulate multiple neuronal circuits
and interactions with other glial cells. However, in 5xFAD mice, neuronal DAPAC activation
resulted in a stronger proteomic shift than astrocytic activation, suggesting disease-specific
alterations in cAMP signalling. These results may arise from astrocytic dysfunction in 5xFAD
pathology (Gonzalez-Reyes et al, 2017), known to have disrupted gliotransmission,
neurotransmitter uptake, and altered calcium signalling due to AB deposits (Makitani et al.,
2017; Matos et al.,, 2012; Mitew et al., 2013). Alternatively, neuronal cAMP signalling in
5xFAD mice might be more responsive due to compensatory mechanisms or altered cAMP

regulation.

Since DAPAC modulates cAMP, we investigated the PICA interactome to better understand
the direct consequences of DdAPAC activation in both astrocytes and neurons. The
differential impact of DAPAC activation on the PKA interactome in WT and 5xFAD mice
highlights the complex role of astrocytes and neurons in regulating cAMP signalling
pathways. In WT mice, the activation of DdPAC in astrocytes induced a larger PKA
interactome shift than in neurons, suggesting that astrocytes may play a more central role in
modulating the cAMP-PKA pathway at whole-tissue level. In contrast, in 5xFAD mice,
DdPAC activation in neurons elicited a more significant effect on the PKA interactome than
in astrocytes. Again, this could be reflecting compensatory mechanisms in neurons that are
adapting to the pathological changes in AD, which may amplify the cAMP response in
neurons. Additionally, the restricted and more focused PRKACA interactome in astrocytes
in 5xFAD mice, compared to the broader interaction network in WT astrocytes, suggests
that astrocytes may become less responsive to cAMP modulation in the context of

neurodegeneration.

At a functional level, the proteins identified in the PKA interactome and gene ontology
analysis of DAPAC-activated astrocytes, associated with the entire set of differential proteins,
reveal similar functional trends both in WT and 5xFAD samples, particularly in cytoskeleton
and immune function. However, in WT mice, changes in synaptic plasticity are also observed,

while in 5xFFAD mice, such changes appear less pronounced. In 5xFAD mice, the alterations
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observed in immune response and gliosis might overshadow potential changes in synaptic
plasticity, as these processes are already dysregulated in the context of AD pathology (Oakley
et al., 2000; Westi et al., 2024). The neuroinflammatory environment could interfere with
normal plasticity mechanisms that are usually present in healthy neurons. This increased
immune response may impair normal signalling pathways required for plasticity, masking
potential changes in neuronal function (Boulanger & Shatz, 2004). To confirm this
hypothesis, further functional analysis, such as electrophysiological assessments of synaptic
plasticity, would be necessary. In the case of DAPAC activation in neurons, synaptic
plasticity remains the primary functional change observed in both WT and 5xFAD mice. In
WT mice, this aligns with the expected role of cAMP signalling in the hippocampus,
regulating synaptic strength and plasticity, which are crucial for learning and memory.
However, in 5xFAD mice, while synaptic plasticity remains modulated, the primary change
appears to be more pronounced cytoskeleton regulation. In 5xFAD, DdPAC-activated
astrocytes also appear to prioritise immune response and glial activation over plasticity. The
shift could be due to the pre-existing pathological state in the 5xFFAD mice, where
neuroinflaimmation and gliosis are already prominent. Thus, in both neurons and astrocytes,
DdPAC activation in 5xFAD mice could be triggering compensatory mechanisms that focus
more on maintaining cellular integrity and responding to stress, rather than promoting
synaptic plasticity. This shift may suggest that the pathological environment in 5xIFAD mice
alters normal astrocytic and neuronal responses to cAMP signalling. Behavioural studies

could help disentangle how these proteomic changes translate into a functional response.

In summary, these findings highlight the differential roles of cAMP-driven modulation in
astrocytes and neurons and suggest that the cellular response to cAMP signalling
interventions is influenced by the underlying health status, potentially varying in the context
of neurodegenerative pathology. In astrocytes, DAPAC activation in 5xFAD mice reduced
AB plaque depositions and reduced GFAP expression, suggesting that enhancing cAMP
signalling in astrocytes could promote Af clearance and reduce astrogliosis, which is known
to contribute to neuroinflammation and synaptic dysfunction in AD. These changes seem
mainly driven by modulation of the cytoskeleton and immune response. In neurons, DdAPAC
activation modulated synaptic plasticity proteins in both WT and 5xFAD mice, but with a
less pronounced effect in 5xIFAD mice, which also show markers of cytoskeleton regulation
and inflammation, likely due to pre-existing neuroinflaimmation. Moreover, the reduced
microglial activation observed following neuronal DAPAC activation seems to limit its
capacity to reduce AP deposition. These findings underline the complexity of cAMP
signalling in AD and point to the need for a targeted, cell-specific approach in future

therapeutic interventions.
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7. Main findings and scientific relevance

In summary, this thesis provides new insights into the cAMP signalling pathway through the
use of DAPAC, offering a deeper understanding of its specific role in synaptic plasticity and
in the context of the neurodegenerative diseases HD and AD. First, our data demonstrates
the involvement of neuronal cAMP in M2 cortical behaviours and reveal altered neuronal
cAMP dynamics in HD mice. Additionally, we identify early motor and psychiatric M2-cortex
related impairments, highlighting the potential for early therapeutic intervention. To facilitate
in vivo application, we establish a minimally invasive method for AAV delivery that
successfully achieves transgene expression in specific cell types and mouse strains. Notably,
we demonstrate that DAPAC-mediated modulation of cAMP signalling can enhance synaptic
plasticity in the cortex, particularly when activated in astrocytes, thereby positioning DAPAC
as a powerful tool for plasticity modulation. In the context of neurodegeneration, DAPAC
activation in HD and AD models produces differential effects: in HD cortical astrocyte
activation improves motor learning in WT but impairs coordination in HD mice, while
striatal astrocyte activation disrupts coordination in both. In AD, increasing cAMP in
hippocampal astrocytes reduces astrogliosis and AP deposits, whereas neuronal activation
decreases microglial reactivity. Proteomic analysis of hippocampal samples reveals distinct
DdPAC-driven proteomic changes in neurons and astrocytes, as well as between WT and
AD mice, linking cAMP-PKA pathway activation to synaptic plasticity and immune

responses:

In conclusion, we present a novel tool to modulate cAMP signalling in vivo, uncovering its
cell-specific roles and alterations under pathological conditions. Moreover, we propose
cAMP signalling as a promising target for therapeutic modulation in neurodegenerative
diseases through the use of DAPAC. Our findings demonstrate that DAPAC-mediated cAMP
modulation in both neurons and astrocytes significantly influences neuronal plasticity, while
also highlighting its cell-type-specific effects, as astrocytic cAMP-PKA modulation leads to
broader effects than neuronal cAMP-PKA. Moreover, our results emphasise the critical role
of brain region and molecular environment in determining the outcomes of cAMP
modulation, as DAPAC activation elicits distinct effects in the cortex, striatum, and
hippocampus, and depending on the disease state. Finally, we provide strong evidence
supporting DAPAC as a versatile tool for modulating cAMP-PKA signalling, with potential

application in both neuroscience research and therapeutic development.
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The main conclusions drawn from the results presented in this thesis are as follows:

1.

10.

11.

12.

13.

Neuronal cAMP signalling plays a significant role in M2-cortex-associated
behaviours, as evidenced by the increased cAMP levels during motor learning and
beetle mania tasks in mice.

Alterations in neuronal cAMP dynamics during M2 cortex-dependent tasks are
present in the R6/1 mouse model of Huntington’s Disease, with the extend of these
impairments being stage-dependent. However, these changes do not appear to
correlate with behavioural alterations in the R6/1 mice.

Fine motor deficits and anhedonia-like behaviours, both linked to the M2 cortex,
are evident at early stages of HD, preceding the onset of major motor symptoms
and highlighting the potential for early therapeutic interventions.

The AAV serotype PHP.eB, but not AAVY, enable widespread construct expression
in the brain via a minimally invasive retroorbital administration route, which can
efficiently target specific cell types and different mouse strains.

Red-light stimulation of cortical DAPAC induces synaptic potentiation in both
neurons and astrocytes, with a more pronounced effect after activation in astrocytes.
Astrocytic DdPAC-induced LTP is PKA- and NMDAR-dependent, calcium-
independent, and requires a synaptic stimulus for induction.

DdPAC stimulation in M2 cortical astrocytes impacts on synaptic plasticity and
cytoskeletal protein phosphorylation pathways in diverse brain cells within minutes.
DdPAC activation in astrocytes leads to an aberrant increase in cortical
hemodynamics in R6/1 mice.

Repetitive DdAPAC-mediated cAMP increase in cortical astrocytes is able to enhance
motor learning in WT' mice, but further impairs coordination in R6/1 mice.
Repetitive  DAPAC-mediated cAMP increase in striatal astrocytes impairs
coordination in WT mice and exacerbates its alterations in R6/1 mice.

Acute increase of DdPAC-mediated cAMP in hippocampal astrocytes reduces
Alzheimer’s Disease neuropathological hallmarks, such as astrogliosis and AR
deposits, in 5xFAD mice, whereas no such effect is observed when cAMP levels are
increased in neurons.

The outcomes of DAPAC-mediated cAMP elevation in the hippocampus differ
between neurons and astrocytes. Neuronal DdPAC activation is confined to
modulating synaptic plasticity, while astrocytic DAPAC activation induces broad
responses, including synaptic plasticity together with glial and immune system
activation.

The molecular and behavioural outcomes of cAMP modulation are influenced by
brain region, underlying molecular impairments, and cell type. Thus, while DAPAC
represents a versatile tool for modulating cAMP-PKA signalling at multiple levels,
with potential applications in neuroscience research and therapeutic development,
these factors must be carefully considered when designing novel therapeutic

interventions for neurodegenerative diseases.
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