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RESUMEN

c-Abl es una tirosina quinasa que estd involucrada en el desarrollo neuronal,
neurogénesis, migracion neuronal, extension del axén y plasticidad sinaptica.
Crecientes evidencias posicionan a la c-Abl en un rol importante en la patologia de
la enfermedad de Alzheimer (EA). Nuestro laboratorio ha mostrado que c-Abl se
activa en modelos in vitro e in vivo de la enfermedad, y su activacion involucra
pérdida sinaptica e inhibiciobn de la potenciacion a largo plazo inducida por
oligbmeros AB. Ademas, el tratamiento con Imatinib, un inhibidor de c-Abl, reduce
la pérdida neuronal, la hiper-fosforilacion de tau y los depésitos AB. Mas importante
aun el tratamiento con el inhibidor Imatinib disminuye el deterioro en el desempefio
cognitivo de animales modelos de EA. No obstante, una de las limitaciones de estos
estudios es que lo inhibidores empleados tienen una baja permeabilidad a la barrera
hematoencefalica, ademas de inhibir a otras quinasas como blancos secundarios.

En este sentido, nos preguntamos si la c-Abl activada contribuye a la disminucion
de la conectividad funcional y al déficit cognitivo presente en un modelo animal de
la Enfermedad de Alzheimer. Y si bien se ha descrito que en la EA hay alteraciones
en la conectividad funcional, no se ha estudiado el rol de la c-Abl en la misma. Para
responder a nuestra interrogante evaluamos el efecto de la ablacién genética de c-
Abl sobre el desempefio cognitivo y la conectividad funcional cortical, en un modelo
de la EA. A partir del modelo de Alzheimer doble transgénico APP/PS1 y de la cepa
Abl-KO, un raton que permite la delecioén de c-Abl especifica en cerebro, generamos
una nueva cepa transgénica: APP/PS1/Abl-KO. Asi, evaluamos el desempefio
cognitivo en cuatro grupos experimentales: WT, Abl-KO, APP/PS1 y APP/PS1/Abl-
KO, a través de diferentes pruebas conductuales: Reconocimiento de objeto nuevo
(NOR), Memoria de localizacién de objeto (OLM), Laberinto de Barnes (BM) y
Flexibilidad de Memoria (MF). También evaluamos la actividad neuronal intrinseca
y la conectividad funcional en el eje hipocampo-corteza prefrontal, para asi
establecer un correlato neuronal con las funciones cognitivas.

Los resultados mostraron que, en el OLM, una prueba dependiente de hipocampo,
los animales nulos de c-Abl en el contexto de la enfermedad de Alzheimer
(APP/PS1/Abl-KO) mejoraron su capacidad de reconocer el objeto desplazado.
También, en el BM, otra prueba dependiente de hipocampo, los animales
APP/PS1/Abl-KO encuentran mas rapido la plataforma de escape. De manera
similar, en el MF los animales APP/PS1/Abl-KO requieren menos intentos para
alcanzar el criterio de aprendizaje. Estos resultados sugieren que c-Abl juega un rol
deletéreo en la cognicion en el contexto de la EA. Interesantemente, c-Abl parece
jugar un efecto similar en la disfuncién asociada al envejecimiento. Reflejado en la



mejora del desempefio cognitivo observada en los animales Abl-KO comparado con
los animales WT en el OLM y el BM.

Los parametros neurofisiolégicos también mostraron diferencias marcadas entre los
grupos experimentales. En el analisis de cros-correlacion entre los ripples del
hipocampo y las espigas de la corteza prefrontal encontramos que los animales
APP/PS1 mostraron una hiperactividad patologica de la corteza prefrontal, la cual
no esta asociada con el aumento de la tasa de descarga en esta area. Esta
hiperactividad disminuy6 en los animales nulos de c-Abl en el contexto de la EA.
Ademas, cuando evaluamos la actividad sincrénica entre la corteza y el hipocampo
durante la oscilacién theta, encontramos que los animales WT y APP/PS1/Abl-KO
tenian significativamente mejor coherencia que los animales Abl-KO y APP/PSL1.
Mientras que los Abl-KO y los APP/PS1 no presentaban diferencia entre ellos.
Ambos parametros mencionados anteriormente son indicativos de la conectividad
cerebral, sugiriendo asi que la ausencia de c-Abl en el contexto de la EA fortaleceria
la conexion entre el hipocampo y la corteza prefrontal. Finalmente, el andlisis
histopatoldgico sugiere que la ausencia de c-Abl retrasa la acumulacién de placas
amiloides.

En resumen, el presente trabajo realiza dos aportes importantes al campo de
estudio de la Enfermedad de Alzheimer. En primer lugar, confirma el rol de la c-Abl
en la patologia de la EA, que habia sido previamente descrito con el uso de
inhibidores. En segundo, lugar se describe la participacion de la c-Abl en el déficit
de la conectividad funcional presente en un modelo animal de EA. En conjunto, los
resultados aqui presentados entregan un poderoso respaldo para considerar a la c-
Abl un probable blanco terapéutico para el tratamiento de la enfermedad.



ABSTRACT

c-Abl is a non-receptor tyrosine kinase involved in neuronal development,
neurogenesis, neuronal migration, axonal extension, and synaptic plasticity.
Growing evidence suggests that c-Abl plays a role in the pathogenesis of
Alzheimer’s disease (AD). Our laboratory has shown that c-Abl is activated in both
in vitro and in vivo AD models, and its activation is involved in synaptic loss and long-
term potentiation inhibition induced by AR oligomers. Also, Imatinib treatment, a c-
Abl inhibitor, reduces neuronal loss, tau phosphorylation, AR deposition, and
improves the cognitive performance in transgenic AD mouse models. However, one
of the limitations of those studies is that inhibitors have low permeability of the blood-
brain barrier and target other kinases.

There is no evidence of how the c-Abl effect at the molecular level influences the
behavioral performance. In this sense, we wonder if the c-Abl contributes to
decreased functional connectivity and cognitive decline in a transgenic Alzheimer’s
disease model. To address the question, we assessed the effect of the genetic
ablation of c-Abl on cognitive performance and functional cortical connectivity in a
transgenic AD mouse model. Using the APP/PS1 and Abl-KO, we generated a new
transgenic strain of AD, APP/PS1/Abl-KO with a brain-specific genetic deletion of c-
Abl. We evaluated the cognitive performance of four experimental groups WT, Abl-
KO, APP/PS1 y APP/PS1/Abl-KO, using different behavioral tests: Novel Object
Recognition (NOR), Object-Location Memory (OLM), Barnes Maze test (BM), and
Memory Flexibility (MF). We evaluated the intrinsic neuronal activity and functional
connectivity in the hippocampal-prefrontal cortex axis to establish neural correlates
of cognitive function in the transgenic lines.

We found in the OLM test, a hippocampus-dependent task, that mice null for c-Abl
in AD (APP/PS1/Abl-KO) had improved the ability to recognize the displaced object.
Also, in the BM test, another hippocampus-dependent test, the APP/PS1/Abl-KO
mice learned faster than the others. Similarly, in the MF test, APP/PS1/Abl-KO mice
required fewer trials to reach the learning criterion. These results suggest that c-Abl
plays a detrimental role in cognition in the context of AD pathology. Interestingly, c-
Abl seems to play a similar effect on the dysfunction associated with aging. Abl-KO
mice had better performance than WT mice in the OLM and BM tests.

Neurophysiological parameters also showed distinct differences between groups. In
the cross-correlation analysis between hippocampal SWRs and mPFC spikes, we
found that APP/PS1 mice showed pathological hyperactivity of the prefrontal cortex,
not associated with the firing rate. This hyperactivity was decreased in animals
lacking c-Abl in the context of AD. Also, when we evaluated synchronous activity
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between Prefrontal Cortex and Hippocampus during theta oscillations, we found that
WT and APP/PS1/Abl-KO groups were significative different from Abl-KO and
APP/PSL1. In contrast, Abl-KO mice had no differences with APP/PS1 mice. Both
parameters mentioned earlier are indicative of cortical connectivity; thus, the lack of
c-Abl strengthener this connection in the context of Alzheimer’s disease. Finally, the
histopathological analysis suggests that the lack of c-Abl delay amyloid plaque
accumulation.

In summary, the present work makes two significant contributions in the field of study
of AD. In the first place, confirm the role of c-Abl on Alzheimer’'s disease’s
pathological mechanism. Second, described c-Abl participation in the decreased
functional connectivity seems in an animal model of AD. Taken together, the results
presented here provide full support to consider the c-Abl as a feasible therapeutic
target in Alzheimer’s disease.
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1 INTRODUCTION

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative illness characterized by cognitive
decline, primarily affecting memory (Scott et al., 2012). Alzheimer’s disease is the
leading form of dementia worldwide and may contribute to 60-70% of cases
(Dementia, n.d.). Most AD cases are sporadic (SAD), and multiple risk factors, such
as aging, environmental stress, and diet, are thought to play critical pathogenic roles
(Dorszewska et al., 2016). The remaining AD cases, which account for 5-10% of
total AD cases, are inherited from one generation to the next and are referred to as
familial AD (fAD) (Lane et al., 2018). The brains of patients with AD have a loss of
neuronal populations in regions related to memory and cognition. The earliest AD
changes are neuronal dysfunction (reduced connectivity and loss of plasticity)
followed by synapsis loss, neurotransmitter depletion, cytoskeletal alterations,
abnormal protein phosphorylation, and finally, neuronal death (Atwood & Bowen,
2015). Histopathologically, Alzheimer’s disease shown extracellular accumulations
of the amyloid-3 peptide (AB), called amyloid plagues or senile plaques. It also has
intracellular accumulations of neurofibrillary tangles (NFTs) (Atwood & Bowen,

2015).
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In the first stage of AD, there is a progressive deficit in learning and short-term
memory. Then, in later stages of the disease, long-term memories are impaired
(Alberici et al., 2014). Non-cognitive symptoms like disturbances in diurnal activity,
aggressiveness, and symptoms of the affective and paranoid-schizophrenic disease
are often associated with AD, which — unlike the cognitive symptoms — are not
progressive (Bilkei-Gorzo, 2014). Memory impairment is not equally in AD patients;
episodic memory, semantic memory, and implicit memory are affected less than new
facts or memories (Reitz et al., 2011). The neurons of the hippocampus and the
association areas involved in cognitive functions become increasingly dysfunctional,
with loss of dendritic spines and synapses. Neurotransmitter pathways start to fail
notably, not only the cholinergic system but also the glutamatergic and
serotoninergic system (Xu et al., 2012). Progressive brain atrophy, particularly in the
neocortex and hippocampus, is observed in magnetic resonance imaging scans

from AD patients (Alberici et al., 2014).

1.1.1 Alzheimer’'s disease models

Experimental models play a crucial role in the understanding of different pathologies.
Many models of Alzheimer’s disease, in vitro and in vivo, are reported in the
literature. Those are essential to understand AD pathogenesis further and perform
pre-clinical testing of novel therapeutics. However, most experimental models
almost exclusively consist of transgenic mice that express human AD-associated

genes that result in the formation of amyloid plaques.
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Mouse APP has 97% sequence homology with human APP. Notably, sequence
differences between mice and humans include three amino acids within the AR
sequence. These differences reduce AB aggregation and prevent the formation of
amyloid plaques in wild-type mice. Therefore, human APP expression is necessary
to form amyloid plaques in mice (Drummond & Wisniewski, 2017). Mice that
overexpress genes for a human APP with fAD mutations, alone or in combination
with mutant human presenilin 1 (PSEN1) gene are the most useful AD research

models (Drummond & Wisniewski, 2017).

In this sense, the widespread AD transgenic mouse model is the
APPswe/PSEN1AE9, a double transgenic mouse that expresses a chimeric
mouse/human mutant amyloid precursor protein (Mo/HUAPP695swe) and a mutant
human presenilin 1 (PSEN1AE9) both directed to Central Nervous System neurons
(Jankowsky et al., 2004). Both mutations are associated with early-onset AD. The
transgenic mice develop AR deposits in the brain by 4-months-old, with a progressive
increase of AB levels and plaque numbers of up to 12 months. Those increases are
mainly in the cortex and Hippocampus (Finnie et al., 2017; Garcia-Alloza et al.,
2006). Between 8 and 10 months is observed neuronal loss adjacent to plaques

relative to more distal areas (Jackson et al., 2016).

Synaptic damage has also been seen in APPswe/PSEN1AE9 mice. In 2,5 month-
old mice, a decrease in the synaptic density and a reduction in the postsynaptic
density thickness are observed (Meng et al., 2017a). A decrease in pre-and
postsynaptic components has also been reported, such as synaptophysin and

NR2B, respectively (Meng et al., 2017b). Deficits in synaptic plasticity have been
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observed, particularly deficits in transient long-term potentiation in mice from 3 to 12-
months-old (Volianskis et al., 2010), as well as a decreased in dendritic spines in the
dentate gyrus, CA1 and CA2/3 regions of the Hippocampus (Ma et al., 2020).There
is very little information about brain connectivity in the APPswe/PSEN1AE9 model
of Alzheimer’s disease. However, using an imaging technique, Bero and colleagues
demonstrate that AR deposition is associated with significantly reduced bilateral
functional connectivity in multiple brain regions of older APPswe/PSEN1AE9

transgenic mice (Bero et al., 2012).

In APPswe/PSEN1AE9 mouse have been described deficits across cognitive and
non-cognitive domains, although severity and timing depend on the specific
behavioral protocols used (Janus et al., 2015; Zhang et al., 2018). 6-months-old mice
showed contextual memory impaired in fear-conditioning tests (Kilgore et al., 2010).
Additionally, from 9-months-old APPswe/PSEN1AE9 mice showed impairment in
spatial learning during the acquisition and the probe trial in the Morris Water Maze
(Lalonde et al., 2005; Ma et al., 2011; Zhong et al., 2014). Besides, there have been
reported deficits in other hippocampus-dependent tasks such a Barnes Maze
(Cheng et al., 2019; Reiserer et al., 2007) and Object Location Memory (Sierksma

et al., 2014).

In this thesis, we use the APPswe/PSEN1AE9 because it is a model that reproduces
with reasonable accuracy the development of the disease in humans. As mentioned
above, this model accumulates plaques progressively. It also shows a cognitive

impairment in an age-dependent manner (Liu et al., 2017).
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1.2 Brain functional connectivity dysfunction in Alzheimer’s disease

Functional connectivity means that spatially separated brain regions have a
simultaneous activation. This functional connectivity is observed when performing
any cognitive task but also during rest-state. The abnormalities in functional
connectivity eventually lead to abnormalities in each brain region activity, resulting
in cognitive dysfunction (Lee et al., 2020). Some reports have evaluated the

functional connectivity in AD patients (Anderkova et al., 2017; Wood, 2014).

Studies have shown that dementia severity correlates with alterations on the default
mode network and other resting-states networks. Accordingly, reduced functional
connectivity correlates with a worse Clinical Dementia Rating (Brier et al., 2012).
Also, alterations in functional connectivity have been seen in both sporadic and
familial AD (Wood, 2014), as well as resting-state striatum-cortical connectivity has
been negatively correlated with memory performance in AD patients (Anderkova et
al., 2017). Additionally, an inability to switch out of states of low inter-network
connectivity into more highly and especially connected network configurations might
be related to the presence of dementia (Schumacher et al., 2019). Further, AD
patients have increased static functional network connectivity (SFNC) between the
visual and cerebellar (CB) domains but decreased sFNC between the default-mode
and CB domains (Fu et al.,, 2019). In the early stage of AD, patients show
hyperexcitability of the network. A recent study shows that the hypersynchrony
predicts conversion, leading to a network breakdown in progressive Mild Cognitive
Impairment (Pusil et al.,, 2019). Earlier, Vossel and colleagues described a

subclinical epileptiform activity in almost half of their study’s AD patients. Those
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patients showed faster declines in global cognition, determined by the Mini-Mental
State Examination (Vossel et al., 2016). Thus, patients with network hyperexcitability
are at risk for accelerated cognitive decline. Moreover, a study in healthy young
humans that carried out the APOE-¢4, the most significant genetic risk for AD, found
increased connectivity across frequencies, concluding that the initial hyper-
connectivity leads to a late disconnection, suggesting that this is present decades

before the onset of AD symptomology (Koelewijn et al., 2019).

The Hippocampus-Prefrontal Cortex interaction is particularly relevant in Alzheimer’s
disease. The Hippocampus and PFC interact in a bidirectional manner to regulate
several cognitive functions. These structures are involved in the memory system,
facilitating fast encoding of new information, consolidation, retrieval, and
organization of the memory network (Zielinski et al., 2019). In early-stages AD
patients has been describe that in resting-state, the functional connectivity between
Hippocampus and Prefrontal cortex is disrupted (Wang et al., 2006). Also, images
analysis during a face-memory task indicated that memory deficits early in AD were
due to a reduction in the integrated network activity, with the PFC and Hippocampus

as principal components (Grady et al., 2001)

In consonance with the latest findings related to functional connectivity in AD
patients, in an AD mouse model has been demonstrated that AR deposition is
associated with significantly reduced bilateral functional connectivity in multiple brain
regions of older mice (Bero et al., 2012). A whole-brain seed analysis revealed a
general decrease in functional connectivity in the brains of AD transgenic mice

compared to wild-type mice. The interhemispheric functional connectivity is relatively
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preserved in the transgenic mice’s motor cortex but decreased in the somatosensory
cortex and the hippocampus compared to the wild-type mice (Shah et al., 2013).
Pre-clinical studies on neuronal impairments associated with progressive
amyloidosis have demonstrated some AB-dependent neuronal dysfunction. In the
early stages of disease progression, concomitant to amyloid deposition and tau
hyperphosphorylation, transgenic animals showed a strongly attenuated power at
low-gamma band in the HPC and mPFC. Besides, the phase-amplitude coupling of

the neuronal networks in both areas was impaired (Bazzigaluppi et al., 2018).

The network hyperexcitability has also been described in AD models. Busche and
colleagues found a marked increase in the fractions of hyperactive neurons in
Hippocampus CA1l and cortex. Also, in the hippocampus of young mice, they
observed a selective increase in hyperactive neurons already before the formation
of plaques (Busche et al., 2012). Ghatak and colleagues also found this
hyperexcitable pattern in human induced pluripotent stem cell (hiPSC)-derived
cerebrocortical neuronal cultures and cerebral organoids bearing AD-related
mutations. They found increased excitatory bursting activity, which could be
explained partly by a decrease in neurite length. AD hiPSC-derived neurons also
displayed increased sodium current density and increased excitatory and decreased
inhibitory synaptic activity (Ghatak et al., 2019). Another study uses a mouse model
of AB-amyloidosis to show that the suppression of glutamate reuptake initiates
hyperactivation. They found that hyperactivity occurred in neurons with preexisting
baseline activity, whereas inactive neurons were generally resistant to Ap-mediated

hyperactivation (Zott et al., 2019).
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1.2.1 Molecular mechanism of the synaptic dysfunction

According to the Amyloid Hypothesis, the amyloid accumulation has been postulated
as the leading cause of the neuronal dysfunction present in Alzheimer’s disease. As
earlier as 1993, Saito and colleagues described that the calcium-activated neutral
proteinase (Calpain) activation ratio was elevated 3-fold in the prefrontal cortex of
Alzheimer’s disease patients. They concluded that Calpain activation might
contribute to neurofibrillary pathology and abnormal APP processing before causing
synapse loss or cell death (Saito et al., 1993). Many researchers have been
postulated that the neuronal dysregulation of calcium homeostasis is an aspect that
appears to be intimately involved in the AD neuronal dysfunction. Bai and colleagues
show that abnormal dendritic calcium transients and synaptic depotentiation occur
before amyloid plague formation in a mouse model of AD (Bai et al., 2017). Also, in
cultured neurons, ABO-stimulated calcium entry via NMDA receptors and drives

neuronal death in AD (Kodis et al., 2018).

AB oligomers (ABO) target the postsynaptic compartment of excitatory synapses with
high affinity, altering the structure, composition, and function of synapses (Koffie et
al., 2009). Also, the pathological response induced by AP is abolished in NMDAR
knockdown neurons. Significantly, knockdown of NMDARs abolished the binding of
AP oligomers to dendrites, suggesting that NMDARSs might be the targets of oligomer
binding. However, additional results indicated that, although required for dendritic
targeting of AB oligomers, NMDARs are likely not the mainly only molecules to which
oligomers directly bind (Decker et al., 2010). Furthermore, A facilitates the removal

of AMPA receptors from the synaptic membrane, leading to synaptic depression
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(Guntupalli et al., 2017). Alterations in long-term potentiation (LTP) is also described
in different AD models (Oddo et al., 2003; Rezaeiasl et al., 2019; Vargas et al., 2014).
Synaptic dysfunction, including LTP deficits, manifests in an age-related manner, but
before plaque and tangle pathology. Deficits in long-term synaptic plasticity correlate

with the accumulation of intraneuronal AB (Oddo et al., 2003).

On the other hand, other actors involved in the neuronal dysfunction present in AD
have been described beyond amyloid or tau. A study showed aberrant mitochondrial
function in patient-derived cells. They found that neuronal cultures from some
patients produced more reactive oxygen species and presented higher levels of DNA
damage. Besides, patient-derived cells showed increased levels of oxidative
phosphorylation chain complexes, whereas mitochondrial fission and fusion proteins
were not affected. Surprisingly, these effects neither correlated with AR nor

phosphorylated and total tau levels (Birnbaum et al., 2018).

Deficits in functional connectivity are thought to occur due to synaptic alterations
(Mucke & Selkoe, 2012). Xia et al. describe that excitatory synapses dependent on
GluA4 are regulated by presynaptic expression of the early gene NPTX2. In a mouse
model of AD amyloidosis, Nptx2~- results in reduced GluA4 expression and disrupted
rhythmicity. (Xiao et al., 2017). Another described mechanism of AB-induced
synaptic injury is related to APP cleavage at position D664 by caspases that release
the putatively cytotoxic C31 peptide. Loss of dendritic spines is attenuated in mice
treated with caspase inhibitors. Significantly, the time-dependent dendritic spine loss
is correlated with localized activation of caspase-3 but is absent in APP D664A

cultures (Park et al., 2020).



20

A more classic mechanism is related to the cellular prion protein (PrP€). The PrP¢
acts as a receptor for AB42 oligomers mediating AB42-oligomer inhibition of synaptic
plasticity in hippocampal slices (Laurén et al., 2009). Also, it has been shown that
soluble AB binds to PrP¢ at neuronal dendritic spines in vivo and in vitro, where it
forms a complex with Fyn (Larson et al., 2012). AB engagement of PrP¢-Fyn
signaling produces phosphorylation of the NR2B subunit of NMDA receptors, which
was connected to an initial increase and then a loss of surface NMDARs (Um et al.,
2012). Deletion of PrP¢ expression in an animal model of AD rescues axonal
degeneration, loss of synaptic markers, and no detectable impairment of spatial
learning and memory, whereas the AD transgenic mice with intact PrP¢ expression

exhibit deficits in spatial learning and memory (Gimbel et al., 2010).

The EphA4 receptor is another candidate to explain the synaptic dysfunction in AD.
It has been shown that the postsynaptic EphA4 is responsible for mediating synaptic
plasticity impairment in AD (Fu et al., 2014; Vargas et al., 2014). There is an
association between reducing hippocampal EphA4 and the impairment in object
recognition and spatial memory test in animals AD models (Simon et al., 2009). Also,
the EphA4 co-localizes with neuritic plagues in the hippocampus of AD patients and

correlates with AD pathology hallmarks (Rosenberger et al., 2014).

Recently, a new hypothesis proposes that GABAergic dysfunction in excitatory and
inhibitory balance drives Alzheimer’s disease (Bi et al.,, 2020). The relationship
between AB and neural activity may be the mechanism underlying AB-induced
perisomatic GABAergic terminal loss. Microglia also actively modulates neuronal

functions via morphological remodeling (Bi et al., 2020).
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1.3 c-Abl rolein the Central Nervous System

The non-receptor tyrosine kinase c-Abl is the cellular homolog of the transforming
element of the Abelson murine leukemia virus, and its genetic rearrangement is the
cause of chronic myelogenous leukemia. In addition to its classic function in
leukemia pathogenesis, the Abl kinases are highly regulated by diverse stimuli that
involve growth factors, chemokines, DNA damage, oxidative stress, and adhesion
receptors (Wang, 2014). Abl kinases activation regulates signaling pathways
implicated in the cytoskeletal reorganization that are important for cellular
protrusions, cell migration, morphogenesis, adhesion, endocytosis, and
phagocytosis (Wang, 2014). Abl kinases can also regulate cell survival and

proliferation pathways, depending on the cellular context (Khatri et al., 2016).

c-Abl is present in different subcellular compartments, and the prominent locations
are the cytoplasm and nucleus, but it is also in the mitochondria and the endoplasmic
reticulum (Ito et al., 2001; Wetzler et al., 1993). c-Abl shifted cellular locations in
response to extra- and intracellular signals and can translate and integrate different
physiological and pathological stimuli in cell responses (Estrada & Alvarez, 2011).
In the nucleus, c-Abl has a crucial role in selecting between cell cycle arrest and
apoptosis in response to DNA damage. Nuclear c-Abl interacts with transcription
factors such as p53 and p73. Particularly, c-Abl regulates the p73 phosphorylation,
stability, and ability to transactivate apoptosis promoting genes (Alvarez et al., 2004).
Otherwise, cytoplasmic Abl tyrosine kinases (c-Abl and Arg: Abl-related gene) are
important transducers of extracellular signals. In the cytoplasm, the Abl kinase family

members translate information from growth factors and adhesion receptors at the



22

cell surface into the cytoskeletal structure, cell motility, and endocytosis (Wang,
2014). Despite its subcellular locations, c-Abl kinase plays a role in neuronal
development, neurogenesis, neuronal migration, axonal extension, and synaptic
plasticity (Estrada & Alvarez, 2011; Koleske et al., 1998; Moresco et al., 2003; Wills

et al., 1999; Woodring et al., 2002).

c-Abl has been localized in the pre- and postsynaptic compartments of the synapses.
A study shows that paired-pulse facilitation (PPF) was significantly reduced at the
Schaffer collateral-CAl excitatory synapses in hippocampal slices from Abl knockout
mice compared with wild-type mice. Furthermore, the treatment of wild-type slices
with the specific c-Abl inhibitor STI571 also reduced PPF. However, no differences
in basal synaptic transmission, LTP, and long-term depression were found (Moresco
et al., 2003). Nevertheless, our lab has shown that c-Abl deficiency increased
transcription of synaptic plasticity-related genes such as actin cytoskeleton and
AMPA receptor dynamic regulators (Gonzalez et al., submitted). Also, in cultured
neurons, a c-Abl deficiency increases dendritic spine density and synaptic clustering.
Moreover, as a reflection of the synaptic changes, young c-Abl knock out mice show
faster learning that wild-type mice in different cognitive tests such as Barnes Maze,

Novel Object Recognition, and Water Maze (Gonzalez et al., submitted).

1.4 c-Abl and Alzheimer’s disease

While the activity of c-Abl is crucial for proper neuronal development, c-Abl remains

relatively quiescent in healthy adult neurons, and there are few known functions of
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c-Abl in fully differentiated neurons. In recent years has been described that c-Abl

activation in the adult brain occurs in the context of neurodegenerative diseases.

The role of c-Abl has mostly been studied in AD, the most common
neurodegenerative disorder (Estrada & Alvarez, 2011; Schlatterer et al., 2011;
Vargas et al., 2018). Our laboratory is one of the most active groups in the study of
c-Abl on AD. In 2004, Alvarez et al. showed that the AB induced the c-Abl activation
in a culture of hippocampal neurons carrying the cell signals required to induce
neuronal death by AB. The inhibition of c-Abl activity by Imatinib prevented neuronal
death by apoptosis induced by AB (Alvarez et al., 2004). Moreover, the presence
and activation of c-Abl in AD patient’s brains have been described. The activated c-
Abl was most abundant in the hippocampus and co-localized with AD pathology,
including amyloid plaques in AD patient’s brains (Jing et al., 2009). Cancino et al.
2008, showed the therapeutic potential of the selective c-Abl inhibitor Imatinib in vivo
AD animal models. The intrahippocampal injection of AR fibrils in rats induced an
increase in c-Abl immunoreactive cells in the hippocampal area near the lesion.
Imatinib’s chronic intraperitoneal administration reduced the behavioral deficits,
apoptosis, and tau phosphorylation in both AB fibrils injected rats and
APPswe/PSEN1AE9 mice. Besides, the Imatinib treatment also decreased the
number and size of AR deposits and tau phosphorylation in the APPswe/PSEN1AE9
mice (Cancino et al., 2008). Also, in neurons treated with AR, the Imatinib treatment,
the inhibition of c-Abl expression by shRNA, and the expression of a c-Abl kinase

death mutant prevented tau phosphorylation (Cancino et al., 2011).
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Furthermore, c-Abl inhibition with Imatinib or c-Abl knockdown decreased the
HDAC2 levels, increasing the expression of several synaptic genes in AD models
(Gonzalez-Zufiga et al., 2014). In consonance with these, the intra-hippocampal
injection of an HDAC inhibitor before fear conditioning can rescue age-related
contextual fear memory impairments (Peleg et al., 2010). More interesting, the early
stages of AD have impaired synaptic plasticity and synapse loss, and Vargas and
colleagues showed that AB activates the c-Abl in dendritic spines of cultured
hippocampal neurons and that c-Abl kinase activity is required for AB-induced
synaptic loss. The ephrin A4 receptor (EphA4) tyrosine kinase, which has been
implicated in synaptic changes, is upstream of c-Abl activation by AB. EphA4 tyrosine
phosphorylation (activation) increase in cultured neurons and synaptoneurosomes
exposed to AB, and in APPswe/PSEN1AE9 mice brain. The inhibition of EphA4 using
the antagonist peptide KYL or the c-Abl inhibition by Imatinib prevents the dendritic
spine reduction, blocking LTP induction and neuronal apoptosis caused by AB. Then
EphA4/c-Abl activation is a key-signaling event that mediates the synaptic damage

induced by AB (Vargas et al., 2014).

Recently, it was described the role of c-Abl on dendritic spine morphological changes
induced by AB-oligomers (ABOs). In the presence of ABOs, c-Abl participates in
synaptic contact removal, increasing susceptibility to ABOs damage. Its deficiency
increases the immature spine population reducing ABOs-induced synapse

elimination (Gutierrez et al., 2019).

c-Abl activation has been reported in both Parkinson’s disease (PD) patients’ brains

and in mouse models of this disease. c-Abl activation is related to parkin substrates
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accumulation and neuronal cell death. Administration of Nilotinib, a specific inhibitor
of the c-Abl kinase, reduces the parkin substrates’ levels, resulting in the prevention
of dopamine neuron loss and behavioral deficits (Karuppagounder et al., 2014). Also,
c-Abl regulates the degradation of parkin and a-synuclein (Mahul-Mellier et al.,
2014). Administration of Nilotinib improves motor behavior, prevents the loss of
dopamine neurons, regulates a-synuclein phosphorylation and clearance, inhibits
the tyrosine phosphorylation of parkin, and decreases parkin substrate (Zhou et al.,
2017). Also, c-Abl has been related to Amyotrophic Lateral Sclerosis (ALS). ALS
transgenic mice showed upregulation of c-Abl in motor neurons, and the treatment
with the c-Abl inhibitor Dasatinib decreased the activated caspase-3 levels in the
lumbar spine, improved the innervation status of neuromuscular junctions, and
increased the survival of these mice. Besides, c-Abl expression in postmortem spinal
cord tissues from sporadic ALS patients was increased by 3-fold compared with non-
ALS patients (Katsumata et al., 2012), and activated c-Abl increased in the brain and

spinal cord of symptomatic mice model of ALS (Rojas et al., 2015).

Niemann-Pick type C (NPC) disease is a disorder characterized by the accumulation
of free cholesterol. Those patients have markedly progressive neuronal loss, mainly
of cerebellar Purkinje neurons. Results from our laboratory have shown that in an
NPC1 mouse model, the proapoptotic c-Abl/p73 system and the p73 target genes
are expressed in the cerebellums of NPC mice. Furthermore, NPC mice treated with
Imatinib preserved Purkinje neurons, reduced general cell apoptosis in the
cerebellum, improved neurological symptoms, and increased NPC mice survival

(Alvarez et al., 2008). Also recently has been described the activation of c-Abl in
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Epilepsy. Both the temporal cortex of patients with temporal lobe epilepsy (TLE) and
in the hippocampus and cortex of a TLE rat model showed upregulation of both total

and phosphorylated c-Abl (Chen et al., 2014).

Summarizing, in the present background, it has been describing that Alzheimer's
disease leads to a memory deficit and impaired functional connectivity. The impaired
functional connectivity is particularly relevant in the Prefrontal Cortex-Hippocampus
axis because these structures are involved in the memory system, facilitating fast

encoding, consolidation, and retrieval.

On the other hand, c-Abl has emerged as a key protein in AD pathology. However,
the studies of c-Abl in the context of Alzheimer's disease have been carried out using
c-Abl inhibitors. Most of these inhibitors are not selective to c-Abl, targeting other
kinases. Therefore, the genetic deletion of c-Abl would be an ideal approach to clarify
the role of c-Abl in AD's pathogenesis. There is evidence of how the c-Abl acts to
worsen the disease at a molecular level. Results indicate that the treatment with a
c-Abl inhibitor improves the cognitive performance of AD animal models. However,
there is no evidence of how the c-Abl effect at the molecular level influences
behavioral performance. Could be the functional connectivity the missing gap? Does
the genetic deletion of c-Abl improve cognitive deficit and impaired functional
connectivity present in an animal model of Alzheimer’s disease? The present work

will intent to answer those questions.
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2 HYPOTHESIS

Most studies related to c-Abl activation on AD’s pathogenesis are using c-Abl
inhibitors (Imatinib, Nilotinib, Dasatinib). As described above, our laboratory has
made some contributions in the field, showing that the inhibition of c-Abl has a
beneficial effect on AD pathology. However, most of these inhibitors cannot
penetrate the blood-brain-barrier. Although some of them can penetrate it, they are
not selective to c-Abl, targeting other kinases (Palakurti & Vadrevu, 2017).
Therefore, genetic deletion of c-Abl would be an ideal approach to clarify if c-Abl is
indeed an essential protein in AD’s pathogenesis. There is evidence of how the c-
Abl acts to worsening the disease at a molecular level (Alvarez et al., 2004; Cancino
etal., 2008, 2011; Gonzalez-Zuiiiga et al., 2014; Gutierrez et al., 2019). Other results
indicate that Imatinib's treatment improves the cognitive performance of AD animal
models (Cancino et al., 2008). However, there is no evidence of how the c-Abl effect
at the molecular level influences behavioral performance. In this sense, we establish
the hypothesis that the c-Abl contributes to decreased functional connectivity

and cognitive decline in a transgenic model of Alzheimer’s disease.
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3 OBJECTIVES

General Objective

To evaluate the cognitive performance and functional connectivity in the
Hippocampus-Prefrontal Cortex axis in transgenic models of Alzheimer’s disease

null of c-Abl.

Specific Objectives

1. Evaluate the effect of the absence of c-Abl on learning and memory in
APP/PS1-Abl-KO mice.

2. Evaluate the effect of the absence of c-Abl on functional connectivity between
the Prefrontal Cortex and Hippocampus in APP/PS1-Abl-KO mice in resting-
state.

3. Assess the effect of the absence of c-Abl on B-amyloid plaques in

APP/PS1/Abl-KO mice.
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4 MATERIALS AND METHODS

4.1 Animals

Animals were maintained in the Animal Care Facility CIBEM of the Pontificia
Universidad Catodlica de Chile (PUC), which follows the Guide for the Care and Use
of Laboratory Animals published by NIH, USA. Animals were housed in a
temperature and humidity-controlled room (22 £ 2°C) with food and water ad libitum.
Experiments were carried out with 10-month-old mice approximately, except the
Memory Flexibility test, that was carried out with 13-month-old mice. Protocols were
approved by the Bioethics and Care of Laboratory Animals Committee of the

Pontificia Universidad Catdlica de Chile, and CIBEM (Protocol ID 170616008).

c-Abl1-floxed (Abl'oP1oxP) mice were kindly donated by Dr. AJ Koleske (Yale School
of Medicine, US) and bred in our animal facility. Abl1-KO mice (Abl'*P/oxP/Nestin-
CRE) mice were bred from AblloxP/loxP (these floxed mutant mice possess loxP sites
flanking exon 5 of the Abl1 gene) mice and Nestin-CRE+ mice, which were obtained
from Jackson Labs. This strain was originated and maintained on a mixed B6.129S4,
C57BL/6 background and did not display any gross physical or behavioral
abnormalities. This bread results in a brain-specific c-Abl null mouse. The genetic

background is C57BL/6;C3H.
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APPswe/PSEN1AE9 mice were purchased from Jackson Laboratory (Bar Harbor,
ME, USA), number 34829-JAX. The trade name of the mouse is B6;C3-

Tg(APPswe,PSEN1dE9)85Dbo/Mmjax. The genetic background is C57BL/6;C3H.

To obtain the four genotypes used in the present thesis, we initially bread
APPswe/PSEN1AE9 mice with Ab|loxP/loxP mice, resulting in
APPswe/PSEN1AEQ/AbIoXP1oXP mice. Then the APPswe/PSEN1AE9/AbI'oPoxP mice
were bred with Abl'oF1oxP/Nestin-CRE mice, resulting in the four genotypes of
interests: APPswe/PSEN1AE9/ADbIXP1oxP  mice (APP/PS1, from now and on),
APPswe/PSEN1AE9/AbloxPoxP/Nestin-CRE mice (APP/PS1/Abl-KO, from now and
on), Abl'oPoxP mice (WT, from now and on), and Abl'*"1oxP/Nestin-CRE mice (Abl-

KO, from now and on).

The genotypes of all the animals were confirmed by polymerase chain reaction
(PCR). Briefly, the mouse ear was punched, and the resulting piece was incubated
overnight at 55°C in lysis buffer [Tris-HCI 50 mM (pH 8), EDTA 100 mM, NaCl 100
mM, SDS 1%] supplemented with proteinase K 1%. After that, the samples were
centrifuged, and 500 pl of isopropanol was added to the supernatant and mixed by
inversion. After that, the mix was centrifuged again, and to the resulting sediment,
500 pl of ethanol was added. Subsequently, the ethanol was removed, and the
sediment with DNA dried at room temperature. Finally, the DNA was resuspended
in nuclease-free ultrapure distilled water. The PCR amplification was followed by the
program detailed in the TABLE N°1, Appendix section. The primer used and its

seqguence are listed in the TABLE N°2 Appendix section.
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4.2 Experimental Design

FIGURE N°1 shows a scheme of the experimental design. Here we use a total of 40
animals, 16 females and 24 males. The animals were divided into four experimental
groups: Ablflo¥flox that we called WT (10 mice), Abloxfox/Nestin-CRE that is null for c-
Abl in the neurons here called Abl-KO (11 mice), APP/PS1 (10 mice), APP/PS1/Abl-
KO (9 mice). All the experiments were performed in the same set of animals except
for the Memory Flexibility test. The Memory Flexibility test was not previously in the
original project; however, we decided to add it to increase our data’s robustness in
the hippocampus-dependent task. To perform the Memory Flexibility test, we use a
total of 28 animals, WT (8 mice), Abl-KO (6 mice), APP/PS1 (6 mice), and

APP/PS1/AbI-KO (8).
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FIGURE N°1. Scheme of the experimental design. Timeline of the experimental
procedures. Four experimental groups were used in this work: WT, Abl-KO,
APP/PS1, APP/PS1/Abl-KO. The details of each group are mentioned in the Material
section. The Memory Flexibility test was not initially in the project; for this reason, it
is in a different timeline. All the experiments were carried out in the same set of
animals, except for the Memory Flexibility. Once the animal was sacrificed, the brain
was reserved for immunofluorescence analysis. The mice started the experimental
procedure with 10-month old approximately and finished the protocol at 11-month
old approximately. The set of animals used to perform the Memory Flexibility tests
were 12-month old approximately. NOR: Novel Object Recognition. OLM: Object
Location Memory. BM: Barnes Maze. MF: Memory Flexibility. R: resting days. D:
days.
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4.3 Behavioral testing

Before behavioral testing, all animals were familiarized with the testing room. The
behavioral tests were performed from less anxiogenic to most anxiogenic. Also, the

tests were performed three days from each other to rest the animals.

4.3.1 Novel Object Recognition and Object Location Memory tests

The Novel Object Recognition (NOR) task evaluates the recognition memory, the
rodent ability to recognize a novel object in the environment (Antunes & Biala, 2012).
The task procedure consists of three sessions: habituation, sample, and test. The
habituation session was repeated on two consecutive days. In the first habituation
day, we recorded the animal’s performance in the open field to evaluate the general
activity levels, such as exploration habits and locomotor activity (Seibenhener &
Wooten, 2015). In the habituation session, the mouse was placed in the empty open
field, facing the wall that is nearest to the experimenter, and allow it to explore the
open field for 10 minutes. Then the mouse was returned to its home cage. During
the sample session, the identical to-be-familiarized objects were placed in the
apparatus. The animal was positioned at the midpoint of the wall opposite the sample
objects. After the sample-object exposure time (10 minutes), the animal was
removed and returned to its home cage. The test session was performed 24 hours
after the sample day. One familiar object and the novel object were placed in the
apparatus. The testing session lasted for 5 minutes. The exploration time of both
objects was measured and calculated the recognition index, RI (the time spent

exploring the novel object relative to the total time spent exploring both objects). RI
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above 0.5 means that the animal can differentiate the novel object from de familiar
one. On the other hand, RI below 0.5 means that the animal cannot distinguish

between objects.

The Object Location Memory (OLM) task is also a test that evaluates memory,
particularly spatial memory (Murai et al., 2007). The task procedure of the OLM is
like the NOR procedure. The difference consists that in the test session, one of the
objects is displaced to a new position. In the OLM, the RI is interpreted as the
capacity of the animal of recognized the displaced object. Another difference with

the NOR is that the OLM task has intra-maze visual cues.

The maze used to perform Open Field, Novel Object Recognition, and Object
Location Memory tests was a gray acrylic rectangular box (46cm x 27cm
dimensions). The objects used in the Novel Object Recognition test and Object
Location Memory test were previously equilibrated (to avoid innate preference) and

were distinct in each test.

4.3.2 Barnes Maze

In this test, the animal should learn and remember the location of an escape hole in
an anxiogenic, elevated, and illuminated circular open field (Barnes, 1979). We used
the same protocol published in Negron-Oyarzo et al., 2015. The maze is a white
circular platform of 70-cm diameter elevated at 70 cm from the floor with 20 equally
spaced holes along the perimeter (7-cm diameter each) located at 2 cm from the
edge of the platform. The platform has 20 equally spaced holes along the perimeter.

Visual cues were located on the walls of the room. Under one of the holes was
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located a black plexiglass escape box (17 x 13 x 7 cm). The maze was illuminated
with two incandescent lights to yield a light level of ~600 lux impinging on the circular
platform. The location of the escape box was consistent for a given mouse but
randomized across mice. Each mouse was given four trials per day with an intertrial
interval (ITI) of 15 minutes during four consecutive days. The mouse was placed in
the start box for every training trial for 10 seconds, with the room lights turned off.
After time had elapsed, the chamber was lifted, the lights turned on, and the mouse
was free to explore the maze. The session ended when the mouse found the hole
and entered the escape box or after 3 minutes elapsed. When the mouse entered
the escape box, the lights were turned off, and the mouse remained in the dark for
1 minute before the next trial began. If the mouse did not find the escape box within
3 minutes, the experimenter guided the mouse to the escape. We measured the

latency to enter the escape box (Negron-Oyarzo et al., 2015).

4.3.3 Memory Flexibility test

The Memory Flexibility test is a variation of the Morris Water Maze and has seen to
be more sensitive to hippocampal dysfunction (Chen et al., 2000). The maze used
was a white circular pool of 1.6 m of diameter and 75 cm deep. The pool's water was
maintained at 19-21°C and was colored with white dye to hide the platform. The
platform was made of transparent acrylic (9 cm diameter) and was in the center of
the corresponding quadrant. This test was performed as described by Toledo and
Inestrosa, 2010. Each animal was trained in a circular water maze for four days.
Each day of testing, the platform was changed to the next subsequent quadrant. The

animal was considered to finish the training when reaching the criterion (three
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consecutive trials with an escape latency less than 20 seconds) in each training day.
The maximal trials per day were 15. Once the animal finished the test, it was

removed from the maze, dried, and returned to its cage (Toledo & Inestrosa, 2010).

4.3.4 Data collection

All the behavioral tests, except for the Memory Flexibility test, were carried out in the
Behavioral Room at the Animal Care facility of the Centro de Investigaciones
Médicas at PUC. Each mouse’s activity was recorded with a video camera
(ImageLab, model CB3200) fixed above the behavioral apparatus connected to a
computer. Videos were acquired by Lab View software and analyzed offline using
the idTracker video-tracking software (Pérez-Escudero et al., 2014) and Matlab
homemade scripts for the analyses. The Memory Flexibility test was performed in
the Behavioral Room at the Departamento de Biologia Celular y Molecular, PUC.

The videos were acquired and analyzed using the ANY-maze video tracking system.

4.4 Electrophysiological analysis

After behavioral testing, mice were three days free until the beginning of the

electrophysiological recordings.

4.4.1 Surgery for chronic implantation

Mice were anesthetized with isoflurane (5% induction and 1.5 — 2% maintenance)
and placed on a stereotaxic frame (David Kopf Instruments). The temperature was
kept at 37° throughout the procedure (1-2 hours) using a heating pad. The skin was

incised to expose the skull and implanting a customized lightweight metal head-
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holder. The holder was glued to the bone with dental acrylic cement. The exposed
bone area was protected with elastomer resin. After surgery, mice received a daily
dose of enrofloxacin (10 mg/kg, Centrovet) for five days and supplementary
analgesia with ketoprofen (5 mg/kg, Centrovet) for three days. The animals were

recovered at least one week before head-fixed training.

4.4.2 In vivo electrophysiological recordings

Before electrophysiological recordings, the mice were habituated at fixation. The
mice were fixed twice each day for four days. The fixation time increased daily (15
min, 30min, 1hr, and 1.5 hr.). Every 15 minutes, the mice could drink a solution of
sucrose at 30%. At the recording day, craniotomies were made following The Mouse
Brain Atlas (Franklin & Paxinos, 2008). For craniotomies surgery, mice were
anesthetized with isoflurane (4% induction and 1.5 - 2% maintenance) and placed
on a stereotaxic frame. The stereotaxic coordinates used were (relative to Bregma):
for the Prefrontal cortex (0.5 mm lateromedial/ +2.0 mm anteroposterior) and CA1l
Hippocampus (1.7 mm lateromedial/ -3mm anteroposterior). During the surgery, the
temperature was kept at 37° using a heating pad. Two craniotomies were made with
a dental drill, accordingly whit the coordinates mentioned above. Once the
craniotomies were ready, the electrodes were positioned to record activity in the
prefrontal cortex (PFC) and CAl. The cortical regions recorded were Cingulate
cortex and Prelimbic Cortex. The hallmark for functional localization of the
hippocampus was the firing of CA1 pyramidal cells and the appearance of sharp-
waves ripples (SWR). Neuronal activity in the prefrontal cortex was recorded

extracellularly with a 32 channel-four shank silicon probe (Neuronexus), stained with
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Dil. Neuronal activity in the hippocampus was recorded with a 16 channel-silicon
probe stained with Dil and inserted into the brain with a 30° anteroposterior angle.
Electrical activity was acquired with a 32-channel Intan RHD 2132 amplifier board
connected to an RHD2000 evaluation system (Intan Technologies). FIGURE N°2

shows the recording sites.
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Figure 16 :
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FIGURE N°2. Representative images from the recording sites. Brain coronal
sections from the recorded animals. (A) Recording site from medial Prefrontal
Cortex. The top panel shows a photomicrograph of Nissl staining co-localized with
Dil staining (red). The black arrowhead shows the Dil staining. (B) Recording site
from CAL layer of the hippocampus. The top panel shows a photomicrograph of Nissl
staining co-localized with Dil staining (red). The black arrowhead shows the Dil
staining. The bottom panel from both images shows the corresponding area,
according to The Mouse Brain Atlas (Franklin & Paxinos, 2008).
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4.4.3 Histology

Once finalized the recordings, mice were terminally anesthetized and intracardially
perfused with Sodium Chloride 0.9% (NaCl 0.9%) solution followed by
Paraformaldehyde 4% (PFA 4%). Brains were extracted and post-fixed in PFA 4%
for 24 hours before being transferred to PBS/Sodium Azide 0.2% + Sucrose 30%.
Mice brains were sectioned coronally (70 um slice thickness), and sections were
further stained for Nissl staining. The location of the shanks was determined about

standard brain atlas coordinates under a light transmission microscope.

4.4.4 Data Analysis

Spike sorting

Spike sorting was performed offline using MATLAB based graphical cluster cutting
software, Mclust/Klustakwik-toolbox (version 3.5). In order to detect spikes,
broadband recordings sampled at 20 kHz were filtered at 600-5000 Hz. For each
recording file, single channels from individual tetrodes were identified, and a single
file was generated per channel. All four generated files from the same tetrode were
clustered by Principal Components Analysis using MClust 3.5 toolbox running on
MATLAB. KlustaKwick automatically identified similar clusters by assigning values
between 0.0-1.0 for each cluster, in which similar clusters displayed values close to
1.0. The similarity between clusters was manually confirmed though visual
inspection of spike features. Finally, a file for every single unit, including timestamps

of spikes for every tetrode, was generated.
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Sharp Wave Ripples (SWRs) Detection

The hippocampus local field potential was band-pass filtered (80—200 Hz). Next, the
signal was rectified, and low pass filtered at 20 Hz with a 4th order Butterworth filter.
This procedure yields a smooth envelope of the filtered signal, which was then z-
score normalized using the mean and standard deviation (SD) of the whole signal.
The epochs during which the normalized signal exceeded a 3.5 SD threshold were
considered as events. Before the threshold, the first point that reached 1 SD was
considered the onset, and the first one after the threshold to reach 1 SD as the end
of events. The difference between onset and end of events was used to estimate the
SWR duration. We introduced a 50-ms-refractory window to prevent double
detections. To precisely determine the mean frequency, amplitude, and duration of
each event, we performed a spectral analysis using Morlet complex wavelets of 7
cycles. The MATLAB toolbox used is available online as LANtoolbox
(http://lantoolbox.wikispaces.com/), which is mostly based on Chronux

(www.chronux.org) and FieldTrip (http://fieldtrip.fcdonders.nl/) software toolboxes.

Cross-correlation analysis

The activity of PFC neurons and hippocampal SWR was cross-correlated by
applying the “sliding-sweeps” algorithm (Abeles & Gerstein, 1988). A time window of
+1 s was defined with the 0 lag-time assigned to the start time of an SWR. The
timestamps of the PFC neuronal spikes within the time window were considered a
template and represented by a vector of spikes number relative tot =0 s, with a time

bin of 50 milliseconds and normalized to the total number of spikes. Thus, the
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vector’s central bin contained the ratio between the number of PFC neuronal spikes
elicited between * 25 milliseconds and the total number of spikes within the template.
Next, the window was shifted to successive SWR throughout the recording session,
and an array of recurrences of templates was obtained. Both PFC neuronal spikes
timestamps and start times of SWR were shuffled by a randomized exchange of the
original inter-event intervals (Nadasdy et al., 1999), and the cross-correlation
procedure was performed on the pseudo-random sequence. The statistical
significance of the observed repetition of spike sequences was assessed by
comparing, bin to bin, the original sequence with the shuffled sequence. An original
correlation sequence that presented a statistical distribution different from 1000
simulated shuffling was considered statistically significant, with P < 0.05 probability,

instead of chance occurrence.

Coherence analysis

For analysis of oscillatory activity’s power, the electrophysiological recording was
down-sampled to 1000 Hz, bandpass-filtered at 0.1-100 Hz, and coherence was
computed using multitaper Fourier analysis from the Chronux toolbox
(http://www.chronux.org). For spectral coherence, field potentials were divided into
2000 milliseconds segments with 100 milliseconds overlap and a time-bandwidth
product of 5 and 9 tapers. Mean spectral power and coherence measures were

calculated for theta (4-10 Hz).
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4.5 Immunofluorescence staining

Mice were anesthetized with a mix of xylazine, ketamine, and acepromazine (4:4:1,
v:v:v ), then perfused with a peristaltic bomb (Velp Scientifica SP311) with 100 ml of
ice-cold PBS and later with 50 ml of PFA 4%. Brains were removed and post-fixed
with PFA 4% at 4°C overnight, followed by Sucrose 30% in PBS at 4°C overnight.

The brains were cut in 25 ym coronal sections with a cryostat (Leica CM1850).

Immunofluorescence was done on floating sections. We select sections from
different areas of the brain, mainly the hippocampus and prefrontal cortex. We wash
the sections three times with PBS 1X for 10 minutes per time. After that, we
permeabilized sections with Triton X-100 0.4% for 30 minutes. Then, we incubate
with Glycine 0.15 M for 15 minutes. Next, we incubated with NaBH4 10 mg/mL
prepared at the moment, for 15 minutes. After, we washed with PBS 1X for 10
minutes and incubated with NH4Cl 50mM for 10 minutes. After that, we wash three
times with PBS 1X, for 10 minutes per time. Next, the sections were incubated with
blocking solution (BS) (Triton X-100 0.4% + BSA 3%) for 1 hour. After BS incubation,
we incubated with the primary antibody anti-WwO2 (1:1000 dilution) overnight at 4°C.
The next day, the primary antibody was withdrawn, and sections were washed three
times for 10 minutes per time. After that, the sections were incubated with anti-
mouse 488, the AlexaFluor-conjugated secondary antibody (1: 1000 dilution) for two
hours at room temperature. Once finished, the sections were washed three times for
15 minutes per time. Finally, the sections were mounted on a slide until they dried,

covered with mounting medium and put the coverslip over them.
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Fluorescence images were captured under a Nikon Timelapse Microscope at the
Unidad de Microscopia Avanzada of the Pontificia Universidad Catdlica de Chile.
The same experiment’'s images were always acquired using the same settings.
Images were quantified using the free access software ImageJ (Fiji) and its plugins.
The protocol used for the analysis was developed by the Unidad de Microscopia
Avanzada. Briefly, the total image was separated into individual images to facilitate
their manipulation, and images were converted to 8bit (monochrome) for
segmentation. Images were improved by eliminating the background signal, and
then the green signal was segmented on the background to delimit and obtain the
total area. The unspecified signal was eliminated, and finally, the number of plaques
and the area of each plague were quantified. This analysis was made by a person

blinded to the treatment conditions.

4.6 Statistics

Data sets were tested for normality using the Kolmogorov-Smirnov test and then
compared with the appropriate test. All statistical tests were performed using
GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA), except the
cross-correlation analysis that was made using MATLAB (The MathWorks, USA). All

data are expressed as mean + SEM.

Behavioral and electrophysiological data were analyzed using one-way ANOVA,
two-way ANOVA, Kruskal-Wallis, and one-sample t-test in each corresponding case.

The cross-correlation data was analyzed using a bin to bin Kruskal-Wallis test.
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Plaques area and plaques number were analyzed using a t-test. All statistical

assessments were considered significant when p<0.05.
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5 RESULTS

5.1 Objective 1. Evaluate the effect of the absence of c-Abl on learning and

memory in APP/PS1-Abl-KO mice.

To assess the cognitive status and the effect of the ablation of c-Abl in cognitive
performance, we evaluated a battery of behavioral tests that could mainly depend
on or not of the hippocampal activity. The Object Location Memory (OLM) task is a
hippocampal-dependent test that evaluates spatial memory (Murai et al., 2007). Here
we used the factor Recognition Index (RI) to evaluate mice’s capacity to recognize
the displaced object. We found that WT mice at 10-month-old cannot identify the
displaced object (one-sample t-test, p=0.9102). Also, as expected, the APP/PS1
aged mice cannot recognize the moving object (one-sample t-test, p=0.9217).
Interestingly, we found that the aged Abl-KO and the APP/PS1/Abl-KO mice could
identify the moving object (one-sample t-test, p=0.0009, and p=0.0006, respectively).
Also, there is a significant difference between APP/PS1/Abl-KO mice and WT and
APP/PS1 groups (one-way ANOVA, p=0.0095, Tukey’s multiple comparison test,
p<0.05) (FIGURE N°3). Those data suggest that the absence of c-Abl improves a
subset of spatial memory: remember objects and their position in the space. Notice

that even in healthy mice, the deficiency of c-Abl improves the performance.
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FIGURE N°3. Object Location Memory test. The bars in the right panel show the
time spent in the relocated object, compared to the total time of exploration. The
dotted line represents the chance. The left panel shows a representative example of
the traveled path. one-way ANOVA, p=0.0095, Tukey’s multiple comparison test,
*=p<0.05; @ mean significative different from 0.5, the chance. MO: Moved Obiject.
UO: Unmoved Object. WT(n=10), Abl-KO (n=11), APP/PS1 (n=10), APP/PS1/Abl-
KO (n=9). The data are presented as mean + SEM.
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We also evaluated a test like the OLM, the Novel Object Recognition (NOR) test.
The NOR task is a hippocampus-independent test used to evaluate rodents’
recognition memory (Antunes & Biala, 2012). Here we used the factor Rl to measure
the capacity to recognize the novel object. We found that aged WT mice could
recognize the novel object (one-sample t-test, p=0.0055). However, as expected, the
APP/PS1 mice did not recognize the novelty of the space (one-sample t-test,
p=0.4299). Also, the Abl-KO mice and APP/AbI-KO mice did not recognize the novel
object (one-sample t-test, p=0.4436, and p=0.8870, respectively). Finally, we did not
find a significant difference between groups (one-way ANOVA, p=0.1366) (FIGURE
N°4). It is interesting to notice that when we compare only WT vs. APP/PS1, we
actually can see a difference between groups (FIGURE N°4, insert), indicating that
APP/PS1 mice, the model of AD, has a deficit in the NOR tests, as has been
previously reported (Zhang et al., 2012). In contrast with the previous result, a
hippocampus-dependent task, the data indicate that the lack of c-Abl does not affect

recognition memory.
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FIGURE N°4. Novel Object Recognition test. The bars in the right panel show the
time spent in the new object, compared to the total time of exploration. The dotted
line represents the chance. The left panel shows a representative example of the
traveled path. One-way ANOVA, p=0.1366; @ mean significative different from 0.5,
the chance. The insert shows a comparison between the WT group and the APP/PS1
group, t-test, p=0,0315. FO: Familiar Object. NO: Novel object. WT(n=10), Abl-KO
(n=11), APP/PS1 (n=10), APP/PS1/Abl-KO (n=9). The data are presented as media
+ SEM.
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Next, we evaluated another hippocampus-dependent task, the Barnes Maze test
(BM), that assesses spatial learning and memory in rodents (Sunyer et al., 2007).
Here we measure the latency to the target hole (escape hole) through four days. A
significant difference between the first day and the other three days it is an indicator
of learning. Here we found that aged WT mice had a significantly reduced latency
between the day first and day four (two-way ANOVA, days effect: p<0.0001, Tukey’s
multiple comparison test, p<0.05). In contrast, as expected, the APP/PS1 mice did
significantly differ in the performance between the days (two-way ANOVA, days
effect: p<0.0001, Tukey’s multiple comparison test, p>0.05). Interestingly, the aged
Abl-KO mice show a marked difference in their performance since day two (two-way
ANOVA, days effect: p<0.0001, Tukey’s multiple comparison test, p<0.0001).
Further, the APP/PS1/Abl-KO mice had a significantly reduced latency between the
day first and day four (two-way ANOVA, days effect: p<0.0001, Tukey’'s multiple
comparison test, p<0.01). The APP/PS1/Abl-KO group and Abl-KO group have less
latency than the WT group in the whole performance regardless of the acquisition
day (two-way ANOVA, genotype effect: p=0.0011) (FIGURE N°5). These data
indicate, in the first place, that the lack of c-Abl improves spatial learning. Secondly,
Abl-KO mice learn faster than WT mice. Finally, APP/PS1/Abl-KO mice’s
performance is better than APP/PS1 mice, even better than WT mice. Accordingly,
as in the OLM task, we can see a similar pattern on how the absence of c-Abl
improves memory performance in a hippocampus-dependent task, not only in the

context of Alzheimer's disease, in non-pathological one too.
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FIGURE N°5. Barnes Maze test. The bars in the right panel show the time spent in
finding the target hole each day. The left panel shows a representative example of
the traveled path for APP/PS1 and APP/PS1/Abl-KO. two-way ANOVA, days effect:
p<0.0001, genotype effect: p=0.0011. Tukey’s multiple comparison test, *=p<0.05,
**=p<0.01, **=p<0.001. WT(n=10), Abl-KO (n=11), APP/PS1 (n=10), APP/PS1/Abl-
KO (n=9). The data are presented as mean + SEM.
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To evaluate the general motor activity of mice, we assessed an Open Field test
(Seibenhener & Wooten, 2015). The Open Field is an empty arena where the animal
can explore for 10 minutes. The most common parameters measured in this test are
traveled distance and time spent in a defined zone. The traveled distance is an
indicator of locomotor activity, whereas the time spent in the center zone is an
indicator of anxiety-like behavior (Seibenhener & Wooten, 2015). Here we did not
find any differences between groups either in locomotor activity (one-way ANOVA,
p=0.8534) or anxiety-like behavior (one-way ANOVA, p=0.1662), discarding any
motor disability or basal stress (FIGURE N°6). Thus, the differences showed here

are just the product of cognitive processes.
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FIGURE N°6. Open Field test. In each case, the bar shows the percent of time spent
exploring the center zone (Anxiety-like behavior) and the distance traveled during
the whole exploratory time (basal locomotor activity). The left panel shows a
representative example of the traveled path. One-way ANOVA, p=0.1662 (Anxiety-
like behavior), p=0.8534 (Locomotor activity). WT(n=10), Abl-KO (n=11), APP/PS1
(n=10), APP/PS1/Abl-KO (n=9). The data are presented as mean + SEM.
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Finally, we decided to add the Memory Flexibility (MF) test, which was not included
in the original project, to increase our data's robustness in the hippocampus-
dependent tasks. The MF test is a variation of the Morris Water Maze and has seen
to be more sensitive to hippocampal dysfunction (Chen et al., 2000). The set of
animals used here was different from the set used in the tests mentioned above (see
Materials and Methods sections for more details). Also, these animals were older,
which allows us to see a better effect associated with Alzheimer’s disease since in
some water-based spatial working memory tasks, cognitive impairment is present

after 10-month-old (Lalonde et al., 2005; Ma et al., 2012; Zhang et al., 2011).

We measured the number of trials to reach the criterion (three consecutive trials with
latencies less than 20 seconds) in four consecutive days. Each day of testing, we
changed the platform position to the next subsequent quadrant. FIGURE N°7 left
shows the progression in each platform position. We found that the WT mice needed
few trials to reach the criterion (5.56 £ 3.18, from 15 trials per day). In contrast, the
APP/PS1 mice needed almost all trials (11.46 £ 4.67, from 15 trials per day) to reach
the criterion. Similarly to the WT group, the Abl-KO group needs few trials to reach
the criterion (5.54 = 3.16, from 15 trials per day). Interestingly, APP/PS1/Abl-KO mice
need almost half of the total trials to reach the criterion (7.38 £ 4.18, from 15 trials
per day). Summarizing, we found that the WT group, Abl-KO group, and
APP/PS1/Abl-KO group needed fewer trials to reach the criterion than the APP/PS1
group (Kruskal-Wallis test, p<0.0001, Tukey’s multiple comparison test,
p<0.05)(FIGURE N°7, right). As in Barnes Maze and OLM test, the data of the

Memory Flexibility suggest that the lack of c-Abl improves hippocampus-dependent



55

memory. The APP/PS1/Abl-KO mice's performance is better than APP/PS1 mice
and does not differ from the WT performance. A difference from the other two tests,

here the Abl-KO mice do not differ from the WT mice.
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FIGURE N°7. Memory Flexibility test. The bars in the right panel show the number
of trials needed to find the hidden platform. The left panel shows the progression in
each platform position. The platform position is different each day. Kruskal-Wallis
test, p<0.0001, Tukey’s multiple comparison test, *=p<0.05, ****=p<0.0001.
WT(n=8), Abl-KO (n=6), APP/PS1 (n=6), APP/PS1/Abl-KO (n=8). The data are
presented as mean + SEM.
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Taking together all the previous data, we could suggest that the effect of the lack of
c-Abl on cognition is selective, having more impact on memories that depends on

the hippocampus.

5.2 Objective 2. Evaluate the effect of the absence of c-Abl on functional
connectivity between the Prefrontal Cortex and Hippocampus in

APP/PS1-Abl-KO mice in resting-state

Because the relationship between the prefrontal cortex and hippocampus is a
leading factor in the consolidation and organization of memory networks, we
wondered whether the effects of the absence of the c-Abl on learning were related
to functional connectivity changes between those areas. To address this objective,
we performed simultaneous recordings in the medial prefrontal cortex (mPFC) and
the dorsal CA1 hippocampus in awake head-fixed animals from the four groups, after

two weeks of performing the behavioral tasks.

We record a total of 12 animals (134 recordings) and were divided as follow: WT,
four animals (40 recordings); Abl-KO, three animals (41 recordings); APP/PS1, two

animals (18 recordings); and APP/PS1/Abl-KO, three animals (35 recordings).

In the first place, we assess if the lack of c-Abl affects the hippocampus and the
prefrontal cortex individually. To achieve these, we evaluated the firing rate of the
units recorded as a measure of the neuronal activity in the mPFC. We record 696
units, of which 73.56 % correspond to putative pyramidal cells, and 26.44%
correspond to putative interneurons. Figure SUPPLEMENTARY N°1 shows the

waveform characteristics of pyramidal cells and interneurons of all units recorded
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regardless of the genotype, and as expected, we get more percentage of putative
pyramidal cells than putative interneurons cells. Here we did not find a significant
difference when comparing firing rates between groups (Kruskal Wallis test,
p=0.187) (FIGURE N°8, upper panel). Also, when we compare by type of neurons,
putative pyramidal or putative interneurons, neither have a difference between
groups (FIGURE N°8, lower panel). These data suggest that the absence of c-Abl
did not affect the basal activity in the mPFC. However, we found an unexpected

result since the APP/PS1 group did not differ from the WT group.
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FIGURE N°8. Neuronal activity in the Prefrontal Cortex. The right upper panel
shows the basal firing rate of the neurons. The numbers in parentheses show the
unit number per group. The left upper panel shows an example of a multi-unit
recording. The lower panel shows a comparison between group by type of neurons,
putative pyramidal, and putative interneurons. Kruskal-Wallis, p=0.187 (upper
panel), p=0.3995 (pyramidals), p=0.2936 (interneurons). The data are presented as
a boxplot. The red dots represent the outliers.
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Also, we evaluated the functional integrity of the hippocampus through the sharp-
wave ripples (SWRs). The SWRs are oscillations specific to the hippocampus and
are related to the transference of memories to the neocortex during memory
consolidation (Colgin, 2016). A disruption in any of the ripples features leads to
hippocampal impairment, driving cognitive decline (Buzséki, 2015). Here we
evaluated different parameters of the SWRs recorded in the CAl area of the dorsal
hippocampus. The probability of occurrence (or incidence) and frequency are two
parameters with an important behavioral correlate. Interrupting the incidence of the
SWRs interfere with memory consolidation, whereas the frequency is and indicator

of intra-hippocampal connectivity (Buzsaki, 2015).

When we compare the incidence feature between all groups, we obtained a
significant difference in the Kruskal-Wallis test (p=0.0304). However, Dunn's post-
hoc test does not show differences between groups (p>0.05) (FIGURE N°9A). This
result could most likely be due to the sample size. However, when we compare
independent pairs of groups, we found that WT mice have significative fewer ripples
per second than Abl-KO mice (Mann Whitney test, p=0.0332). When we performed
the comparison between the four groups in the frequency parameter, we found
differences only between WT and Abl-KO. The WT mice had significative less
frequency than AbI-KO mice (Kruskal-Wallis test, p=0.0029, Dunn's multiple
comparisons test, p=0.0059) (FIGURE N°9B). Considering those results, we suggest
that in physiological conditions, the WT mice present a slightly hippocampal reduced
function reflected in a decreased incidence and frequency of ripples. This reduced

function is probably related to aging. Interestingly, also in physiological conditions,



61

the lack of c-Abl increases both parameters, indicating an improvement in the

connectivity intra-hippocampus.

Amplitude and duration of the SWRs are also parameters that are often used to
describe the hippocampus’s functionality. We found a significant difference between
animals with (APP/PS1, APP/PS1/Abl-KO), and without (WT, AbI-KO) the AD
pathology. AD pathology had deleterious effects on duration (Kruskal-Wallis,
p<0.0001) and amplitude (Kruskal-Wallis, p<0.0001) of the SWRs, in contrast with
what we see in the first two parameters (FIGURE N°9C-D). Contrasting to the
incidence and frequency features, we do not see a beneficial effect of the lack of c-
Abl in physiological aging. This result suggests that the absence of c-Abl did not
impair the amplitude and duration’s SWRS features; the impairment is related to the

AD pathology.

Taking together, we can suggest a differential effect of the c-Abl on the hippocampus

functionality, showing some partial effect only in normal aging.
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FIGURE N°9. Sharp-wave ripples parameters. The right panel shows the ripple
feature: (A) Incidence, (B) Frequency, (C) Duration, and (D) Amplitude. The left panel
show examples of SWR. Red asterisks indicate the onset of the ripple. Kruskal-
Wallis test, Dunn’s multiple comparison test; ns, no significant; **, p<0.01.
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Until now, we showed that our AD model did not present a quantifiable deficit in the
prefrontal cortex activity, at least when it is compared with WT littermates. In contrast,
we showed a hippocampal dysfunction associated with the disease reflected in a
diminished duration and amplitude of the sharp-waves ripples. On the other hand,
the absence of c-Abl does not affect PFC’s functionality in physiological aging or AD
pathology. However, the lack of c-Abl seems to be a favorable effect in the
physiological aging’s hippocampal activity since it increases incidence and frequency
in Abl-KO mice compared with WT mice. Thus, the next steps were to determine if
the lack of c-Abl modified the interaction between the hippocampus and prefrontal

cortex.

To evaluate the basal functional connectivity in the prefrontal—hippocampal circuit,
we use two approaches. First, we compute the normalized cross-correlation function
between hippocampal SWRs and neuronal spikes in the mPFC. The cortico-
hippocampal coactivation was described previously. A peak near zero in a linear
cross-correlation between ripple onset and prefrontal cells is postulated as a
mechanism for reorganizing and consolidating neocortical memory traces (Siapas &
Wilson, 1998). We observed that neuronal discharge in the mPFC and SWRs in the
hippocampus were synchronized (FIGURE N°10, left). As shown in the cross-
correlograms of FIGURE N°10 (right), we observed a central peak near zero delayed
in all the four groups, indicating the simultaneous activation of mPFC neuronal
discharge and the hippocampal SWRs (Siapas & Wilson, 1998). The shape of the
cross-correlation function was not altered between groups from the onset of SWRs

until 200ms. However, from the positive time-lag 200 to 400 ms, mPFC neurons
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increased their discharge in APP/PS1 mice. We observed a significant difference
between APP/PS1 vs. Abl-KO and APP/PS1 vs. APP/PS1/Abl-KO in a bin to bin
comparison (Kruskal- Wallis, *p<0.05) (FIGURE N°10, right). These differences were
not related to the firing rate, given that we found no differences between groups in
the mean firing rate of MPFC neurons (FIGURE N°8). Thus, the increased discharge
seems in the APP/PS1 mice could be related to the aberrant excitatory neural activity

described previously in AD models (Busche et al., 2008; Palop et al., 2007).

Notice that we also found an increased discharge in the mPFC neurons in WT mice
from the time-lag 200 to 400 ms. In wild-type young mice, the cross-correlation
function’s expected shape is a central peak near zero, followed by a fall (Negron-
Oyarzo et al., 2015). However, it has been shown that aging could lead to
pathological hyperexcitability in neurons (H.-L. Wang et al., 2017). Thus, the

increased activity seems in our WT mice could be related to an aging feature.

Thus, the data suggest that this alteration in functional connectivity between PFC
and hippocampus seems in both physiological aging and AD pathology, improves in

the absence of c-Abl.
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FIGURE N°10. Cross-correlation analysis. The right panel shows the mean
normalized cross-correlation between the significantly correlated mPFC single units
to hippocampal SWRs. The left panel shows example recordings, displaying
hippocampal SWR (top) and mPFC single unit (lower). Asterisks indicate SWR
cross-correlated with mPFC neuronal spikes. Kruskal-Wallis, bin to bin comparison,
*=p<0.05.
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The second approach to measure the network's state was to calculate all spectra
coherence, emphasizing theta oscillation coherence in the prefrontal-hippocampal
circuit. Theta oscillations have been implicated in behavioral states and memory
performance (Colgin, 2016), and disrupted neural oscillations contribute to AD's
cognitive and behavioral alterations. Although we found a decrease in the global
coherence in mice with AD pathology (APP/PS1 and APP/PS1/Abl-KO), we identified
a diminished interregional coherence in theta oscillations (4-10 Hz) in APP/PS1 mice
(FIGURE N°11, left). We also found that the WT group had significantly increased
coherence than the ADbI-KO group and the APP/PS1 group (Kruskal-Wallis,
p<0.0001, Dunn's multiple comparisons test, p<0.0001). The APP/PS1/Abl-KO
group also had significative greater coherence than the Abl-KO group and APP/PS1
group (Kruskal-Wallis, p<0.0001, Dunn's multiple comparisons test, p=0.0004).
Interestingly, the is no difference between WT mice and APP/PS1/Abl-KO (Kruskal-
Wallis, p<0.0001, Dunn's multiple comparisons test, p>0.9999) (FIGURE N°11,
right). Summarized, the WT and APP/PS1/Abl-KO mice do not present significative
differences, and both are distinct from APP/PS1 and AbI-KO mice. These data
suggest that the absence of c-Abl in the context of Alzheimer's disease improve the

synchronous activity of theta oscillations.

Overall, the cross-correlation analysis and the synchronous activity have a similar
pattern. The c-Abl seems to contribute to the dysfunction in the hippocampus-
prefrontal cortex axis present in Alzheimer's disease. Therefore, the genetic ablation

of c-Abl could recover the impairment.
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FIGURE N°11. Coherence analysis. The left panel shows the synchronous activity
between the prefrontal cortex and the hippocampus in all the spectra. The gray bar
emphasizes the theta oscillation (4-10 Hz). The right panel shows the quantification
of the theta coherence. Kruskal-Wallis test, p<0.0001, Dunn's multiple comparisons
test, ***=p<0.001, ****=p<0.0001. The data are presented as a boxplot.
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5.3 Objective 3. Assess the effect of the absence of c-Abl on B-amyloid

plaques in APP/PS1/Abl-KO mice

The B-amyloid aggregations are one of the pathological hallmarks of Alzheimer's
disease. The transgenic mouse model used in this project (APPswe/PSEN1Ed9)
develops AR deposits in the brain by 4-months-old (Garcia-Alloza et al., 2006). We
previously have shown that these animals treated with c-Abl inhibitors diminished
the brain's AR deposits (Cancino et al., 2008). Here, we wanted to evaluate if the
genetic ablation of the c-Abl affected AB deposition. We measured the amyloid
burden in 11-month old mice. As we expected, APP/PS1 mice's brains showed
widespread AB accumulation and WO2-positive amyloid plaques (FIGURE N°12A).
However, when we compare APP/PS1 vs. APP/PS1/Abl-KO mice, we did not find
any differences between groups either in the area or plaques number (t-test,
p=0.5588, and p=0.3586, respectively, data not shown). Next, we evaluated the
plague number in younger mice (6-month old) because we previously experienced
that APP/PS1 mice treated with Imatinib show decreased plaque burden in younger
mice. We found a significant reduction in APP/PS1/Alb-KO mice compared with
APP/PS1 mice (t-test, p=0.0119) (FIGURE N°12B). It is important to notice that the
plague number of younger mice is fewer than the oldest mice. This result is expected
since this Alzheimer's disease model develops the senile plague progressively
(Finnie et al., 2017; Garcia-Alloza et al., 2006). Thus, these data suggest that the

absence of c-Abl could delay the AB aggregation in the AD model.
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FIGURE N°12. Amyloid burden quantification. (A) 11-month old mice. The panel
shows a representative image of the immunofluorescence. Magnification: 20X (B) 6-
month old mice. The left panel shows a representative example of the
immunofluorescence. White-head arrows show A aggregation. t-test, p=0.0119. We
use four animals per group, four slides approximately per animal, ten photos per
slide. APP/PS1 (n=4), APP/PS1/Abl-KO (n=4). The data are presented as mean +
SEM.
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6 DISCUSSION

6.1 Lack of c-Abl improves behavioral performance in hippocampal-

dependent tasks.

In this study, we found that the genetic ablation of c-Abl improves cognitive
performance in the hippocampus-dependent task of animals with AD pathology and
healthy mice. The hippocampus plays a crucial role in learning, memory, and spatial
navigation. This structure is particularly susceptible to damage from epilepsy,
hypoxia, ischemia, or encephalitis (Knierim, 2015). In dementia, particularly in
Alzheimer's disease, the hippocampus is the first to show senile plaques and tau
tangles. Parameters that are well correlated with the cognitive decline in these
patients (Lane et al., 2018). Also, hippocampal lesions in experimental animals lead
to memory impairment in the Morris Water Maze, which is the dominant test for

hippocampal function (Vorhees & Williams, 2006).

Here we show how our model of Alzheimer's disease, the APP/PS1 mice
(APPswe/PSEN1Ed9), displays a notorious deficiency in recognition memory (Fig.
4, insert) and in different components of spatial memory (FIGURE N°3, FIGURE N°5,
and FIGURE N°7), deficiencies reported widely in the literature in the same AD
animal model (Cheng et al., 2019; Li et al., 2019; Sierksma et al.,, 2014).

Nevertheless, the APP/PS1/Abl-KO mice have significantly better performance in all
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the spatial memory tests, indicating that a lack of c-Abl attenuates Alzheimer's

disease pathology in APP/PS1 mice.

Previous research evaluates the c-Abl knockout in other neurodegenerative
diseases, specifically in Parkinson's disease (PD) (Ko et al., 2010; Wu et al., 2016).
Despite AD and PD are different pathologies, it has some similarities. Both are
neurodegenerative diseases, display pathological protein aggregation, and in the
late stages of PD, patients may also have mental and behavioral changes (Kalia &
Lang, 2015). c-Abl KO mice were used to test the role of c-Abl in a model of PD
(MPTP intoxication). In this model, c-Abl KO mice significantly prevent the loss of
TH-positive and Nissl-positive neurons following MPTP exposure. Also, KO of c-Abl
significantly protects against the loss of striatal TH-positive fibers (Ko et al., 2010).
Later, Wu and colleagues use the same PD model, and they arrive at similar results:
MPTP mediates the activation of c-Abl, and that the neuron-specific KO of c-Abl
prevents MPTP-induced dopaminergic neuronal death (Wu et al., 2016). Both
studies show that the absence of c-Abl may have a neuroprotective effect, mitigating
dopaminergic neurons' loss in Parkinson's disease (Abushouk et al., 2018).

However, this is the first study that knocked out the c-Abl in AD as far as we know.

Further, studies with inhibitors of c-Abl had shown improvement in the cognitive
status in animal models of Alzheimer's disease. Our laboratory had previously shown
that in two animal models of Alzheimer's disease (rats injected with AR and
transgenic mice model), treatment with Imatinib, a c-Abl inhibitor, reduces path

length and escape latency in the Morris Water maze (Cancino et al., 2008). Our
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laboratory also found that Imatinib prevents LTP impairment induced by A

oligomers in hippocampal slices (Vargas et al., 2014).

Although we found that the APP/PS1/Abl-KO group had a better performance than
the APP/PS1 group in most of the tests performed, we did not observe the same
pattern in the NOR test. This result was not unpredictable since the Novel Object
Recognition tests and the Object Location Memory test could seem similar, they are
not. Both tests assess different types of memory, and subsequently, there are
different brain regions involved. The NOR test evaluates recognition memory and
the central brain region involved in the perirhinal cortex (Antunes & Biala, 2012).
Microinjections of anisomycin, an inhibitor of protein synthesis, in the perirhinal
cortex, impaired the object recognition test. However, the same injection on the
hippocampus does not affect recognition memory (Balderas et al., 2008). Otherwise,
the OLM is a spatial memory task, and the hippocampus is the critical brain region
involved (Murai et al., 2007). Previous reports describe rats with hippocampal lesions
impaired place memory and context memory (Mumby et al., 2002). Also, Barnes
Maze is a well-known hippocampus-dependent task that evaluates spatial learning
and memory (Barnes, 1979), as well as the Memory Flexibility test (Chen et al.,
2000). Thus, it is not surprising that our results show that in hippocampus-dependent
tasks, APP/PS1/Abl-KO mice had better performance than APP/PS1 mice. Mainly
for the combination of two reasons. In the first place, the AD pathology begins in the
hippocampus and then spread to other brain areas. Second, the c-Abl does not have

a similar expression across the brain, and its expression is most prominent in the
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hippocampus and cerebellum (Experiment Detail :: Allen Brain Atlas: Mouse Brain,

n.d.).

Interestingly, here we show that old WT mice do not recognize the displaced object
in the OLM test, but the Abl-KO does. It has been shown that in the OLM test, there
Is a decline in the location index in wild-type aged mice (Wimmer et al., 2012). The
mice used in this project were 10-month old approximately, and when we compare
the performance with younger mice (4-month old), we observe a significant
impairment in recognizing the displaced object in the older mice (SUPPLEMENTARY
N°2). Aging impairs spatial cognitive function in animals and humans. Additionally,
the hippocampal function declines in an age-dependent manner (Murai et al., 2007,
Wimmer et al., 2012). Therefore, the fact that the Abl-KO mice, an age-matched
group, recognize the displaced object, suggests the lack of c-Abl can revert the
impairment associated with healthy aging. This result is coherent with previous data
that described that Abl-KO young mice had better cognitive performance than age-

matched WT mice (Gonzalez et al., submitted).

Further, the impairment in WT mice in the OLM test seems to be related to the task
characteristics. The OLM relies on an animal's innate preference for novelty without
additional external reinforcement (Denninger et al., 2018). Barnes maze and the
Memory Flexibility tests use negative external reinforcement to promote spatial
learning. In each case, rodents look for an escape from an aversive situation,
exposed on a brightly-lit platform or immersed in water, respectively (Denninger et
al., 2018). Thus, the cognitive decline observed in the WT group performing the OLM

is a typical feature in aged WT mice, abolished in more challenging tasks.
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6.2 Lack of c-Abl modifies the functional connectivity during resting-state

between the prefrontal cortex and hippocampus.

Current evidence suggests that AD affects various functional and structural
connectivity networks in the brain, associated with the topography, clinical
phenotype, and severity of the disease (Berron et al., 2020). The hippocampus and
prefrontal cortex are necessary for learning and memory, and their interactions are
critical for memory-guided behavior (Eichenbaum, 2017). Here, we evaluated the
basal functional connectivity in the prefrontal-hippocampal circuit of head-fixed
animals, through two approaches: first, a cross-correlation between neuronal spikes
from mPFC and hippocampal SWRs; second, the synchronous activity between the

prefrontal cortex and hippocampus in theta oscillation.

The hippocampal-cortical connectivity in rodents was described by Siapas & Wilson
(1998). They demonstrate the existence of temporal correlations between
hippocampal ripples and prefrontal cells. Postulating that this coactivation of
hippocampal and neocortical pathways may be essential for memory consolidation,
during which memories are transferred from short-term hippocampal to longer-term
neocortical stores (Siapas & Wilson, 1998). Here, when we compute the cross-
correlation analysis between PFC and hippocampus, we found increased activity of
the PFC between 200 and 400 ms in APP/PS1 mice, which was not present in the
APP/PS1/Abl-KO group (FIGURE N°10). This increment in the PFC discharge was
no related to the firing rate since there is no difference between groups (FIGURE
N°8). Thus, this increased activity could reflect the abnormal excitability of the

prefrontal neurons.
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In the last years, there is evidence from studies in vivo in both human and animal
models of AD, showing that neuronal circuits are hyperactive instead of hypoactive,
mainly in the early stages of the disease (Busche & Konnerth, 2015). Busche and
collaborators use two-photon Ca?* imaging to evaluate the spontaneous ongoing
activity of cortical neurons in a mouse model of Alzheimer's disease. They found out
that 21% of neurons displayed an unexpected increase in spontaneous Ca?*
transients' frequency. These "hyperactive" neurons were found only near the plaque
border, whereas silent cells and cells with regular Ca?* transients were distributed
throughout the cortex. They also found that the spontaneous and glutamate-induced
Ca?* transients detected in hyperactive neurons were very similar to those recorded
in the "normal” neurons, indicating the absence of any significant increase in intrinsic
excitability of hyperactive neurons. Finally, they figured out that the hyperactivity
appeared to be due to a relative decrease in synaptic inhibition (Busche et al., 2008).
They concluded that not only do hyperactive neurons fire more frequently, they also
do this in a correlated manner, thus increasing the risk for seizure-like activity. In the
same sense, a previous report that evaluated the neuronal activity in an animal
model of amyloidosis found a hypersynchronous BOLD signal when evaluating
functional connectivity through fMRI. This hypersynchrony was reduced with
treatment with antibodies anti-Af, suggesting that de AB could be related to this

process (Shah et al., 2016).

The hyperactive pattern has also been described in hippocampal neurons. Neuronal
activity in the plaque-bearing CA1 region of older mice is profoundly altered, with a

marked increase in the hyperactive neurons fraction. Interestingly, in the
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hippocampus of young mice, a selective increase in hyperactive neurons occurs
before forming plaques, suggesting that soluble species of AR may underlie this
impairment. The acute treatment with a y-secretase inhibitor that reduces soluble AR

levels rescued neuronal dysfunction (Busche et al., 2012).

Moreover, BACE activity inhibition reduced prefibrillar AB surrounding plaques,
rescuing neuronal hyperactivity, impaired long-range circuit function, and memory
defects. The functional neuronal impairments reappeared after the infusion of soluble
AB, mechanistically linking AB pathology to neuronal and cognitive dysfunction
(Keskin et al., 2017). Related to this, our laboratory has shown that the absence of
c-Abl or its inhibition decreases APP's amyloidogenic processing, reducing AR levels
and oligomerization (Estrada et al., 2016). Being able to establish a link with the fact
that the absence of c-Abl diminishes the hypersynchrony observed in Alzheimer's

disease’s animal model.

On the other hand, theta oscillations have been implicated in behavioral states and
memory performance (Colgin, 2016), and disrupted neural oscillations contribute to
AD's cognitive and behavioral alterations. Also, theta oscillation-mediated
interactions between the hippocampus and prefrontal cortex are essential for spatial
memory (Tamura et al., 2017). Thus, we evaluated the synchronous activity between
the prefrontal cortex and hippocampus in all the spectrum but focusing on the theta
oscillation. Our data showed a diminished theta coherence in APP/PS1 mice,

recovered in APP/PS1/Abl-KO mice (FIGURE N°11).
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Previously, the decreased coherence, amplitude, and power in theta oscillations in
animal models of Alzheimer pathology has been reported. Stoiljkovic et al. recorded
neural activity in TgF344-AD rats, a transgenic model of Alzheimer's disease. Under
urethane anesthesia, TgF344-AD rats showed a significant age-dependent decline
in hippocampal theta oscillation. In the freely behaving condition, the power of
hippocampal theta oscillation was significantly lower in TgF344-AD rats. These rats
showed impaired coherence in both intercortical and hippocampal-cortical network
dynamics (Stoiljkovic et al., 2019). Earlier, Tanninen et al. found that despite
histologically normal tissues, the dorsal HPC and mPFC of tau-expressing rats
showed a significant attenuation of stimulus-evoked theta oscillations (Tanninen et
al., 2017). Also, Ahnaou et al. found an early decline of EEG theta oscillations and
coherent activity between the PFC and HPC CA1 and severe impairments in theta—
gamma oscillations coupling in P301L mice that show tau pathology (Ahnaou et al.,

2017).

The data showed here are in basal condition since the animals are in resting-state.
It is known that theta oscillations mediate the temporal coordination of hippocampal—
prefrontal cortex activity for coherent coding of spatial position during memory-
guided behavior (Zielinski et al., 2019). However, some reports evaluate theta
oscillations in resting-state (Schutte et al., 2017), REM sleep (Boyce et al., 2016), or
under anesthesia (Stoiljkovic et al., 2019). The strength of hippocampal-prefrontal
synchrony is correlated with behavioral performance. In this sense, the increased

basal coherence in theta oscillation seems in our APP/PS1/Abl-KO mice could be
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relevant in the improvement in the memory-guided behavior (see behavioral results

above, (FIGURE N°3, FIGURE N°5, and FIGURE N°7).

Deficits in functional connectivity are also described in patients with Alzheimer's
disease. Studies of default mode network (DMN) and other resting-states networks
have shown a correlation with those networks and dementia severity (Wood, 2014).
Accordingly, reduction in functional connectivity is in parallel with a worse Clinical
Dementia Rating test. Also, functional connectivity changes have been seen in both
sporadic and autosomal AD (Thomas et al., 2014). Recently, it has been described
that AR accumulation preferentially starts in the core regions of the DMN. The earliest
AB accumulation is further associated with dysfunctional connectivity within the DMN

and between the DMN and the frontoparietal network (Palmqyvist et al., 2017).

We also determined the effect of the lack of c-Abl on both the prefrontal cortex and
hippocampus, separately. We did not find a difference between groups
corresponding to the prefrontal cortex activity (FIGURE N°8). However, we have an
unexpected result because our data do not show that the disease affects prefrontal
cortex activity. Our results differ from other authors, where shows how in AB-injected
rats, there is a decline in PFC activity, resulting in decreased firing rate and

diminished functional connectivity in the PFC network (Wei et al., 2015).

Because the sharp-waves ripples are oscillations pattern specific to the
hippocampus, we evaluate the hippocampus's functionality through the SWRs. The
SWRs play an essential role in memory consolidation processes, and its disruption

causes memory deficits in hippocampal-dependent memory task (Girardeau et al.,
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2009; Girardeau & Zugaro, 2011). We found that the presence of Alzheimer's
pathology affected the amplitude and duration of the SWRs. Still, how A affects the
ripples it is not entirely understood. Previous research with animal models of
Alzheimer's disease demonstrated that the effect of AR on SWRs depends on
different factors such as the animal's age and the transgenic model use in the
experiment (Hermann et al., 2009; Jura et al., 2019; Nicole et al., 2016). However,
itis an agreement that the presence of A leads to synaptic transmission impairment

(Kamenetz et al., 2003).

Interesting, Abl-KO mice show an increment in the frequency of the SWRs compare
to WT mice (FIGURE N°9B). It is well established that the ripples' frequency is a
marker of the inter-hippocampal connectivity (Buzsaki, 2015). The strengthened
connection between the hippocampus translates into improvements in behavioral
tasks, particularly those that depend on the hippocampus, which is not only true for

aging mice but also for younger ones (Gonzalez et al., submitted).

The experiments shown here are in resting-state, which means that the animals are
awake, but there is no behavioral testing associated with the recordings. Sharp-
waves ripples are related to memory consolidation during slow-wave sleep (Joo &
Frank, 2018). However, it has been shown that awake SWR also contributes to
multiple functions, including learning, retrieval, consolidation, and trajectory
planning (Buzsaki, 2015). A critical feature of awake SWRs is the fidelity of
recapitulated experience, as accurate portraits of established trajectories are crucial
for rapid memory-driven behavioral performance (Roumis & Frank, 2015).

Shantanu and colleagues observed a specific learning and performance deficit that
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persisted throughout the training associated with awake SWR activity. Consistent
with this, there is a link between awake SWRs and hippocampal memory processes,
suggesting that awake replay of memory-related information during SWRs supports
learning and memory-guided decision-making (Jadhav et al., 2012). The evidence
supports the hypothesis that SWR replay during the waking state serves to support
retrieval and planning, whereas SWR replay during sleep is prepared to consolidate

a memory trace into a gradually broader framework of existing memories.

6.3 Lack of c-Abl slows down the accumulations of AB plaques in the brain

of APP/PS1/Abl-KO mice.

The extracellular accumulation of the amyloid-B peptide (AB), known as senile
plague, is a significant histopathological marker of Alzheimer's disease (Atwood &
Bowen, 2015). Here we show that, at 11-month old, we do not see differences
between groups. However, at 6-month old, APP/PS1/Abl-KO mice have significantly
less amyloid plaque than APP/PS1 mice (FIGURE N°12). This data suggests that
the absence of c-Abl could delay the AB aggregation in the model of AD. The same
pattern was described by Richard et al. (2008) in a distinct animal model of
Alzheimer's disease. They knocked out the toll-like receptor 2 (TLR2), related to the
microglial response to AD, and compare the amyloid load at different time points.
The findings were that APP-TLR2-KO has less amyloid load than APP mice at 3-
month and 6-month old. However, when comparing the groups at 9-month old, the

plague formation difference was attenuated (Richard et al., 2008).
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Some studies evaluated the genetic ablation of kinases in animal models of
Alzheimer's disease. One report showed that p38 MAPK (p38 mitogen-activated
protein kinases) knockout reduced AP levels in both the hippocampus and cortex of
AD transgenic mice, even as early as 4-months of age (Schnéder et al., 2016). The
p38 MAPK is susceptible to stress stimuli, and similarly to c-Abl, its active form has
been detected in the brains of AD patients (Schnoder et al., 2016). Another report
shows that the IRAK4-KO (Interleukin receptor-associated kinase-4 knockouts)

decreased A levels in a murine model of AD (Cameron et al., 2012).

The basis of how c-Abl delay the AR accumulations is not entirely understood.
However, our laboratory has previously shown that the in vitro model of AD treated
with Imatinib, a c-Abl inhibitor, displays decreased processing of APP (amyloid-f3
protein precursor) through the amyloidogenic pathway, which may explain the
decrease of AB oligomers observed in vivo (Estrada et al., 2016). The mechanism
underlying this effect could involve APP phosphorylation. In cell cultures expressing
the active form of c-Abl, APP is phosphorylated on tyrosine. Thus, Estrada et al.
propose that APP phosphorylation could increase APP interaction with BACE (B-site
amyloid precursor protein cleaving enzyme), the initiating enzyme in Ap genesis.
Imatinib might prevent the altered trafficking of phosphorylated APP to early

endosomes and lysosomes, where BACE is located (Estrada et al., 2016).

6.4 Mechanism Proposal

Our data showed that in an animal model of Alzheimer's disease, the genetic ablation

of c-Abl prevents the mice's cognitive performance. The lack of c-Abl diminished the
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deficits observed in hippocampus-dependent tasks. Accordingly, when we evaluated
the functional connectivity in the hippocampal-prefrontal cortex axis, we also
observed that the lack of c-Abl improves AD impairment. Still, how the c-Abl interact

to modifies the interplay between the hippocampus and prefrontal cortex?

It is well established that AR impairs synaptic plasticity mechanisms, including long-
term potentiation (LTP)(Puzzo et al., 2017). The modulation of synaptic glutamate
mechanisms mediated by AR induced a shift in the excitatory-inhibitory balance
(Harris et al., 2020). Impaired glutamate synapses might subsequently lead to
increased synaptic activation of NMDA receptors and subsequent desensitization,
followed by internalization of NMDARs and AMPA receptors. The receptors'
endocytosis leads to LTP's impairment, facilitation of LTD, and spine loss (Harris et

al., 2020).

Vargas and colleagues showed that amyloid- oligomers (ABOs) activate the c-Abl
kinase in dendritic spines of hippocampal neurons and that c-Abl kinase activity is
required for ABOs-induced synaptic loss. The EphA4 receptor tyrosine kinase is
upstream of c-Abl activation by ABOs and EphA4 activation increases in cultured
neurons and synaptoneurosomes exposed to ABOs in the brain of Alzheimer-
transgenic mice. More interestingly, EphA4/c-Abl activation is a key-signaling event
that mediates the synaptic damage induced by ABOs (Vargas et al., 2014). These
results are consistent with EphA4 being a novel receptor that mediates synaptic

damage induced by ABOs (Matsui et al., 2012).
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Recently, Gutierrez and colleagues found that in the presence of ABOs, c-Abl
participates in synaptic contact removal, increasing susceptibility to ABOs damage.
Its deficiency increases the immature spine population reducing ABOs-induced

synapse elimination (Gutierrez et al., 2019).

With the results showed here and the antecedents described above, we suggest the
following mechanism proposal (FIGURE N°13): In the context of Alzheimer's
disease, the c-Abl leads synaptic damage such as LTP impairment, dysfunction in
the dendritic spine density, as well as a reduction in synaptic clustering. These
synaptic alterations are at the base of the impaired connectivity and synchronous
activity between the hippocampus and the prefrontal cortex. Connectivity deficiency
Is translated into cognitive impairment, reflected in a deficiency performance in

hippocampus-dependent tasks.
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7 CONCLUSIONS

Data presented in this thesis show the relevance of the c-Abl on the progression of
Alzheimer's disease. Here we found that whereas APP/PS1 mice show a markedly
cognitive deficiency in recognition memory and spatial memory, APP/PS1/Abl-KO
mice seem to rescue de damage, mainly in spatial tasks. Interestingly, the Abl-KO

mice also rescue the cognitive damage associate with healthy aging.

Additionally, we evaluated the functional connectivity between PFC and
hippocampus. When we compute the cross-correlation between both areas, we find
and increased discharge in the APP/PS1 mice's PFC. This increased activity was
not associated with an increase in the PFC's basal firing rate since there were no
differences between groups. This pathological hyperactivity was not found in
APP/PS1/Abl-KO mice. We also measure another parameter as an indicator of the
state of the network. We found a diminished synchronous activity between PFC and
HPC in theta oscillation in APP/PS1 mice. c-APP/PS1Abl ablation recover the

impairment associated with the disease.

Finally, we evaluated one of the essential histopathological hallmarks of Alzheimer's
disease. We found that the lack of c-Abl in AD mice delay accumulating the amyloid

plagues, in comparison with APP/PS1 mice.
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In summary, the present work confirms the role of c-Abl on Alzheimer's disease's
pathological mechanism, showing, for the first time, data from c-Abl knockout mice
in the context of Alzheimer's disease. The data presented proposes the impaired
functional connectivity between PFC and HPC as the missing link between the
dysfunction at the cellular level and cognitive impairment. These results provide full

support to consider the c-Abl as a feasible therapeutic target in Alzheimer's disease.
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8 APPENDIX

8.1 TABLE N°1. Amplification programs for genotypification

PCR APP/PSEN1 PCR Abl flox/CRE
Initial denaturation 94°C — 10 min. 94°C — 3 min.
Denaturation 94°C - 30 sec. 94°C - 30 sec.
Annealing 57°C — 1 min. 56°C — 30 sec.
Extension 72°C — 1 min. 72°C — 1 min.
Final Extension 72°C — 10 min. 72°C — 1 min.
Hold 4°C — o, 4°C — oo,
Cycles 35 38
8.2 TABLE N°2. Primers sequences
PRIMERS SEQUENCES

APP forward
APP reverse
PSEN1 forward
PSENI1 reverse
c-Ablfloxflox forward
c-Ablflox/flox reyerse
CRE forward
CRE reverse

5" AGGACTGACCACTCGACCAG &
5 CGGGGGTCTAGTTCTGCAT &

5" AATAGAGAACGGCAGGAGCA &

5" GCCATGAGGGCACTAATCAT 3
5 TGTGCATAGCAGGAAGTCCTCCAGAGGA 3’
5 AGTTAACACACCTCCAGAGTGAGTGCCCT &

5" GCAAGAACCTGATGGACATGTT 3
5 GCAATTTCGGCTATACGTAACAGGG &
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8.3 Results corresponding to FIGURE N°8
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SUPPLEMENTARY N°1. Waveform characteristics of putative pyramidal cells
and putative interneurons recording from medial PCF. The upper panel shows
the mean of all waveforms of single units recorded. The lower panel shows the
comparison of the peak-to-trough ratio between pyramidal cells and interneurons. As
expected, the width of the waveform in interneurons was significantly narrower than
in pyramidal cells (Mann-Whitney, p<0.0001). The pie chart shows the percentage
of units classified as putative pyramidal and interneurons.
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SUPPLEMENTARY N°2. Object Location Memory test in young mice. The bars
show the time spent in the relocated object, compared to the total time of exploration.
The dotted line represents the chance. t-test, p=0.0303; @ mean significative
different from 0.5, the chance. The data are presented as mean + SEM@, mean

different of 0.5.
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