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Abstract 

 

Alzheimer’s disease (AD) is a chronic, progressive, and irreversible 

neurodegenerative disorder with clinical features including memory loss, dementia, and 

cognitive impairment. It has been shown that one of the earliest events in AD is the 

synaptic loss induced by soluble oligomeric forms of the amyloid b peptide (sA𝛃os) which 

is thought to be the major cause of cognitive deficits in AD. Pannexin 1 (Panx1), a 

membrane protein implicated in cell communication and intracellular signaling, modulates 

the induction of excitatory synaptic plasticity under physiological contexts and contributes 

to neuronal death under inflammatory conditions. Probenecid (PBN) is an FDA-approved 

drug used for gout treatment that has been shown to block the Panx1 channel activity 

and that has been suggested as a neuroprotective agent, although the related 

mechanisms have never been described. Previously, we reported that the ex vivo 

treatment with 100µM PBN improves synaptic plasticity, toxic biochemical pathways and 

cell viability in the brain of 6 months old (m.o)  APP/PS1 mice, a transgenic mouse model 

of AD. To further explore the therapeutic potential of PBN in the AD context we evaluated 

the impact of 1-month treatment with PBN in 3, 12, and 18 m.o APP/PS1 mice and their 

wildtype (WT) littermates. After treatment, we assessed a battery of behavioral tasks to 

analyze spatial and recognition memory using the Morris Water Maze (MWM) and the 

Novel Object Recognition (NOR) tests, respectively. Ex vivo electrophysiological-field 

recordings were done to analyze synaptic transmission and plasticity in hippocampal 
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slices. Additionally, immunolabeling of histopathological AD markers and staining of the 

neuronal morphology, dendritic arborization, and spine density were also performed. Our 

data show that the treatment with PBN prevented the defects in recognition and spatial 

memory observed in both male and female 12 m.o APP/PS1 mice. The treatment with 

PBN also increased dendritic arborization and spine density in both WT and APP/PS1 

mice, we observed an early loss of spines in the 3 m.o TG females, in contrast to males, 

where the loss of spines was observed in older TG animals. We also observed that PBN 

prevented synaptic plasticity defects in APP/PS1 mice where we observed a similar 

correlation with respect to the structure of the synapse, that is, a deterioration in plasticity 

in young TG females and old TG males. As the PBN treatment reduced the Panx1-

activity, estimated by the uptake of a fluorescent dye in the ex vivo hippocampal slices, 

all these results strongly suggest that a “neuroprotective” effect of PBN could rely on the 

blockade of Panx1 channels.   
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Resumen 

 

La enfermedad de Alzheimer (EA) es una enfermedad neurodegenerativa 

crónica, progresiva e irreversible con características clínicas de pérdida de memoria, 

demencia y deterioro cognitivo. Se ha demostrado que uno de los eventos más 

tempranos en la EA es la pérdida sináptica funcional, inducida por formas oligoméricas 

solubles del péptido 𝛃 amiloide (sA𝛃os), que se cree que es la causa principal de los 

déficits cognitivos en la EA. Panexina 1 (Panx1), una proteína de membrana implicada 

en la comunicación celular y la señalización intracelular, modula la inducción de la 

plasticidad sináptica excitatoria en contextos fisiológicos y contribuye a la muerte 

neuronal en condiciones inflamatorias. El probenecid (PBN) es un medicamento 

aprobado por la FDA que se usa para el tratamiento de la gota que ha demostrado 

bloquear la actividad del canal de Panx1 y que se ha sugerido como un agente 

neuroprotector, aunque nunca se han descrito los mecanismos relacionados.  

Anteriormente, reportamos que el tratamiento ex vivo con 100 µM PBN mejora la 

plasticidad sináptica y reduce algunas vías de señalización tóxica y la viabilidad celular 

en el cerebro de ratones APP/PS1 de 6 meses de edad (m.e), un ratón transgénico 

modelo de EA. Para explorar más a fondo el potencial terapéutico del PBN en el contexto 

de la EA, evaluamos el impacto del tratamiento de 1 mes con PBN en ratones APP/PS1 

de 3, 12 y 18 m.e y de sus hermanos de camada de tipo salvaje (WT). Transcurrido el 

tratamiento, aplicamos una batería de tareas conductuales para analizar la memoria 
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espacial y de reconocimiento utilizando las pruebas de Morris Water Maze (MWM) y 

Novel Object Recognition (NOR), respectivamente. Se realizaron registros 

electrofisiológicos de campo en rebanadas hipocampales ex vivo para analizar la 

transmisión y plasticidad sináptica; además, se realizó el inmunomarcaje de marcadores 

histopatológicos de la EA y tinción de Golgi para evaluar la morfología neuronal, la 

arborización dendrítica y la densidad de espinas dendríticas. Nuestros datos mostraron 

que el tratamiento de 1 mes con 100 mg/kg PBN previno los defectos en la memoria de 

reconocimiento y memoria espacial observados en ratones APP/PS1 de 12 m.e, además 

de aumentar la arborización dendrítica y la densidad de espinas tanto en ratones WT 

como APP/PS1. También observamos que PBN previno los defectos de plasticidad 

sináptica en ratones APP/PS1. Como el tratamiento con PBN también redujo la actividad 

de Panx1, estimada por la captación de trazadores fluorescentes en las rebanadas 

hipocampales, estos resultados sugieren que los efectos de PBN podrían depender del 

bloqueo de los canales de Panx1. 
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Introduction 

 

 

AD and the amyloid hypothesis 

 

AD is a progressive neurological disorder that causes brain atrophy and neuronal 

death; it is the most prevalent neurocognitive disorder in the elderly, that lead to the 

progressive decline in cognitive and social skills, affecting the person’s ability to live 

independently (Goedert & Spillantini, 2006). According to the World Health Organization 

(WHO), fifty million people worldwide live with dementia since 2018. It is estimated that 

these numbers will increase more than threefold, reaching 152 million people affected by 

2050 (Patterson, 2018). In Chile, there is no epidemiological data regarding AD, however, 

an approximation can be made according to other tools. Based on the National 

Dependency Study and the National Health Survey, it can be estimated that the 

prevalence of AD in people over 60 years old is 3% and this is greater than 40% over 80 

years (MINSAL, 2010). Currently, in our country, about 200.000 people suffer from AD.      

The number would rise as the population ages (MINSAL, 2015). 

Mutations in the amyloid precursor protein (APP), presenilin 1 (PSEN1), and 

presenilin 2 (PSEN2) genes are related to early-onset familial forms of AD, instead, 

polymorphisms in the Epsilon 4 allele of the apolipoprotein E (APOE) gene are an 

important risk factor for late-onset AD (Bertram, et al. 2010; Goedert & Spillantini, 2006). 

Nonetheless, most of the cases of AD are sporadic forms of the disease, with aging being 

the major risk factor (Goedert & Spillantini, 2006). 
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AD is characterized by the appearance of two lesions in cells and cerebral 

microvessels that correspond to the abnormal accumulation of protein-aggregates 

forming amyloid plaques and neurofibrillary tangles (Figure 1) (Haas & Selkoe, 2007). 

The amyloid plaques correspond to extracellular deposits of the amyloid-b peptide (ab), 

which is produced from the altered enzymatic processing of the APP by α-, b- and γ-

secretases (Goedert & Spillantini, 2006). The neurofibrillary tangles correspond to 

intracellular aggregates constituted by hyperphosphorylated forms of Tau, a microtubule-

associated protein (Haas & Selkoe, 2007). 

 

Figure 1 Histopathological hallmarks of Alzheimer’s disease. A. Ab-positive senile 
plaques. B. tau-positive neurofibrillary tangles, neutrophil threads, and dystrophic 
neurites. Arrows indicate both markers- Modified from (Haas & Selkoe, 2007) 

 

 Both lesions are used for postmortem confirmation of AD, and there is growing 

evidence indicating that the amyloid aggregation precedes the abnormal 

hyperphosphorylation of Tau protein (Haas & Selkoe, 2007), suggesting that 

accumulation and aggregation of Ab is an early relevant factor in the AD pathophysiology. 

Although it has been proposed that both pathological changes trigger a series of 

modifications that eventually lead to neurodegeneration and dementia, the lack of 
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correlation between these markers and the onset of the cognitive decline suggests that 

the synaptic loss could be the major factor contributing to the early cognitive defects in 

AD (Masliah, et al., 2001; Hatanpää, et al., 1999; Terry, et al., 1991). Indeed, a number 

of evidence point that the accumulation of soluble oligomeric forms of Ab, identified in AD 

patients (Fukumoto, et al., 2010; Gong, et al., 2003) and in AD animal models (Price, et 

al., 2014; Mucke, et al., 2000), precede the fibrillar amyloid deposition and tau pathology. 

Soluble oligomeric forms of Ab have been implicated in the synaptopathy observed 

before the appearance of neurodegeneration (Sheng, et al., 2012), supporting a 

pathogenic role for these structures in the development of AD (Haas & Selkoe, 2007; Li, 

et al., 2009). 

 Ab is a peptide comprising 40 to 42 amino acids, that is generated by the 

proteolytic cleavage of APP. It is normally produced at low concentrations (Abramov, et 

al., 2009), however when its production increases, particularly the Ab 42 isoform (Goedert 

& Spillantini, 2006), it forms soluble aggregates that easily diffuse and adopt an insoluble 

fibrillar configuration. Depending on the enzyme cutting the APP, Ab can be generated 

or not (Figure 2). Whether it is cut by a-secretase, sAPPa will be released which, unlike 

Ab, plays a positive role in brain plasticity and in protection against excitotoxicity (Chow, 

et al., 2010). On the other hand, if it is cut by the enzyme b-secretase and then by the g-

secretase, Ab is formed (Goedert & Spillantini, 2006; Haas & Selkoe, 2007). Within the 

main components of the atypical aspartyl protease -secretase, PSEN constitute the 

catalytic subunit required for the cleavage of APP  (Goedert & Spillantini, 2006). 
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Figure 2 Generation of Ab from APP. Cleavage by b-secretase generates the N 
terminus and intramembranous cleavage by g-secretase gives rise to the C terminus of 
Ab. Cleavage by a-secretase precludes Ab formation (Chen, et al., 2017) 

 

      The more prominent hypothesis for AD pathogenesis is the amyloid hypothesis. 

It states that the gradual accumulation and aggregation of these peptides initiates a slow 

and toxic cascade that leads to synaptic alterations, microglial and astrocytic activation, 

modification of the normally soluble tau protein into oligomers and then into insoluble 

paired helical filaments, and progressive neuronal loss associated with multiple 

neurotransmitter deficiencies and cognitive failures (Haas & Selkoe, 2007). Thereby, 

soluble Ab oligomers can induce synaptic dysfunction by selectively affecting 

postsynaptic components, some of which act as a receptor for these toxic species (Brody 

& Strittmatter, 2018). In particular, these oligomers tend to accumulate in the excitatory 

synapses, where they interact with several neurotransmitter receptors, such as nicotinic 

acetylcholine receptors (AChR), glutamate receptors (NMDA/AMPA/mGluR5) 
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(Venkitaramani, et al., 2007), and other membrane proteins such as the prion protein 

(Laurén, et al., 2009) impacting on their functionality and leading to defects in the synaptic 

transmission. In this way, a great deal of evidence suggests that soluble Ab oligomer 

accumulation induces Ca2+ deregulations in the dendritic spines, in a way dependent on 

the over-activation of NMDA and mGluR5 glutamate receptors (Decker, et al., 2010; 

Renner, et al., 2010; Um, et al., 2013). This latter appears to produce an imbalance in 

the Ca2+-signaling responsible for the induction of synaptic plasticity and has been 

proposed to be the cause of the synapse loss and cognitive defects in AD (Alberdi , et 

al., 2010; De Felice, et al., 2007; Demuro, et al., 2005; Kelly & Ferreira, 2006; Paula-

Lima, et al., 2011). 

 

Impaired excitatory synaptic transmission and plasticity in AD 

     Synaptic plasticity is defined as a series of structural and functional modifications that 

manifest as changes in the efficacy of the synaptic transmission, which have been 

proposed to be the cellular mechanisms of memory and learning (Citri & Malenka, 2008). 

Two common forms of synaptic plasticity are long term potentiation (LTP) and long term 

depression (LTD) of the excitatory synapses, which correspond to an increase and a 

decrease in the synaptic efficacy respectively (Bear & Malenka, 1994). These changes 

in the efficacy of the synaptic response correlate with changes in the density, shape, and 

size of dendritic spines, highly dynamic structures present in dendrites that contain the 

synaptic machinery for most of the excitatory synaptic contacts (Lisman & Harris, 1993). 

This is how, LTP is expressed by an increase in the postsynaptic density (PSD) size, 

spines enlargement, and maturation, whereas LTD manifests with PSD-reduction and 

shrinkage of spines (Okamoto, et al., 2009). 



6 
 

 In the AD pathological context, it has been described that Ab oligomers impair 

synaptic plasticity by reducing the size and number of dendritic spines (Hsieh, et al., 

2006; Lacor, et al., 2007), preventing LTP (Walsh, et al., 2002; Wang, et al., 2002) and 

promoting synaptic mechanisms that lead to LTD (Chen, et al., 2013; Hu, et al., 2014; 

Kim, et al., 2001; Li, et al., 2009). This latter is ultimately reflected as cognitive 

dysfunctions and impaired spatial memory (Cleary, et al., 2005; Lesne, et al., 2006; Reed, 

et al., 2011). 

 

The potential contribution of Panx1 channels to synaptic plasticity 

 Previous works have demonstrated that Pannexin 1 (Panx1) (figure 3), a non-

selective membrane channel implicated in cell communication and intracellular signaling 

(Bao, et al., 2004) participates in the modulation of excitatory synaptic plasticity 

(Prochnow, et al., 2012). This is how the acute blockade of Panx1 channels, as well as 

the knock-out (KO) of their expression, modify the threshold for the induction of excitatory 

synaptic plasticity and the excitation/inhibition (E/I) balance facilitating LTP (Ardiles, et 

al., 2014; Gajardo, et al., 2018; García-Rojas, et al., 2023). Furthermore, it was 

demonstrated that the constitutive knock-out of Panx1 promotes dendritic spine 

morphogenesis enhancing connectivity in cortical neurons (Sanchez-Arias, et al., 2019). 

The latter suggests that Panx1 acts as a “break” for structural synaptic plasticity and that 
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its absence facilitates the structural changes that correlate with modifications in synaptic 

efficacy.  

 

 

 

Figure 3: Structure of Panx1 glycoprotein and heptameric channel indicating sites 
of posttranslational modifications and secondary structures of extracellular loops 
(Navis, et al., 2020). 

 
In fact, hippocampal neurons from Panx1-KO mice show increased size and 

maturation in compared to the WT condition (Flores-Muñoz, et al., 2022) in accordance 

with the reported facilitation in the potentiation of the synaptic strength in absence of 

Panx1 (Ardiles, et al., 2014; Gajardo, et al., 2018). The latter suggests that the 

suppression of Panx1 activity goes in the opposite direction to that observed in the AD 

context (Flores-Muñoz, et al., 2020), making these channels potential players in the 

structural and functional synaptic defects that lead to the LTP/LTD imbalance in AD. 



8 
 

 How Panx1 channel activity could modulate synaptic impairments? Panx1 is a 

heptameric protein (Qu, et al., 2020; Michalski, et al., 2020; Mou, et al., 2020; Deng, et 

al., 2020) that forms non-selective membrane channels in which adenosine triphosphate 

(ATP) and other molecules can cross the cell membrane (Bao, et al., 2004; Iglesias & 

Spray, 2012). In fact, diverse metabolites and signaling molecules including 

endocannabinoids (Bialechi, et al., 2020; García-Rojas et al., 2023), and Ca2+ (Abeele, 

et al., 2006; Thompson, et al., 2008; Weilinger, et al., 2016; Patil, et al., 2022) have also 

been proposed to pass directly through these channels while the release of inflammatory 

mediators such as interleukin -1(IL-1) (Brough, et al., 2009; Pelegrint & Supernant, 2006), 

IL-6 and IL-8 (Wei, et al., 2016) has been shown to depend on Panx1 activity, In the brain, 

Panx1 is expressed in different cell types (Vogt, et al., 2005; Bruzzone, et al., 2003; Ray, 

et al., 2005) and is preferentially located at the post-synaptic membrane of cortical and 

hippocampal neurons (Zoidl, et al., 2007). It has been demonstrated that Panx1 channels 

associate with aberrant glutamatergic transmission in different neuropathological 

contexts (Sanchez-Arias et al., 2021). Such association promotes Panx1 channel 

opening and induces de-regulations in the Ca2+ signal and neuronal injury. For instance, 

under ischemic conditions, Panx1 channels are opened by the over-activation of NMDAR 

(Thompson, et al., 2006; Weilinger, et al., 2012; Weilinger, et al., 2016) triggering an 

epileptic activity that can be inhibited by the pharmacological blockade of Panx1 channels 

(Thompson, et al., 2008). Likewise, it was confirmed in a mice model of epilepsy (Aquilino, 

et al., 2020) and in cortical slices from epilepsy drug-resistance patients (Dossi, et al., 

2018). On the other hand, the production of persistent bursts of hippocampal neuronal 

activity triggered by the activation of mGluR5 can be prevented by the inhibition of Panx1 

channels, suggesting a role of Panx1 channels in the mGluR5-induced pathological 

epileptic activity (Lopatar, et al., 2015).  
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 Regarding AD, an exacerbated trafficking of Panx1 towards the plasma 

membrane and increased Panx1 channel activity have been correlated with the Ab-

induced neuronal death in hippocampal slices (Orellana, et al., 2011). Furthermore, 

Panx1 channels seem to be required for the Ab-triggered degranulation of mast cells as 

seen in the brain of APP/PS1 mice, an animal model of AD, promoting early inflammatory 

processes (Harcha, et al., 2015). Both Panx1 channels and connexin (Cx) hemichannels 

exhibit exacerbated activity in microglia and astrocytes derived from APP/PS1 mice (Yi, 

et al., 2016). In turn, an increased hemichannel activity triggers a massive release of 

gliotransmitters such as ATP and glutamate, exacerbating the neurotoxicity in the AD 

context (Abudara, et al., 2015). Remarkably, it has been observed a greater contribution 

of the Panx1 activity in reactive astrocytes surrounding amyloid plaques in APP/PS1 

brains (Yi, et al., 2016) which decreases in the presence of inflammation inhibitors (Yi, et 

al., 2016) suggesting that Panx1 channels are over-active as a consequence of 

inflammation. In this sense, the treatment with boldine, and alkaloid with reported anti-

inflammatory actions (Backhouse, et al., 1994) was able to reduce the levels of pro-

inflammatory cytokines tumor necrosis factor a (TNF-a) and IL-1b while reduced 

hemichannel activity in brain slices of APP/PS1 mice (Yi, et al., 2017). Furthermore, 

Panx1 channel inhibition with the 10Panx1 mimetic peptide also reduced neuronal activity 

(Yi, et al., 2017), suggesting the over-activation of Panx1 in AD-neurons. In agreement 

with this idea, we previously demonstrated that Panx1 is overexpressed in synaptosomes 

and PSDs isolated from hippocampal tissue of APP/PS1 mice (Flores-Muñoz, et al., 

2020), suggesting that Panx1 channel could be a novel therapeutic target to intervene 

the neuropathology of AD.  
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Moreover, the acute inhibition of Panx1 activity with PBN mitigates the defects in 

excitatory synaptic plasticity observed in hippocampal slices from APP/PS1 mice, namely 

LTP reduction and LTD augmentation (Flores-Muñoz, et al., 2020). Remarkably, the 

treatment with PBN has been correlated with a lower risk to develop dementia in humans 

(Engel, et al., 2018; Khan, et al., 2016; Lu, et al., 2016), reduced neuroinflammation 

(García-Rodriguez et al., 2023) and neuroprotection (Colin-Gonzalez & Santamaria, 

2013), suggesting that Panx1 channel inhibition could be a feasible strategy to soften the 

cognitive defects associated to AD. 

 

Probenecid: a neuroprotective Panx1 inhibitor?      

Probenecid (PBN, Figure 4) is a drug that belongs to the uricosurics compounds. 

It is primarily used to treat gout and other conditions associated with high levels of uric 

acid in the blood by increasing the renal excretion of uric acid (Talbott, 1951; Talbott, et 

al., 1951). PBN works by blocking the reabsorption of uric acid in the kidneys, which 

results in more uric acid being excreted in the urine (Talbott, 1951; Talbott, et al., 1951). 

This helps to reduce the levels of uric acid in the blood, preventing the formation of uric 

acid crystals in the joints that can cause inflammation and pain. PBN may also have other 

uses, such as in the treatment of certain infections and as a neuroprotective agent (Colin-

Gonzalez & Santamaria, 2013). 

PBN acts by blocking the action of organic anion transporters (OAT) in the 

proximal tubules of the kidneys, which is responsible for the reabsorption of uric acid 

(Donovan, et al., 2015; Hagos, et al., 2017). In addition to its effects on uric acid 

metabolism, PBN has been shown to have other pharmacological effects, including the 

activation of transient receptor potential cation channel subfamily V2 (TRPV2) (Bang, et 

al., 2007) and the inhibition of purinergic channels, such as P2X7R (Bhaskaracharya, et 
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al., 2014), organic cation transporters (OCTs) (Gisclon, et al., 1989; Inotsume, et al., 

1990; McKinney, et al., 1981) and Panx1 channels (Silverman, et al., 2008; Ma, et al., 

2009), which has been implicated in various cellular processes, including inflammation 

and cell death (Jian, et al., 2016; García-Rodriguez et al., 2023).  

 

Figure 4 Probenecid chemical structure. PBN is a sulfonamide in which the nitrogen 
of 4-sulfamoylbenzoicacid is substituted with two propyl groups. [4-(dipropyl sulfamoyl) 
benzoic acid] (https://pubchem.ncbi.nlm.nih.gov/compound/Probenecid). 

 

Probenecid is well-absorbed after oral administration and has a bioavailability of 

approximately 90% (Selen, et al., 1982)). It reaches its peak in plasma concentration 

within 2 to 4 hours after oral administration. The elimination half-life of PBN is 

approximately 4 to 8 hours, and it’s primarily excreted in the urine through glomerular 

filtration and active tubular secretion. This drug is extensively metabolized in the liver, 

with approximately 50% of the dose excreted in the urine as metabolites (Cunningham, 

et al., 1981).  
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 PBN has been investigated for its potential neuroprotective activity in various 

preclinical studies and experimental models (Garcia-Rodriguez, et al., 2023). While the 

exact mechanisms underlying its neuroprotective effects are not fully understood, several 

mechanisms have been proposed:  

1.- Inhibition of Panx1 channels: PBN has been shown to inhibit Panx1 channels 

(Silverman, et al., 2008), which are involved in cell-to-cell communication and have been 

implicated in neuroinflammation and neuronal death (Seo, et al., 2021; Silverman, et al., 

2009). By blocking Panx1 channels, PBN may help to reduce neuronal overactivity and 

inflammation and prevent cell damage in the brain. 

2.- Anti-inflammatory effects: PBN has been reported to exert anti-inflammatory effects 

by inhibiting the production of pro-inflammatory cytokines and reducing the activation of 

inflammatory pathways (Silverman, et al., 2009; Jian, et al., 2016; Zheng, et al., 2022). 

These anti-inflammatory properties may contribute to its neuroprotective activity in 

various neurodegenerative conditions. 

3.- Glutamate modulation: PBN has been found to modulate glutamate release and 

uptake in the brain (Urenjak, et al., 1997; Taylor, et al., 1997; Orellana, et al., 2015). 

Excessive glutamate release can lead to excitotoxicity, a process that contributes to 

neuronal damage in various neurological disorders (Lewerenz & Maher, 2015). By 

modulating glutamate levels, probenecid may help to protect neurons from neurotoxicity. 

4.- Antioxidant activity: Oxidative stress plays a significant role in neurodegenerative 

diseases (Kim, et al., 2015; Zheng, et al., 2022). Some studies suggests that probenecid 

may have antioxidant properties and can scavenge free radicals, reducing oxidative 

stress and protecting neurons from damage (Du, et al., 2016). 

It is important to note that while preclinical studies have shown promising 

neuroprotective effects of PBN (for more details see Table 2 (Garcia-Rodriguez, et al., 
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2023)), further research is needed to validate these findings and to determine its clinical 

efficacy in humans. Clinical trials evaluating the neuroprotective potential of PBN are 

limited at present (https://beta.clinicaltrials.gov/study/NCT04746989), and its use as a 

neuroprotective agent in clinical settings remains to be elucidated.        
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Research Question 

 

 

 

Does the PBN treatment preventing the loss of synaptic structure and cognitive function 

in a murine model of AD? 

 

 

Hypothesis 

      

 

“The PBN treatment inhibits the activity of Panx 1 channels, preventing the loss of 

synaptic structures and cognitive function in a murine model of AD” 
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General aim 

 

To evaluate the impact of the treatment with PBN on the Panx1 channel activity, synaptic 

structure and cognitive function in a murine model of AD. 

 

 

Specific aims 

 

1. To determine the impact of the treatment with PBN on the spatial and recognition   

memory impairments in APP/PS1 mice, a murine model of AD. 

2. To demonstrate that the treatment with PBN inhibits the Panx1 activity in hippocampal 

slices of APP/PS1 mice. 

3. To analyze the impact of the treatment with PBN on the excitatory synaptic 

transmission and plasticity in hippocampal slices of APP/PS1 mice. 

a. To analyze the effect of the treatment with PBN on the basal strength of 

the synaptic transmission in acute hippocampal slices of APP/PS1 mice. 

b. To analyze the effect of the treatment with PBN on the induction of NMDA-

dependent LTP in acute hippocampal slices of APP/PS1 mice. 

4. To determine the effect of the treatment with PBN on the spine loss in hippocampal 

neurons of APP/PS1 mice 

a. To determine the effect of the treatment with PBN on the density and size 

of dendritic spines in hippocampal neurons of APP/PS1 mice. 
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Complementary aims 

 

 

1. To analyze the effects of the PBN treatment on neurodegeneration in 

hippocampal slices of APP/PS1 mice 
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Materials and Methods 

 

Animals 

All experiments were carried out in 3, 12, and 18 m.o C57BL/6 wild type (WT) or 

APPswe/PSEN1DE9 transgenic mice (TG), which express the APPSWE (K595N/M596L) 

double mutation and PSEN1 deletion of the exon 9 (stock 004462). The original colony 

of these mice was purchased from Jackson Laboratory (Bar Harbor, ME, USA). Male and 

females were used in the study. 

     Mice were housed in groups of up to five in individually ventilated cages under 

standard conditions (22°C, 55% humidity, 12 h light-dark cycle) receiving food and water 

ad libitum. All animal manipulations were carried out in accordance with standards 

regulations and approved by the Ethics and Animal Care Committee of Universidad de 

Valparaíso (BEA064-2015).  

 

Experimental Design 

 All mice were randomly assigned into four groups according to their age: wild-

type (WT) or transgenic (TG); vehicle (control) or probenecid (PBN) (Table 1). The 

treatment consisted of one serving of MediGel sucralose (MediGel Sucralose, Clear H2O, 

Portland, ME) supplemented with vehicle or 100 mg/kg PBN (P8761, Sigma, USA) that 

started at 3, 12, or 18 m.o and finished after day 45 (Figure 5). All the behavioral tests 

were performed on day 31 of the treatment. 
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Figure 5 Schematic organization of the pharmacological treatment and behavioral 
tests for APP/PS1 mice and their WT littermates. The vehicle (VEH) corresponded to 
NaOH 1M;  Probenecid (PBN) was administered at a dose of 100 mg/kg/day  for 30 days. 
Created with BioRender. 

 

 

Probenecid administration 

Mice were weighed every morning approximately 1 hour after the lights were on, 

during all the study and until animals were sacrificed. Four weeks before and during the 

behavioral characterization, mice were individually housed in ventilated cages and 

administered with an aqueous gel (MediGel Sucralose, Clear H2O, Portland, ME) as 

previously reported with modifications (Christy et al., 2014). After that, a group of animals 

was fed with gel supplemented with PBN (100mg/kg), whereas the rest of the animals 

remained with gel plus vehicle (NaOH). If any of the animals experienced a sudden fall 

in their weight (more than a 50% decrease in their body weight) the treatment with the 

aqueous gel was suspended and the animal was not included in the experiments. 
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Behavioral studies 

Locomotor activity and cognitive function was evaluated by Open field (OF), Novel 

Object recognition (NOR), and Morris Water Maze (MWM) tests, respectively.  

 

1. Open Field (OF): 

Mice were placed in a plexiglass open field maze (40cm long x 40cm wide). Each 

40cm x 40cm unit was digitally divided into 9 quadrants of equal size using ANY-maze 

video tracking software. The four central quadrants were collectively referred to as the 

center zone, and the 4 peripheral quadrants were collectively referred to as the corner 

zone as previously described (Liu et al 2013). Data were collected continually for 10 

minutes, and the distance traveled (m), and the time spent in the central zone versus the 

peripheral zone were recorded and scored automatically. 

 

2. Novel Object Recognition test 

The NOR test used the same square white acrylic box of the OF in which mice 

explored freely for 5 min throughout three phases: (i) sample (10 min), where mice 

explored a pair of identical objects; (ii) retention (1 hour), where mice were removed for 

cleaning and changing objects; and (iii) choice (5 min), where mice explored a pair of 

different objects: a familiar object (F) and a new object (N). Each session was repeated 

for 3 days. The time that mice spent exploring F or N was quantified, 20 seconds (N+F) 

was considered as a minimum exploration time to be considered in data analysis. A 

discrimination index (DI) was calculated as [(N – F / total time of exploration) * 100], and 

the percentage of time they explored the novel object. 
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3. Morris Water Maze test 

MWM test was applied as previously described with minor modifications (Gajardo, 

et al., 2018). In this assessment, animals are taught to swim to a hidden platform under 

the water. All experimental mice were placed in the pool and allowed to explore it for 1 

min (Habituation phase). The testing room was equipped with spatial cues for orientation. 

This acquisition procedure was performed six times a day for four consecutive days per 

animal. On the fifth day, the platform was removed from the pool to measure the time that 

the animals spend in the target quadrant until one minute lapse. Additionally, during the 

acquisition phase, the time spent finding the platform was also measured per each 

animal.  

Behavioral data were analyzed with AnyMaze software. 

 

Ethidium bromide uptake assay 

 Hippocampal slices were stabilized in a chamber with oxygenated (95% O2 and 

5% CO2) artificial cerebrospinal fluid (ACSF), pH 7.4 for 1 hour and then incubated with 

20 µM of Ethidium bromide for 5 min. Then, they were washed five times for 2 min with 

ACSF, fixed at room temperature with 4% paraformaldehyde and 15% sucrose for 30 

min, and maintained in PBS buffer. After that, slices were cut into 25 µm sections using 

a cryostat (Leica CM1900). Sections were stained with primary mouse anti NEUN 

(MAB328, Abcam; 1:500) or rabbit anti GFAP (Dako 1:100) followed by secondary Alexa 

fluor 488-conjugated goat anti-mouse or anti-rabbit antibodies (Invitrogen, Carlsbad, CA, 

USA; 1:500). Mounted sections were examined in an Olympus IX81 Custom microscope 

coupled to an Olympus F-View Monochromatic CCD camera. Images were acquired with 

a 20-objective using Xcellence Pro software and processed with a custom-made 
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algorithm based on Fiji (Image J software). The dye uptake ratio was calculated as the 

mean fluorescence intensity of the population of positive NeuN cells and normalized to 

the WT group. At least three fields were selected in every slice. 

 

Electrophysiology analysis 

Hippocampal slices were prepared as we previously reported (Ardiles, et al., 

2014; Ardiles, et al., 2017). Mice were deeply anesthetized with isoflurane, and their 

brains were quickly removed. Slices (350 μm) were dissected in ice-cold dissection buffer 

using a vibratome (Leica VT1200S, Leica Microsystems, Nussloch, Germany). 

Hippocampal slices were incubated at 30℃ for 30 min and then maintained at 28℃ for at 

least 1 h before the experiment as described previously (Ardiles, et al., 2014). After 

recovery, the slices were placed in a recording chamber at 25℃ and perfused with 

oxygenated artificial cerebrospinal fluid (ACSF) containing 124 mM NaCl, 2.5 mM KCl, 1 

mM NaH2PO4, 25 mM NaHCO3, 10 mM glucose, 2 mM CaCl2, and 2 mM MgSO4 at a rate 

of 1 ml/min. Synaptic responses were evoked by stimulating the CA3-Schaffer collaterals 

with 0.2 ms. pulses delivered through concentric bipolar stimulating electrodes and 

recorded extracellularly in the stratum radiatum of the CA1 subfield.  

 

1. Basal excitatory synaptic transmission           

Basal synaptic transmission was assayed by determining input-output 

relationships from field excitatory post-synaptic potentials generated by gradually 

increasing the stimulus intensity; the input was measured as the peak amplitude of the 

fiber volley (FV), and the output was the initial slope of field excitatory post-synaptic 

potentials.  
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2. Paired pulse facilitation      

PPF was obtained by stimulating at different intervals in a range between 25-300 

ms and recording excitatory fEPSP. A PPF index was calculated by dividing the amplitude 

of the second response over the first one (R2/R1). 

 

3. NMDA-dependent synaptic plasticity 

Long-term potentiation (LTP) was induced by a standard theta burst stimulation 

protocol (10 trains of four pulses at 100 Hz; 5 Hz inter-burst interval) delivered at 0.1 Hz.      

LTP magnitude was calculated as the average (normalized to baseline) of the responses 

recorded 50-60 min after conditioning stimulation. For measuring LTP, the stimulation 

intensity was adjusted to produce a fEPSP slope that was approximately 40% of the 

maximum slope for that slice. All LTP experiments were recorded after obtaining a stable 

baseline. Field potentials were amplified, low-pass filtered (1700 Differential AC Amplifier, 

A-M Systems), and then digitized (NI PCI-6221; National Instruments) for measurement. 

Data were monitored, analyzed online, and reanalyzed offline using a homemade routine, 

based on the Igor program. Representative traces are an average of five consecutive 

responses and stimulus artifacts were blanked for clarity. 

Input-output curve and paired-pulse ratio data were analyzed using repeated-measures 

two-way ANOVA. LTP data (average of the last 5 min of recordings) were analyzed using 

an unpaired two-tailed t-test. All the data are represented as mean±SEM. 

 

 

Golgi Staining 

Dissected mouse brains were maintained for 1 h at room temperature in ACSF, 

bubbled with a mixture of 5% CO2 and 95% O2. After 1 h stabilization in ACSF, brain 
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sections were processed for Golgi impregnation following the manufacturer’s instructions 

(FD NeuroTechnologies, Columbia, MD). Coronal sections of 150 µm thickness brain 

slices were obtained using a semi-automatic cryostat microtome (Kedee KD-2950, 

Germany) at -20ºC and mounted on gelatin-coated slides, developed with solutions of 

the same kit, dehydrated with a growing battery of alcohols (50-100%) and mounted using 

Entellan media (Millipore-Sigma, Germany). Images of pyramidal hippocampal neurons 

were acquired by a Leica Application Suite X (LASX, Leica Microsystems, USA) under 

bright-field microscopy at 40X or 63X magnification using similar light conditions between 

experimental groups.  

      Dendritic length and spine density (number of spines per 1 µm of dendritic shaft) 

were analyzed. All morphological analyzes were performed blind to the experimental 

conditions. 

 

Histological analysis 

 Brain serial slices of 10 µm from all animal groups were processed in parallel for 

histological analyses. Mouse-derived tissues were processed from lambda 0 to lambda -

4mm. For thioflavin staining, sections were deparaffinized and hydrated and then 

incubated with Thioflavin-S (ThS) solution (0.025% in 50% ethanol) for 8 min, and 

coverslipped with DPX mounting medium. Samples were analyzed using an 

epifluorescent microscope (DMI6000B, Leica, Buffalo Grove, IL, USA) and images      

were analyzed using the ImageJ software. For cresyl violet staining, sections were 

deparaffinized and hydrated and then incubated in cresyl violet solution for 10 minutes 

previously heated at 57ºC and filtered, then rehydrated, cleared and coverslipped with 

DPX. Images were acquired in an upright microscope (Leica DM500) attached to a Leica 
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ICC50W camera. ThS burden was defined as the area of the brain labeled per the total 

area analyzed. Burden quantification was performed by an investigator blinded to the 

experimental groups. 

  

Statical Analysis 
 

All results are expressed as mean ± SEM. A normality test was applied to all data 

using a D’Agostino-Pearson test and then, data were analyzed using a Three-way 

ANOVA test with Tukey’s multiple comparisons tests. Differences were considered 

significant at p- values <0.05. 
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Results 

 

1. Probenecid treatment does not affect body weight in mice. 

In order to evaluate the impact of the PBN on the cognitive and synaptic functions in 

a murine model of AD, we administered a daily oral dose of 100mg/kg PBN to APP/PS1 

and age-matched WT mice. Male and female mice of 3,12 and 18 m.o were used in this 

work. Mice were weighed every day at the same hour since they were 3, 12, or 18 m.o 

The PBN or VEH treatment started when they reached that age and lasted 45 days in 

total (Annexes figure 32). As observed in Figure 6, the PBN treatment did not change the 

body weight gain during the experiment. However, at all ages, female APP/PS1 mice 

exhibited lower weights compared to male APP/PS1 (Figure 6), such differences were 

significant at 3 m.o (Figure 6).            

 

 

Figure 6 Average weight of APP/PS1 and WT mice along the pharmacological 
treatment with PBN or its vehicle. A.- Average weight of male and female 3 m.o 
APP/PS1 mice (male: N=5 WT VEH (black), N=6 WT PBN (gray), N=6 TG VEH (red), 
N=4 TG PBN (blue); female: N=4 WT VEH (black), N=6 WT PBN (gray), N=4 TG VEH 
(red), N=2 TG PBN (blue)). Gender (F(1,13)=24.44, *** p=0.0003) was the primary source 
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of variation by Three-Way ANOVA, and Tukey’s multiple comparison tests revealed a 
significant difference between male TG VEH – female TG VEH ** p=0.0040. B.- Average 
weight of male and female 12 m.o APP/PS1 mice (male: N=5 WT VEH (black), N=3 WT 
PBN (gray), N=4 TG VEH (red), N=7 TG PBN (blue); female: N=3 WT VEH (black), N=4 
WT PBN (gray), N=3 TG VEH (red), N=3 TG PBN (blue)). Gender (F(1,12)=25.67, *** 
p=0.0003) was the primary source of variation by Three-Way ANOVA. C.- Average weight 
of male and female 18 m.o APP/PS1 mice (male: N=3 WT VEH (black), N=3 WT PBN 
(gray), N=4 TG VEH (red), N=3 TG PBN (blue); female: N=3 WT VEH (black), N=4 WT 
PBN (gray), N=3 TG VEH (red), N=3 TG PBN (blue)). Gender (F(1,10)=25.67, * 
p=0.0278) was the primary source of variation by Three-Way ANOVA. All data are 
represented as mean ± SEM. 

 

2. Probenecid treatment does not affect locomotor activity. 

30 days after the PBN treatment started, mice were subjected to the behavioral 

paradigms to evaluate locomotion, learning, and memory capabilities. First, locomotor 

activity was evaluated with the open field (OF) test. As shown in figure 7A there was no 

difference in the total distance traveled between male experimental groups at the different 

ages assessed. However, in general, we observed a significant decrease in the total 

distance traveled with age, as was reported previously (Jardanhazi-Kurutz, et al., 2010; 

Chaney, et al., 2018; Webster, et al., 2014; Ferguson, et al., 2013). When we analyzed 

the time that mice spent in the center and in corners in the OF, we observed that the 

young transgenic (TG) mice remained longer in the corners compared to their controls 

(WT). This behavior increased significantly with age (Figure 7B). In general, younger 

animals (TG and WT) explored the center of the OF arena longer than the older animals, 

however, the TG 3 m.o mice explored the center much less compared to their respective 

WT controls (Figure 7C).     

In female APP/PS1 mice, there was no difference between groups in the total 

distance traveled in the OF task (Figure 8A). As in male mice, we observed that aged 

female mice traveled less distance than younger ones, and that the TG-VEH mice walked 

a shorter distance when compared to the other conditions, as was reported previously 
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(Webster, et al., 2014). Contrary to male APP/PS1 mice, female mice spent more time in 

the corners similarly between groups, and this behavior was independent of age, 

genotype, and treatment (Figure 8B).  

 When we compared the differences between gender at 3 m.o (Annexes Figure 

33), 12 m.o (Annexes Figure 34) and 18 m.o (Annexes figure 35) APP/PS1 mice, we did 

not find differences in the parameters considered for analysis in this behavioral test.  

 

Table 1 Average results open field test. Data are presented as mean ± SEM. 

 Total Distance 
Travelled 

% Time in the 
Corners 

% Time in the 
Center 

3 m.o Male Female Male Female Male Female 

WT VEH 24.85 ± 
2.81 

21.61 ± 
4.43 

40.45 ± 
7.67 

58.62 ± 
5.42 

17.25 ± 
5.91 

9.41 ± 
2.67 

WT PBN 20.27 ± 
3.02 

23.66 ± 
3.51 

52.65 ± 
5.30 

55.39 ± 
2.88 

11.84 ± 
1.97 

10.27 ± 
2.06 

TG VEH 20.98 ± 
5.53 

25.16 ± 
5.97 

59.67 ± 
9.34 

55.89 ± 
3.56 

7.90 ± 
2.66 

5.78 ± 
0.96 

TG PBN 20.02 ± 
3.49 

16.66 ± 
1.97 

45.83 ± 
6.30 

61.57 ± 
7.31 

16.31 ± 
4.55 

9.30 ± 
7.17 

12 m.o Male Female Male Female Male Female 

WT VEH 16.84 ± 
4.16 

20.56 ± 
5.98 

62.56 ± 
10.07 

65.57 ± 
12.83 

8.61 ± 
3.64 

6.10 ± 
3.58 

WT PBN 13.62 ± 
5.02 

17.71 ± 
6.94 

75.98 ± 
12.27 

52.94 ± 
18.67 

2.41 ± 
1.56 

23.30 ± 
18.78 

TG VEH 12.34 ± 
2.50 

11.48 ± 
3.51 

75.22 ± 
6.83 

75.25 ± 
9.56 

2.82 ± 
1.05 

5.29 ± 
4.85 

TG PBN 11.12 ± 
2.88 

19.16 ± 
3.47 

77.13 ± 
6.66 

63.12 ± 
4.22 

3.58 ± 
1.41 

6.11 ± 
1.31 

18 m.o Male Female Male Female Male Female 
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WT VEH 12.33 ± 
3.11 

12.45 ± 
7.42 

55.66 ± 
3.53 

77.52 ± 
13.47 

7.10 ± 
2.53 

3.66 ± 
3.17 

WT PBN 12.33 ± 
3.11 

16.77 ± 
5.06 

55.20 ± 
13.58  

68.96 ± 
10.61 

16.06 ± 
7.43 

5.38 ± 
2.73 

TG VEH 10.43 ± 
5.46 

4.72 ± 
2.32 

70.76 ± 
7.68 

63.93 ± 
16.78 

1.98 ± 
1.03 

4.07 ± 
2.53 

TG PBN 12.51 ± 
3.92 

12.00 ± 
3.39 

59.03 ± 
1.56  

51.10 ± 
15.89 

7.65 ± 
2.40  

21.09 ± 
13.36 

 

 

Figure 7 The treatment with probenecid does not affect locomotor activity in male 
mice. WT and APP/PS1 male mice of 3, 12 or 18 m.o were treated during 30 days with 
a dose of 100 mg/kg of PBN or its vehicle and then subjected to an Open field test. A.- 
Average Total distance traveled during 10 min in the Open field maze of APP/PS1 
animals (3m.o N=5 WT VEH (black); N=6 WT PBN (gray); N=6 TG VEH (red) and N=4 
TG PBN (blue)12 m.o N=5 WT VEH (black); N=3 WT PBN (gray); N=4 TG VEH (red) and 
N=7 TG PBN (blue) 18 m.o N=3 WT VEH (black); N=3 WT PBN (gray); N=4 TG VEH 
(red); N=3 TG PBN (blue)). There was no significant difference between groups by Three-
way ANOVA, but age was a significant source of variation F(2,25)=4.971 *p=0.0152 B.- 
Percentage of the time spent in the corners in the Open field maze of APP/PS1 animals. 
There was no significant difference between groups by Three-way ANOVA, but age was 
a significant source of variation F(2,25)=6.841 **p=0.0043  C.- Percentage of the time 
spent in the center of the Open field maze of APP/PS1 animals. There was no significant 
difference between groups by Three-way ANOVA, but age (F(2,25)=6.071 **p=0.0071) 
and genotype (F(1,16)=6.155 *p=0.0246) were significant sources of variation. Data are 
presented as mean ± SEM. 
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Figure 8. The treatment with probenecid does not affect locomotor activity in 
female mice. WT and APP/PS1 female mice of 3, 12 or 18 m.o were treated during 30 
days with a dose of 100 mg/kg of PBN or its vehicle and then were subjected to an Open 
field test.  A.- Average Total distance traveled during 10 min in the Open field maze of 
APP/PS1 animals (3m.o N=4 WT VEH (black); N=6 WT PBN (gray); N=4 TG VEH (red) 
and N=2 TG PBN (blue)12 m.o N=3 WT VEH (black); N=4 WT PBN (gray); N=2 TG VEH 
(red) and N=3 TG PBN (blue) 18 m.o N=3 WT VEH (black); N=4 WT PBN (gray); N=2 
TG VEH (red); N=3 TG PBN (blue)). There was no significant difference between groups 
by Three-way ANOVA. B.- Percentage of the time spent in the corners in the Open field 
maze of APP/PS1 animals. There was no significant difference between groups by Three-
way ANOVA. C.- Percentage of the time spent in the center of the Open field maze of 
APP/PS1 animals. There was no significant difference between groups by Three-way 
ANOVA. Data are presented as mean ± SEM. 

 

 

3. Probenecid Treatment prevents recognition memory defects in aged APP/PS1 

mice.  

After the evaluation of the locomotion activity with the OF test, we tested recognition 

memory by applying the NOR test. It has been previously reported that in APP/PS1 mice 

the performance in the NOR test is impaired at advanced ages according to the 

neuropathological progression (Webster, et al., 2014). As shown in Figure 9, male 

APP/PS1 and WT mice of all the experimental groups were exposed to the same pair of 

objects (object A and object B) for 3 days in an open field maze (sample phase). The 

Three-way ANOVA showed no significant difference in the time exploring the same pair 

of objects at 3 m.o, 12 m.o, and 18 m.o APP/PS1 and WT male and female mice.  
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Figure 9 Probenecid treatment does not affect the time exploring the same pair of 
objects by male APP/PS1 mice in the sample phase of the Novel object recognition 
test. A.- Average time exploring the same pair of objects of 3 m.o APP/PS1 animals (N=2 
WT VEH (black); N=4 WT PBN (gray); N=4 TG VEH (red) and N=2 TG PBN (blue)). There 
was not a significant difference between groups by Three-way Anova. B.- Average time 
exploring the same pair of objects of 12 m.o APP/PS1 animals (N=5 WT VEH (black); 
N=3 WT PBN (gray); N=4 TG VEH (red) and N=7 TG PBN (blue). There was not a 
significant difference between groups by Three-way ANOVA. C.- Average time exploring 
the same pair of objects of 18 m.o APP/PS1 animals (N=3 WT VEH (black); N=3 WT 
PBN (gray); N=4 TG VEH (red); N=3 TG PBN (blue)). There was not a significant 
difference between groups by Three-way ANOVA. A and B correspond to the two 
identical objects presented to mice in the retention phase. Data are presented as mean 
± SEM. 

 
Figure 10 Probenecid treatment does not affect the time exploring the same pair of 
objects by female APP/PS1 mice in the sample phase of the Novel object 
recognition test. A.- Average time exploring the same pair of objects of 3 m.o APP/PS1 
animals (N=2 WT VEH (black); N=3 WT PBN (gray); N=3 TG VEH (red) and N=2 TG 
PBN (blue)). Genotype (F(1,4)=7.794 *p=0.0492) was a significant source of variation by 
Three-way Anova. B.- Average time exploring the same pair of objects of 12 m.o 
APP/PS1 animals (N=3 WT VEH (black); N=4 WT PBN (gray); N=3 TG VEH (red) and 
N=3 TG PBN (blue). There was not a significant difference between groups by Three-
way ANOVA. C.- Average time exploring the same pair of objects of 18 m.o APP/PS1 
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animals (N=3 WT VEH (black); N=4 WT PBN (gray); N=3 TG VEH (red); N=3 TG PBN 
(blue)). There was not a significant difference between groups by Three-way ANOVA. A 
and B correspond to the two identical objects presented to mice in the retention phase. 
Data are presented as mean ± SEM. 

 

After a retention phase, in which mice returned to their cages for 1 h, one of the 

objects was replaced by a new one and the preference of the animals for the new object 

was estimated as the time that they spent exploring each one (Figures 11 and 12); the 

minimal time of exploration considered for further analysis was 20 seconds for both 

objects (N+F). According to what was expected, both male and female mice maintained 

their preference for novelty, which was reflected in a longer exploration time of the novel 

object over the familiar object (Tables 2 and 3). As was previously reported by other 

authors (Chaney, et al., 2018; Cheng, et al., 2019; Coles, et al., 2020; Faivre & Hölscher, 

2013), older TG VEH mice spent less time exploring the novel object than the familiar 

one compared to their WT littermates, suggesting alterations in the recognition memory 

(Figures 11B and C and 12B and C). Interestingly, in the TG mice treated with PBN, we 

observed a significant increase in the time that males at 12-18 m.o explored the novel 

object (Figures 11B and 11C), while in female TG group treated with PBN at 18 m.o the 

exploration time was only significantly different compared to WT VEH.  

To assess whether there was a gender effect on the exploration time of the novel 

object, the performance of males and females by age was compared (Annexes Figure 

36), however, we observed that gender did not affect the exploration time of the novel 

object at the different ages. 

 

Table 2. Average Time exploring the novel and the familiar objects in the test-phase 
of the Novel object recognition test for 3, 12, and 18 m.o male WT and APP/PS1 
mice. 
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Male WT VEH WT PBN TG VEH TG PBN 
Familiar Novel Familiar Novel Familiar Novel Familiar Novel 

3 m.o 10.3 ± 
2.5 

18.6 ± 
4.9 

13.3 ± 
1.5 22.8 ± 3.6 13.0 ± 

1.7 
30.6 ± 
6.1 * 

12.9 ± 
3.0 17.4 ± 0.4 

12 
m.o 

14.3 ± 
2.8 

21.9 ± 
7.0 8.9 ± 4.6 12.6 ± 3.8 10.0 ± 

5.4 
9.6 ± 
3.2 

10.2 ± 
2.1 

17.3 ± 3.5 
^ 

18 
m.o 

27.4 ± 
10.8 

38.1 ± 
11.1 

10.1 ± 
1.7 15.2 ± 6.0 21.9 ± 

10.8 
18.2 ± 

1.2 
19.7 ± 

3.6 
35.2 ± 6.9 

^  
 

 

 

Figure 11 Probenecid treatment improved the time exploring the Novel object in 
the test phase of the Novel object recognition test in 12 and 18 m.o male APP/PS1      
mice. A.- Average time exploring different pairs of objects of 3 m.o male APP/PS1 
animals (N=2 WT VEH (black); N=4 WT PBN (gray); N=4 TG VEH (red); N=2 TG PBN 
(blue)). The object (F(1,16)=10.00 **p=0.006) and genotype x treatment (F(1,16)=4.518 
*p=0.0495) were significant sources of variation by Three-way Anova. B.- Average time 
exploring a different pair of objects of 12 m.o male APP/PS1 animals (N=5 WT VEH 
(black); N=3 WT PBN (gray); N=4 TG VEH (red) and N=6 TG PBN (blue). There was not 
a significant difference between groups by Three-way Anova, but multiple t-tests revealed 
significant differences between TG VEH and TG PBN (* p = 0.0494). C.- Average time 
exploring a different pair of objects of 18 m.o male APP/PS1 animals (N=3 WT VEH 
(black); N=3 WT PBN (gray); N=4 TG VEH (red); N=3 TG PBN (blue)). Genotype x 
treatment (F(1,18)=6.101, * p = 0.0237) was a significant source of variation by Three-
way ANOVA, and multiple t-tests revealed significant differences between TG VEH and 
TG PBN (* p = 0.036). 

 
 
Table 3. Average Time exploring the novel and the familiar objects in the test- 
phase of the Novel object recognition test for 3, 12, and 18 m.o female WT and 
APP/PS1 mice. 

Female WT VEH WT PBN TG VEH TG PBN 
Familiar Novel Familiar Novel Familiar Novel Familiar Novel 
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3 m.o 11.2 ± 4.1 22.2 ± 
10.2 

14.6 ± 
0.9 25.3 ± 5.9 8.3 ± 

2.6 
11.7 ± 

2.8 
11.2 ± 

0.3 
21.8 ± 

0.3 

12 m.o 16.5 ± 5.8 18.5 ± 5.3 10.4 ± 
1.2 16.9 ± 5.7 14.4 ± 

11.7 
5.9 ± 
4.3 * 

14.2 ± 
4.1 

22.3 ± 
6.7 

18 m.o 46.5 ± 
18.5 39.8 ± 3.6 23.1 ± 

7.9 30.6 ± 5.3 67.1 ± 
52.1 

14.4 ± 
2.3 

18.1 ± 
2.7 

47.5 ± 
16.6 

 

 

 

Figure 12 Probenecid treatment improved the time exploring the Novel object in 
the test phase of the Novel object recognition test of 12 and 18 m.o female APP/PS1 
animals. A.- Average time exploring different pairs of objects of 3 m.o female APP/PS1 
animals (N=2 WT VEH (black); N=3 WT PBN (gray); N=3 TG VEH (red); N=2 TG PBN 
(blue)). The object (F(1,8)=7.391 *p=0.0263) was a significant source of variation by 
Three-way Anova. B.- Average time exploring a different pair of objects of 12 m.o female 
APP/PS1 animals (N=3 WT VEH (black); N=4 WT PBN (gray); N=3 TG VEH (red) and 
N=3 TG PBN (blue). There was not a significant difference between groups by Three-
way Anova. C.- Average time exploring a different pair of objects of 18 m.o female 
APP/PS1 animals (N=3 WT VEH (black); N=4 WT PBN (gray); N=3 TG VEH (red); N=3 
TG PBN (blue)). There was not a significant difference between groups by Three-way 
ANOVA, and multiple t-tests revealed significant differences between WT VEH and TG 
VEH (* p = 0.0214). 

 

Another way to assess the recognition memory with the NOR test was through 

the Discrimination Index (DI) and the percentage of time exploring the novel object 

(Figures 13 and 14). The discrimination index (DI) was calculated as [(N – F / total time 

of exploration) * 100] (Figures 13A and 14A). Positive values of the DI indicate a greater 

preference for the novel object, zero corresponds to the exploration of both objects 
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equally, and negative values indicate a greater exploration of the familiar object. 

Reflecting the above results, young male and female TG VEH mice (Figures 13A and 

14A) had a greater preference for exploring the novel over the familiar object. However, 

both 12 m.o and 18 m.o TG VEH mice had a greater preference for exploring the familiar 

object than the novel object, according to what has been reported for this model at those 

ages (Chaney, et al., 2018; Cheng, et al., 2019; Coles, et al., 2020; Faivre & Hölscher, 

2013). Surprisingly, the treatment with PBN in male and female 12 m.o, and 18 m.o 

APP/PS1 mice prevented this recognition memory defect, increasing their preference for 

the novel object over the familiar one.  

To assess whether there was a gender effect on the DI, the performance of males 

and females was compared at different ages (Annexes Figure 37). Nevertheless, we 

didn´t found differences between gender. Also, we assessed the percentage of time 

exploring the novel object and found that both male (Figure 13B) and female (Figure 14B) 

young APP/PS1 mice explored the novel object to a similar extent, whilst older TG VEH 

animals explored the novel object to a lesser extent compared to their respective control, 

strongly suggesting a cognitive impairment. Remarkably, in the TG-groups, the treatment 

with PBN significantly increased the percentage of exploration time of the novel object 

compared to TG VEH, reaching similar levels as those exhibited by WT animals. Finally, 

comparison of the percentage of the novel object exploration time between gender at 

different ages revealed no differences (Annexes Figure 38). 

 Together, these data evidenced a deterioration in the recognition memory in the 

12 m.o and 18 m.o APP/PS1 TG mice, as suggested by a worse performance than their 

WT littermates in both, the discrimination index and in the percentage of the exploration 

of the novel object. Such deterioration appeared to be prevented by the treatment with 

PBN. 
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Figure 13. Probenecid treatment prevents impairments in the recognition memory 
in aged male APP/PS1 mice. A.- Average Discrimination Index (DI) of 3 m.o (N=2 WT 
VEH (black); N=4 WT PBN (gray); N=4 TG VEH (red) and N=2 TG PBN (blue)), 12 m.o 
(N=5 WT VEH (black); N=3 WT PBN (gray); N=4 TG VEH (red) and N=6 TG PBN (blue) 
and 18 m.o (N=3 WT VEH (black); N=3 WT PBN (gray); N=4 TG VEH (red); N=3 TG PBN 
(blue)) male APP/PS1 animals. Age (F(2,29)=3.555 * p=0.0416), genotype 
(F(1,29)=6.598 *p=0.0156), and treatment (F(1,29)=6.655 *p=0.0152) were significant 
sources of variation, and there was a significant interaction between age x treatment 
(F(2,29)=4.040 *p=0.0283) and genotype x treatment (F(1,29)=6.873 *p=0.0138) by 
Three-way ANOVA and Tukey’s multiple comparison tests revealed significant 
differences between 12 m.o: WT VEH-TG VEH ** p=0.086; TG VEH-TG PBN ** p = 
0.0012 18 m.o: WT VEH-TG VEH * p=0.0217; TG VEH-TG PBN ** p = 0.0054. B.- 
Average the percentage of time exploring the novel object of 3 m.o, 12 m.o, and 18 m.o 
male APP/PS1 animals. Age (F(2,33)=4.788 * p=0.0149) and treatment (F(1,33)=8.364 
** p=0.0067) were significant sources of variation and there was a significant interaction 
between Age x treatment (F(2,33)=4.538 * p=0.0181), genotype x treatment 
(F(1,33)=9.752 ** p = 0.0037), age x genotype x treatment (F(2,33)=4.377 *p=0.0206) by 
Three-way ANOVA and Tukey’s multiple comparison tests revealed significant 
differences between 12 m.o: WT VEH-TG VEH * p=0.0135; TG VEH-TG PBN *** p = 
0.0003 18 m.o: WT VEH-TG VEH ** p =0.0032;TG VEH-TG PBN **** p<0.0001. Data are 
presented as mean ± SEM. 
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Figure 14. Probenecid treatment prevents recognition memory impairments in 
female aged-APP/PS1 mice. A.- Average Discrimination Index (DI) of 3 m.o (N=2 WT 
VEH (black); N=3 WT PBN (gray); N=3 TG VEH (red) and N=2 TG PBN (blue)), 12 m.o 
(N=3 WT VEH (black); N=4 WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue) 
and 18 m.o (N=3 WT VEH (black); N=4 WT PBN (gray); N=3 TG VEH (red); N=3 TG PBN 
(blue)) female APP/PS1 animals. Genotype (F(1,12)=7.714 *p=0.0167), and treatment 
(F(1,14)=12.52 **p=0.0033) were significant sources of variation, and there was a 
significant interaction between genotype x treatment (F(1,12)=41.18 ****p<0.0001) by 
Three-way ANOVA and Tukey’s multiple comparison tests revealed significant 
differences between 12 m.o: WT VEH-TG VEH * p=0.0229; TG VEH-TG PBN * p = 
0.0104; 18 m.o: WT VEH-TG VEH *p= 0.0152 TG VEH-TG PBN *** p = 0.0003 B.- 
Average the percentage of time exploring the novel object of 3 m.o, 12 m.o, and 18 m.o 
female APP/PS1 animals. Age (F(2,15)=4.699 * p=0.0260) genotype (F(1,12)=9.419 ** 
p=0.0097) and treatment (F(1,15)=19.00 *** p=0.0006) were significant sources of 
variation and there was a significant interaction between Age x treatment (F(2,15)=4.350 
* p=0.0324), genotype x treatment (F(1,12)=41.65 **** p<0.0001) by Three-way ANOVA 
and Tukey’s multiple comparison tests revealed significant differences between 12 m.o: 
WT VEH-TG VEH ** p=0.0050; TG VEH-TG PBN *** p = 0.0003 18 m.o: WT VEH-TG 
VEH * p =0.0288;TG VEH-TG PBN *** p = 0.0001. Data are presented as mean ± SEM. 

 

4. Probenecid Treatment prevents the loss of spatial and reference memory in 12 

and 18 m.o APP/PS1 mice.  

To evaluate the effect of the PBN treatment in the spatial memory in mice we 

applied the MWM task. The animals were trained for five days (6 trials per day) to find an 

escape platform in a pool, following visual cues (Acquisition phase) (Figures 15 and 16). 
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As shown in figure 15, there were no significant differences between 3 m.o male and 

female WT and TG mice treated with VEH as revealed by the escape latency in the 

acquisition phase (Figure 15A and 16A), nor in the last day of training (Figure 17) as 

expected in the early stages of the disease.  

When applying the MWM test to aged 12 m.o mice (Figures 15B and 16B), we 

found that the male and female groups of TG VEH mice presented a deteriorated 

performance in the acquisition phase compared to their WT littermates, as it has been 

described by other authors (Webster, et al., 2014; Currais, et al., 2014; Daugherty, et al., 

2017; Faivre & Hölscher, 2013; Fan, et al., 2018; Fragoulis, et al., 2017; Habib, et al., 

2019). Remarkably, the treatment with PBN prevented such deterioration in the 

performance of 12 m.o male and female TG mice which exhibited a lower escape latency 

(Figure 15B and 16B).  

In the group of 18 m.o mice (Figures 15C and 16C), we found that the female TG 

VEH animals presented a deteriorated performance in the acquisition phase compared 

to their WT littermates, as it has been previously described by other authors (Hashimoto, 

et al., 2021; Heneka, et al., 2013; Savonenko, et al., 2005) and notably PBN treatment in 

TG PBN female group prevented the reduction in the escape latency as observed in TG 

VEH mice (Figure 16C).  
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Figure 15: Probenecid treatment prevents spatial memory impairments in 12m.o 
male APP/PS1 mice. A.- Young APP/PS1 animals did not show cognitive impairment in 
Spatial learning in the acquisition phase of the MWM task (N=6 WT VEH (black); N = 6 
WT PBN (gray); N=6 TG VEH (red) and N=4 TG PBN (blue)). Time (F(4,68)=59.11, **** 
p<0.0001) was the main source of variation by Three-way ANOVA. B.- 12 m.o male 
APP/PS1 animals presented cognitive impairment in a spatial memory task, that was 
prevented by the treatment with Probenecid. (N=5 WT VEH (black); N = 5 WT PBN (gray); 
N=5 TG VEH (red) and N=7 TG PBN (blue)). Time (F(4,56)=59.85 **** p<0.0001) was 
the main source of variation and there was a significant interaction of time x genotype x 
treatment (F(4,56)=2.609, * p=0.0451) by Three-way ANOVA. Tukey’s multiple 
comparisons test T3 * p = 0.022 T4 WT VEH – TG VEH ** p = 0.009; TG VEH - TG PBN  
** p=0.0071. C.- 18 m.o male APP/PS1 animals presented cognitive impairment in a 
spatial memory task, that was not prevented by the treatment with Probenecid. (N=3 WT 
VEH (black); N = 3 WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue)). Time 
(F(4,36)=21.16, **** p<0.0001) was the main sources of variation by Three-way ANOVA. 
Data are presented as mean ± SEM. 

 
Figure 16 Probenecid treatment prevents spatial memory impairments in 12m.o 
and 18 m.o female APP/PS1 mice. A.- Young female APP/PS1 animals did not show 
cognitive impairment in Spatial learning in the acquisition phase of the MWM task (N=4 
WT VEH (black); N = 6 WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue)). 
Time (F(4,52)=40.25, **** p<0.0001) and genotype (F(1,13)=7.901, * p=0.0147) were the 
main source of variation and there was a significant interaction between time x genotype 
(F(4,52)=4.633, ** p=0.0028 by Three-way ANOVA. B.- 12 m.o female APP/PS1 animals 
presented cognitive impairment in a spatial memory task, that was prevented by the 
treatment with Probenecid. (N=3 WT VEH (black); N = 4 WT PBN (gray); N=3 TG VEH 
(red) and N=3 TG PBN (blue)). Time (F(2.055,16.44)=26.18, **** p<0.0001) was the main 
source of variation and there was a significant interaction of genotype x treatment 
(F(1,8)=9.309, * p=0.0158) by Three-way ANOVA. Tukey’s multiple comparisons test T3 
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* p = 0.0286 T4 WT VEH – TG VEH * p = 0.0104; TG VEH - TG PBN  ** p=0.0073. C.- 
18 m.o female APP/PS1 animals presented cognitive impairment in a spatial memory 
task, that was prevented by the treatment with Probenecid. (N=3 WT VEH (black); N = 4 
WT PBN (gray); N=3 TG VEH (red) and N=2 TG PBN (blue)). Time (F(4,32)=35.32, **** 
p<0.0001) and treatment (F(1,8)=11.75, ** p=0.0090) were the main sources of variation 
and there was a significant interaction between time x treatment (F(4,32)=3.559, * 
p=0.0164) by Three-way ANOVA. Data are presented as mean ± SEM. 

 

 

To further analyze the impact of the PBN treatment on spatial memory in TG mice, 

we compared the escape latency time for all the age-groups in both male and female      

APP/PS1 mice during the last day of the acquisition phase (Figure 17). Both male (Figure 

17A) and female (Figure 17B) TG mice showed a progressive increase in the latency time 

with age. In male APP/PS1 mice, we observed a preventive effect of PBN at 12 m.o, 

whilst in females, we observed this preventive effect of PBN at both 12 and 18 m.o 

Further comparison of males and females escape latency performances by age 

revealed no significant differences (Annexes Figure 39).  

 

 
Figure 17 Probenecid treatment prevented spatial memory impairments in 12m.o 
male and female and 18 female APP/PS1 animals. A.- Average escape latency on the 
last day of training in the acquisition phase of the Morris water maze task of 3 m.o 12 m.o 
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and 18 m.o male APP/PS1 animals (3 m.o N=5 WT VEH (black); N = 6 WT PBN (gray); 
N=6 TG VEH (red) and N=4 TG PBN (blue); 12 m.o N=5 WT VEH (black); N = 3 WT PBN 
(gray); N=3 TG VEH (red) and N=7 TG PBN (blue); 18 m.o N=3 WT VEH (black); N = 3 
WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue)). Genotype (F(1,16)=9.308, 
** p=0.0076) was the main source of variation and there was a significant interaction 
between genotype x treatment (F(1,16)=8.928, ** p=0.0087 by Three-way ANOVA and 
Tukey’s multiple comparisons tests revealed a significant difference between 12 m.o: WT 
VEH - TG VEH ** p=0.0090 and TG VEH – TG PBN * p=0.0338. B.- Average escape 
latency on the last day of training in the acquisition phase of the Morris water maze task 
of 3 m.o 12 m.o and 18 m.o female APP/PS1 animals (3 m.o N=4 WT VEH (black); N = 
6 WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue); 12 m.o N=3 WT VEH 
(black); N = 4 WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue); 18 m.o N=3 
WT VEH (black); N = 4 WT PBN (gray); N=3 TG VEH (red) and N=2 TG PBN (blue)). 
Genotype (F(1,11)=16.52, ** p=0.0019) and treatment (F(1,18)=7.542, * p=0.0133) were 
the main sources of variation and there was a significant interaction between genotype x 
treatment (F(1,11)=7.352, * p=0.0202 by Three-way ANOVA and Tukey’s multiple 
comparisons tests revealed a significant difference between 12 m.o: WT VEH - TG VEH 
* p=0.0104 and TG VEH – TG PBN ** p=0.0073; 18 m.o: WT VEH - TG VEH * p=0.0253 
and TG VEH – TG PBN ** p=0.0051. 

 

In a second test-phase of the MWM task, the escape platform was hidden keeping 

the visual cues, and we evaluated the time that animals spent in the quadrant where the 

platform was previously visible (Figures 18 and 19). In this “test phase”, in which 

reference memory was measured, males and females 3 m.o APP/PS1 mice explored the 

quadrant of the platform in a similar way than their WT littermates, suggesting that there 

were not defects in the reference memory at young ages. However, in the 12 m.o and 18 

m.o, male and female TG VEH mice presented a deteriorated performance in the test 

phase compared to their WT littermates (Figures 18 and 19), in agreement with that has 

been described by other authors (Webster, et al., 2014; Currais, et al., 2014; Daugherty 

, et al., 2017; Faivre & Hölscher, 2013; Fan, et al., 2018; Fragoulis, et al., 2017; Habib, 

et al., 2019; Hashimoto, et al., 2021; Heneka, et al., 2013; Savonenko, et al., 2005). 

Remarkably, the treatment with PBN significantly prevented such defects, increasing the 

time that 12 m.o and 18m.o male and female TG animals spent in the target quadrant, 

24 hours after the acquisition phase (Figures 18 and 19). These results could mean that 
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PBN positively affects the mechanisms that mediate spatial learning in 12 m.o and 18 

m.o APP/PS1 animals.  

Finally, to assess whether there was a gender effect on the time that mice spent 

in the target quadrant, the performance of males and females by age was compared 

(Annexes Figure 40). Indeed, we found a significant difference between male and 

females at 18 m.o in WT PBN group. 

 
Figure 18 Probenecid treatment prevents reference memory impairments in 12m.o 
and 18 male APP/PS1 animals. A.- Average time spent in the target quadrant in the 
probe phase of the Morris water maze task (3 m.o N=5 WT VEH (black); N = 6 WT PBN 
(gray); N=6 TG VEH (red) and N=4 TG PBN (blue); 12 m.o N=5 WT VEH (black); N = 3 
WT PBN (gray); N=3 TG VEH (red) and N=7 TG PBN (blue); 18 m.o N=3 WT VEH (black); 
N = 3 WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue)). Age (F(2,21)=4.287, 
* p=0.0275) and genotype (F(1,16)=13.73, ** p=0.0019) were the main sources of 
variation and there was a significant interaction between age x genotype (F(2,16)=4.347, 
* p=0.0311) and genotype x treatment (F(1,16)=26.16, *** p=0.0001). B.- Representative 
average heatmaps of probe phase of the Morris water maze task of 3 m.o, 12 m.o, and 
18 m.o male APP/PS1 animals. Data are presented as mean ± SEM. 

 
 
Table 4. Average Time exploring the quadrants 24h after the acquisition phase of 3 
m.o, 12 m.o and 18 m.o male APP/PS1 mice. Data are presented as mean ± SEM. 

 
 

 WT VEH 
NE (TQ) NW SE SW 

3 m.o 18.40 ± 4.37 13.92 ± 1.21 8.96 ± 1.65 16.84 ± 4.93 
12 m.o 22.60 ± 5.30 11.28 ± 1.89 8.30 ± 1.77 16.42 ± 3.25 
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18 m.o 23.23 ± 6.02 18.83 ± 3.93 7.07 ± 0.75 9.07 ± 4.05 
 WT PBN 
 NE (TQ) NW SE SW 

3 m.o 11.67 ± 2.39 13.12 ± 2.27 14.83 ± 3.77 18.78 ± 3.32 
12 m.o 20.33 ± 10.86 21.13 ± 2.42 4.87 ± 2.09 11.70 ± 8.81 
18 m.o 10.23 ± 2.96 13.80 ± 5.26 10.20 ± 6.23 24.43 ± 4.99 

 TG VEH 
 NE (TQ) NW SE SW 

3 m.o 13.82 ± 3.26 14.70 ± 3.42 9.31 ± 2.38 20.92 ± 7.89 
12 m.o 8.90 ± 2.56 20.73 ± 4.40 20.45 ± 8.41 9.20 ± 4.94 
18 m.o 6.28 ± 1.49 17.38 ± 1.35 17.40 ± 2.99 17.78 ± 4.40 

 TG PBN 
 NE (TQ) NW SE SW 

3 m.o 17.00 ± 1.91 16.83 ± 1.76 8.35 ± 2.57 16.65 ± 3.21 
12 m.o 23.30 ± 3.59 13.08 ± 2.32  10.35 ± 3.56 12.25 ± 2.18 
18 m.o 13.7 ± 1.86 16.27 ± 2.11 9.77 ± 3.66 19.03 ± 0.79 

 

 

 

Figure 19 Probenecid treatment prevents reference memory impairments in 12m.o 
and 18 female APP/PS1 animals. A.- Average time spent in the target quadrant in the 
probe phase of the Morris water maze task (3 m.o N=4 WT VEH (black); N = 6 WT PBN 
(gray); N=4 TG VEH (red) and N=3 TG PBN (blue); 12 m.o N=3 WT VEH (black); N = 4 
WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue); 18 m.o N=3 WT VEH (black); 
N = 4 WT PBN (gray); N=3 TG VEH (red) and N=2 TG PBN (blue)). Genotype 
(F(1,10)=10.74, ** p=0.0083) was the main source of variation and there was a significant 
interaction between age x genotype (F(2,10)=4.283, * p=0.0453), genotype x treatment 
(F(1,10)=8.140, * p=0.0172) and age x genotype x treatment (F(2,10)=4.569, * p=0.039) 
by Three-way ANOVA; and Tukey’s multiple comparisons tests revealed a significant 
difference between 12 m.o WT VEH-TG VEH * p=0.0223 TG VEH – TG PBN * p=0.0347; 
18 m.o WT VEH-TG VEH * p=0.0488 TG VEH – TG PBN * p=0.0483. B.- Representative 
average heatmaps of probe phase of the Morris water maze task of 3 m.o, 12 m.o, and 
18 m.o female APP/PS1 animals. Data are presented as mean ± SEM. 
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Table 5. Average Time exploring the quadrants 24h after the acquisition phase of 
3 m.o, 12 m.o and 18 m.o female APP/PS1 mice. Data are presented as mean ± SEM. 

 

 WT VEH 
NE (TQ) NW SE SW 

3 m.o 15.80 ± 1.99 16.52 ± 1.81 11.82 ± 1.64 13.67 ± 2.64 
12 m.o 26.70 ± 6.60 8.25 ± 1.25 10.00 ± 6.10 14.40 ± 2.30 
18 m.o 32.75 ± 0.25 19.15 ± 1.65 2.95 ± 2.15 2.70 ± 1.60 

 WT PBN 
 NE (TQ) NW SE SW 

3 m.o 20.08 ± 3.07 16.02 ± 1.15 11.5 ± 2.22 9.76 ± 1.49 
12 m.o 23.50 ± 5.38 12.13 ± 2.67 9.93 ± 2.14 14.08 ± 5.25 
18 m.o 21.98 ± 2.93 18.53 ± 1.34 7.35 ± 2.66 9.95 ± 2.51 

 TG VEH 
 NE (TQ) NW SE SW 

3 m.o 22.6 ± 8.21 13.43 ± 3.09 5.90 ± 4.18 21.23 ± 9.44 
12 m.o 4.93 ± 2.53 7.80 ± 7.80 25.93 ± 5.36 20.93 ± 4.57 
18 m.o 13.4 ± 0.40 18.37 ± 6.53 9.57 ± 2.76 18.63 ± 4.85 

 TG PBN 
 NE (TQ) NW SE SW 

3 m.o 17.90 ± 5.30 13.43 ± 1.38 12.13 ± 2.48 16.25 ± 4.83 
12 m.o 22.27 ± 2.00 5.67 ± 2.72  14.93 ± 5.93 15.97 ± 4.45 
18 m.o 21.75 ± 0.05 17.00 ± 1.40 12.55 ± 0.35 7.20 ± 1.90 

 

 

5. Probenecid prevents Panx1 overactivity in hippocampal slices of 3 and 12 m.o 

APP/PS1 mice. 

Once behavioral tests were finished, experimental groups were sacrificed to dissect 

brains and obtain acute slices for ex vivo experiments. 

To demonstrate that the treatment with PBN inhibits the Panx1 activity, we evaluated 

the uptake of the fluorescent tracer ethidium bromide in hippocampal slices of 3 m.o 

(Figures 20 and 21) and 12 m.o (Figures 22 and 23) APP/PS1 mice. In the case of 3 m.o 

animals a slight increase in the EtBr uptake in hippocampal slices of both females and 
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males was observed in TG VEH compared to WT. These differences were significantly 

decreased in tissues from TG mice treated with PBN (Figures 20 and 21). Instead, in 

male and female 12m.o APP/PS1 mice we observed a significant increase in the levels 

of uptake of the EtBr tracer in the hippocampal slices of TG VEH animals, which 

significantly decreased in the tissues from TG mice treated with PBN (Figures 22 and 

23).  

 

 

Figure 20 PBN treatment reduces the Panx1 activity in hippocampal slices of 3 m.o 
male APP/PS1 mice. A.- EtBr uptake ratio normalized to WT VEH group and 
representative images of EtBr by pyramidal neurons from hippocampal CA1 area treated 
with 200ìM La+3 under resting conditions of 3 m.o male APP/PS1 mice (N=2 WT VEH 
(black); N = 2 WT PBN (gray); N=2 TG VEH (red) and N=1 TG PBN (blue)) Ordinary one-
way ANOVA showed a significant difference between groups (F(7,10)=13.88, *** p = 
0.0002) and Tukey’s multiple comparisons test showed a significant difference between 
WT VEH-TG VEH * p=0.0212 TG VEH – TG VEH La3+ *** p=0.0004: TG VEH-TG PBN * 
p = 0.0175   Data are presented as mean per animal ± SEM.S pyr, stratum pyramidale; 
S rad. Stratum radiatum. Scale bar = 50µm.  
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Figure 21 PBN treatment reduces the Panx1 activity in hippocampal slices of 3 m.o 
female APP/PS1 mice. A.- EtBr uptake ratio normalized to WT VEH group and 
representative images of EtBr by pyramidal neurons from hippocampal CA1 area treated 
with 200ìM La+3 under resting conditions of 3 m.o female APP/PS1 mice (N=3 WT VEH 
(black); N = 3 WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue)). Ordinary 
one-way ANOVA showed significant difference between groups (F(7,15)=7.270, *** p = 
0.0007) and Tukey’s multiple comparisons test showed significant difference between: 
TG VEH – TG VEH La3+ * p=0.0348: TG VEH-TG PBN ** p = 0.0089. Data are presented 
as mean per animal ± SEM.S pyr, stratum pyramidale; S rad. Stratum radiatum. Scale 
bar = 50µm. 

 

 

Figure 22 PBN treatment reduces the Panx1 activity in hippocampal slices of 12 
m.o male APP/PS1 mice. A.- EtBr uptake ratio normalized to WT VEH group and 
representative images of EtBr by pyramidal neurons from hippocampal CA1 area treated 
with 200ìM La+3 under resting conditions of 12 m.o male APP/PS1 mice (N=3 WT VEH 
(black); N = 3 WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue)) Ordinary one-
way ANOVA showed a significant difference between groups (F(7,25)=39.52, *** 
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p<0.0001) and Tukey’s multiple comparisons test showed significant difference between: 
WT VEH-TG VEH **** p<0.0001; TG VEH – TG VEH La3+ **** p<0.0001: TG VEH-TG 
PBN **** p<0.0001. Data are presented as mean per animal ± SEM.S pyr, stratum 
pyramidale; S rad. Stratum radiatum. Scale bar = 50µm. 

 

 

Figure 23 PBN treatment reduces the Panx1 activity in hippocampal slices of 12 
m.o female APP/PS1 mice. A.- EtBr uptake ratio normalized to WT VEH group and 
representative images of EtBr by pyramidal neurons from hippocampal CA1 area treated 
with 200ìM La+3 under resting conditions of 12 m.o female APP/PS1 mice (N=3 WT VEH 
(black); N = 3 WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue)). Ordinary 
one-way ANOVA showed a significant difference between groups (F(7,27)=7.270, *** p 
= 0.0007) and Tukey’s multiple comparisons tests showed a significant difference 
between WT VEH-TG VEH **** p<0.0001; TG VEH – TG VEH La3+ **** p<0.0001: TG 
VEH-TG PBN **** p<0.0001. Data are presented as mean per animal ± SEM.S pyr, 
stratum pyramidale; S rad. Stratum radiatum. Scale bar = 50µm. 
 

 

6. Probenecid Treatment improved the number of viable cells of 3 m.o, 12 m.o, 

and 18 m.o APP/PS1 animals. 

 

To analyze the effects of the PBN treatment on neurodegeneration, we stained 

hippocampal slices with Cresyl Violet. In the CA1 region of the hippocampus and its 

adjacent cortex, 100x100 µm areas were selected, in which all the cell bodies of viable 
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and non-viable neurons (signs of neurodegeneration) were quantified. The criteria to 

differentiate neurodegeneration was the presence of cytoplasmic hyperchromatism and 

cell shrinkage (pyknosis). There was a positive effect of the PBN treatment on the number 

of viable cells, and consequently a reduction in the number of unviable cells in the 

hippocampus of 18 m.o male (Figure 24) and female TG PBN brains at all the studied 

ages (Figure 25). A similar positive effect of PBN was observed in the adjacent cortex of 

brains from 18 m.o TG PBN mice (Annexes Figure 41). 

     To assess whether there was a gender effect on the neuronal loss, the percentage 

of viable cells of males and females was compared at different ages (Annexes Figure 

41).  

 

 

Figure 24. Probenecid prevents hippocampal neuronal loss in 18 m.o male 
APP/PS1 mice. A.- Probenecid improved the number of viable cells in 18 m.o (N=2 WT 
VEH (black), N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 2 TG PBN (blue)) but not 
in 3 m.o (N=2 WT VEH (black), N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 2 TG 
PBN (blue)) and  12 m.o males TG animals (N=2 WT VEH (black), N=2 WT PBN (gray), 
N= 2 TG VEH (red), and N= 2 TG PBN (blue)) and representative images of Nissl staining 
in the CA1 region of the hippocampus all experimental groups. Scale bar = 20 𝜇m S rad: 
Stratum radiatum. Age (F(2,25)=5.445, * p=0.0109), genotype (F(1,20)=109.6, **** 
p<0.0001) and treatment (F(1,25)=15.66, *** p=0.0006) were the main sources of 
variation and there was a significant interaction between age x genotype (F(2,20)=3.567, 
* p=0.0473), age x treatment (F(2,25)=4.345, * p=0.0240), genotype x treatment 
(F(1,20)=33.74, **** p<0.0001) and age x genotype x treatment (F(2,20)=3.973, * 
p=0.0352) by Three-way ANOVA; and Tukey’s multiple comparisons tests revealed a 
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significant difference between 3 m.o WT VEH-TG VEH ** p=0.0089; 12 m.o WT VEH-TG 
VEH *** p=0.0002; 18 m.o WT VEH-TG VEH **** p<0.0001 TG VEH – TG PBN **** 
p<0.0001.  

 

Figure 25. Probenecid prevents hippocampal neuronal loss in 3 m.o, 12 m.o and 18 
m.o female APP/PS1 mice. A- Probenecid improved the number of viable cells in 3 m.o 
(N=2 WT VEH (black), N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 2 TG PBN 
(blue)),  12 m.o (N=2 WT VEH (black), N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 
2 TG PBN (blue)) and 18 m.o (N=2 WT VEH (black), N=2 WT PBN (gray), N= 2 TG VEH 
(red), and N= 2 TG PBN (blue)) female TG animals and representative images of Nissl 
staining in the CA1 region of the hippocampus all experimental groups. Scale bar = 20 
𝜇m S rad: Stratum radiatum. Age (F(2,36)=9.749, *** p=0.0004), genotype 
(F(1,36)=161.3, **** p<0.0001) and treatment (F(1,36)=55.63, **** p<0.0001) were the 
main sources of variation and there was a significant interaction between age x genotype 
(F(2,36)=3.567, * p=0.0473) and genotype x treatment (F(1,36)=47.56, **** p<0.0001) by 
Three-way ANOVA; and Tukey’s multiple comparisons tests revealed a significant 
difference between 3 m.o WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN ** p=0.0032; 
12 m.o WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN **** p<0.0001; 18 m.o WT 
VEH-TG VEH **** p<0.0001 TG VEH – TG PBN **** p<0.0001. 
 

 

7. Basal excitatory synaptic transmission and paired-pulse facilitation are 

unchanged by PBN treatment. 

 

To analyze the effects of the PBN treatment on the synaptic deficit in APP/PS1 mice, 

we next performed electrophysiological field recordings in hippocampal slices obtained 

from young and old WT and TG mice, to evaluate excitatory synaptic transmission and 

plasticity.       
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First, we measured the input-output relationship (I/O) between the initial slope of the field 

excitatory postsynaptic potential and the stimulus intensity. As observed in Figure 26, the 

excitatory synaptic transmission was not different between WT and TG mice at any of the 

ages tested (Figure 26). The treatment with PBN had no effects on the I/O relationship in 

any of the experimental groups. However, it is noteworthy that the aged group treated 

with PBN exhibited greater values of fEPSP slopes at higher stimulations than the 

vehicle, in agreement with previous observations reported in WT animals and PANX1-

KO animals (Prochnow, et al., 2012; Ardiles, et al., 2014).Accordingly, Paired-pulse 

facilitation, a parameter inversely related to the neurotransmitter release probability, was 

not different between experimental groups (Figure 27), suggesting that PBN does not 

affect basal presynaptic efficacy.  

 

Figure 26. Basal excitatory synaptic transmission was unchanged by the PBN 
treatment. Hippocampal slices from WT and APP/PS1 mice treated with PBN or the 
vehicle were subjected to electrophysiological field recordings. CA3- Schaffer collaterals 
were stimulated, and the post-synaptic responses were recorded in CA1 pyramidal      
neurons to estimate evoked basal transmission. On the left fEPSP slopes were plotted 
against growing stimulus amplitude ranging from 25-100 μA for all the experimental 
conditions. On the right, representative traces are shown for all the experimental 
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conditions.  A.- 3 m.o male APP/PS1 and WT mice. Input current (F(4,60)=5.877, *** 
p=0.0005) was the main source of variation by Three-way ANOVA B.- 12 m.o male 
APP/PS1 and WT mice. Input current (F(4,30)=4.584, ** p=0.0052) was the main source 
of variation by Three-way ANOVA C.- 18 m.o male APP/PS1 and WT mice. Input current 
(F(4,45)=3.019, * p=0.0274) was the main source of variation by Three-way ANOVA D.-      
3 m.o female APP/PS1 and WT mice. Input current (F(4,140)=9.905, **** p<0.0001) was 
the main source of variation by Three-way ANOVA E.- 12 m.o female APP/PS1 and WT 
mice. Input current (F(4,29)=9.543, **** p<0.0001) was the main source of variation by 
Three-way ANOVA F.- 18 m.o female APP/PS1 and WT mice. Groups are presented as 
male: 3m.o: WT VEH n= 6 slices from 3 animals (Black); WT PBN n= 2 slices from 1 
animal (Gray); TG VEH n= 7 slices from 2 animals (Red); TG PBN n= 5 slices from 2 
animals (Blue); 12 m.o: WT VEH n= 2 slices from 1 animal (Black); WT PBN n= 2 slices 
from 1 animal (Gray); TG VEH n= 2 slices from 1 animal (Red); TG PBN n= 4 slices from 
1 animal (Blue); 18 m.o: WT VEH n= 1 slice from 1 animal (Black); WT PBN n= 4 slices 
from 1 animal (Gray); TG VEH n= 7 slices from 2 animals (Red); TG PBN n= 2 slices 
from 1 animal (Blue)  and female: WT VEH n= 6 slices from 2 animals (Black); WT PBN 
n= 6 slices from 3 animal (Gray); TG VEH n= 4 slices from 1 animal (Red); TG PBN n= 4 
slices from 1 animal (Blue); 12 m.o: WT VEH n= 2 slices from 1 animal (Black); WT PBN 
n= 4 slices from 1 animal (Gray); TG VEH n= 4 slices from 1 animal (Red); TG PBN n= 3 
slices from 1 animal (Blue); 18 m.o: WT VEH n= 1 slice from 1 animal (Black); WT PBN 
n= 2 slices from 1 animal (Gray); TG VEH n= 2 slices from 2 animals (Red); TG PBN n= 
2 slices from 1 animal (Blue). Results are presented as mean±SEM. 
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Figure 27 Paired-pulse facilitation was unchanged by the PBN treatment. 
Hippocampal slices from WT and APP/PS1 mice treated with PBN or the vehicle were 
stimulated with two stimuli of the same intensity separated by a time of 50 ms, at growing 
inter-stimulus intervals ranging from 20 to 200 ms, for estimation of a paired-pulse-
facilitation (PPF) ratio. On the left, paired pulse ratio by different stimulation intervals is 
plotted. On the right, representative traces are shown per each experimental condition. 
A.- PPF from 3m.o male APP/PS1 and WT slices. No significant difference by Three-way 
ANOVA. B.- PPF from 12m.o male APP/PS1 and WT slices. No significant difference by 
Three-way ANOVA. C PPF from 18m.o male APP/PS1 and WT slices. No significant 
difference by Three-way ANOVA. D.- PPF from 3m.o female APP/PS1 and WT slices. 
No significant difference by Three-way ANOVA. E.- PPF from 12m.o female APP/PS1 
slices. No significant difference by Three-way ANOVA. F.- PPF from 18 m.o female 
APP/PS1 and WT slices. No significant difference by Three-way ANOVA. Groups are 
presented as male: 3m.o: WT VEH n= 6 slices from 3 animals (Black); WT PBN n= 2 
slices from 1 animal (Gray); TG VEH n= 7 slices from 2 animals (Red); TG PBN n= 5 
slices from 2 animals (Blue); 12 m.o: WT VEH n= 2 slices from 1 animal (Black); WT PBN 
n= 2 slices from 1 animal (Gray); TG VEH n= 2 slices from 1 animal (Red); TG PBN n= 4 
slices from 1 animal (Blue); 18 m.o: WT VEH n= 1 slice from 1 animal (Black); WT PBN 
n= 4 slices from 1 animal (Gray); TG VEH n= 7 slices from 2 animals (Red); TG PBN n= 
2 slices from 1 animal (Blue)  and female: WT VEH n= 6 slices from 2 animals (Black); 
WT PBN n= 6 slices from 3 animal (Gray); TG VEH n= 4 slices from 1 animal (Red); TG 
PBN n= 4 slices from 1 animal (Blue); 12 m.o: WT VEH n= 2 slices from 1 animal (Black); 
WT PBN n= 4 slices from 1 animal (Gray); TG VEH n= 4 slices from 1 animal (Red); TG 
PBN n= 3 slices from 1 animal (Blue); 18 m.o: WT VEH n= 1 slice from 1 animal (Black); 
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WT PBN n= 2 slices from 1 animal (Gray); TG VEH n= 2 slices from 2 animals (Red); TG 
PBN n= 2 slices from 1 animal (Blue). Results are presented as mean±SEM. 

 

8. Synaptic plasticity defects in APP/PS1 brains are prevented by the PBN 

treatment. 

To evaluate the effect of PBN on the induction of NMDA-dependent synaptic 

plasticity, we induced LTP in acute hippocampal slices from young and old APP/PS1 (TG) 

mice by applying a standard TBS protocol (Ardiles, et al., 2014). As shown in figure 28, 

hippocampal slices from 3 m.o female TG, 12m.o and 18 m.o male and female TG 

exhibited impaired LTP as compared to hippocampal slices from the respective WT mice. 

In 3m.o female APP/PS1 animals, the treatment with PBN increased the potentiation of 

the excitatory synaptic response in TG PBN slices, reaching values near to that observed 

in the WT slices (Figure 29B). Also, the PBN treatment prevented the LTP defects in 12 

m.o and 18m.o TG mice (Figure 28 and 29), suggesting that the inhibition of Panx1 with 

PBN could be an efficient pharmacological tool to avoid the synaptic dysfunction at early 

and late stages of the AD.  

To assess whether there was a gender effect on the synaptic plasticity, the LTP 

magnitude of the last 10 min of recordings was compared at different ages (Annexes 

Figure 43) and we did not find any differences between gender.  
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Figure 28. 30 days treatment with PBN prevented synaptic plasticity defects in the 
excitatory hippocampal synapses of 3 m.o female and in  12 and 18 m.o male and 
female APP/PS1 mice. Long-term potentiation of the CA3-CA1 excitatory synapses was 
induced by a standard theta burst stimulation (TBS) protocol in hippocampal slices from 
WT and APP/PS1 mice treated with PBN or the vehicle. Excitatory postsynaptic field 
potentials (fEPSP) were recorded during 60 min after the application of the TBS protocol. 
On the left are plotted the percentage of potentiation in time respect to the baseline; on 
the right are shown  representative traces for all the experimental conditions. A.- LTP in 
hippocampal slices from 3 m.o male APP/PS1 and WT mice Groups are presented as 
WT VEH n= 8 slices from 3 animals (Black); WT PBN n= 4 slices from 1 animal (Gray); 
TG VEH n= 8 slices from 2 animal (Red); TG PBN n= 6 slices from 2 animals (Blue). B.-   
LTP in hippocampal slices from 12 m.o male APP/PS1 and WT mice. Groups are 
presented as WT VEH n= 3 slices from 2 animals (Black); WT PBN n= 3 slices from 2 
animals (Gray); TG VEH n= 4 slices from 1 animal (Red); TG PBN n= 2 slices from 1 
animal (Blue). C.- LTP in hippocampal slices from 18 m.o male APP/PS1 and WT mice 
Groups are presented as WT VEH n= 8 slices from 1 animal (Black); WT PBN n= 7 slices 
from 1 animal (Gray); TG VEH n= 6 slices from 1 animal (Red); TG PBN n= 8 slices from 
1 animal (Blue). D.- LTP in hippocampal slices from 3 m.o female APP/PS1 and WT mice      
Groups are presented as WT VEH n= 6 slices from 2 animals (Black); WT PBN n= 5 
slices from 3 animals (Gray); TG VEH n= 4 slices from 1 animal (Red); TG PBN n= 8 
slices from 1 animal (Blue). E.- LTP in hippocampal slices from 12 m.o female APP/PS1 
and WT mice. Groups are presented as WT VEH n= 4 slices from 1 animal (Black); WT 
PBN n= 3 slices from 1 animal (Gray); TG VEH n= 2 slices from 1 animal (Red); TG PBN 
n= 4 slices from 1 animal (Blue). F.- LTP in hippocampal slices from 18 m.o female 
APP/PS1 and WT mice Groups are presented as WT VEH n= 3 slices from 1 animal 
(Black); WT PBN n= 4 slices from 1 animal (Gray); TG VEH n= 2 slices from 1 animal 
(Red); TG PBN n= 6 slices from 1 animal (Blue).  
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Figure 29 Probenecid treatment prevented synaptic plasticity defects in excitatory 
hippocampal synapses of 3 m.o female, 12 m.o and 18m.o male and female 
APP/PS1 mice. A.-  Average LTP magnitude during the last 10 min of recording of male 
3 m.o, 12 m.o and 18 m.o APP/PS1 mice. Age (F(2,29)=3.667, *p=0.0377), genotype 
(F(1,20)=6.753, *0.0172) and treatment (F(1,29)=9.242, ** p=0.0050) were significant 
sources of variation by Three-way ANOVA.  B.- Average LTP magnitude during the last 
10 min of recording of male 3 m.o, 12 m.o and 18 m.o APP/PS1 mice. Age 
(F(2,34)=11.77, ***p=0.0001), genotype (F(1,34)=14.57, *** p=0.0005) and treatment 
(F(1,34)=9.242, * p=0.0132) were significant sources of variation and there was a 
significant interaction between genotype x treatment (F(1,34)=6.256, * p=0.0174) by 
Three-way ANOVA. 

 
 
 
9. Probenecid treatment increases spine density in 3 m.o, 12 m.o, and 18 m.o 

APP/PS1 TG animals. 

           

To evaluate the effect of PBN on the spine loss that occurs in the context of AD 

(Zhang, et al., 2016; Dong, et al., 2019; Knafo, et al., 2009; Lonnemann, et al., 2022; 

Huang, et al., 2019) we performed Golgi staining in brains isolated from all the 

experimental groups. To measure spine density, we analyzed only spines that emerged 
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perpendicular to the dendritic shaft in CA1 hippocampal neurons, and we calculated the 

spine density as the number of spines per 1 µm of the dendritic shaft.  

In 3m.o male APP/PS1 animals (Figure 30), there were no differences in the spine 

density between WT and TG VEH animals, as was previously reported by other authors 

(Tzeng, et al., 2018). Instead, in neurons from 3 m.o female APP/PS1 animals (Figure 

31) we observed a significant decrease in the spine density compared to their WT 

littermates. Remarkably, the neurons from hippocampal slices isolated from 3 m.o TG 

female mice treated with PBN exhibited a significant increase in the spine density 

compared to the treatment with the vehicle (Figure 31).  

As it has been reported that the Panx1 blockade promotes structural changes in 

neuronal and synaptic morphology (Sanchez-Arias, et al., 2019; Flores-Muñoz, et al., 

2022), we also measured additional spine parameters such as the length of the spine, 

and the width of the head and neck to estimate a head/neck ratio  in WT and TG under 

VEH and PBN conditions (Annexes Figure 46). We observed an increase in the spine 

length in neurons from male and female 18 m.o PBN-treated groups (Annexes Figure 

46A and B), but no effect in the head/neck ratio (Annexes Figure 46 C and D).  

In agreement with previous reports (Zhang, et al., 2016; Dong, et al., 2019; Knafo, et 

al., 2009; Lonnemann, et al., 2022; Huang, et al., 2019), the TG-aged male and female 

animals (12 and 18 m.o) exhibited a significantly decreased spine density compared to 

age-matched WT mice (Figure 30 and 31); this difference was prevented by the 30-days      

treatment with PBN.  
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Figure 30 The treatment with Probenecid prevents dendritic spine loss in 18 m.o 
male TG APP/PS1 mice. Hippocampal slices from WT and APP/PS1 male mice treated 
with PBN or its vehicle were stained with the Golgi-staining and visualized by bright field 
microscopy. Pyramidal neurons were analyzed to evaluate the number of dendritic spines 
per 1 um of dendritic shaft (dendritic spine density). On the left dendritic spine density is 
plotted per each experimental group. On the right representative images of the 
experimental conditions are shown. Scale bar = 10µm. Groups are presented as 3m.o: 
WT VEH n= 3 neurons (80 spines),  (Black); WT PBN n= 3 neurons (300 spines) (Gray); 
TG VEH n= 3 neurons (63 spines) (Red); TG PBN n= 7 neurons (407 spines) (Blue); 
12m.o: WT VEH n= 3 neurons (79 spines),  (Black); WT PBN n= 4 neurons (84 spines) 
(Gray); TG VEH n= 3 neurons (116 spines) (Red); TG PBN n= 7 neurons (315 spines) 
(Blue) and 18m.o: WT VEH n= 3 neurons (67 spines),  (Black); WT PBN n= 3 neurons 
(89 spines) (Gray); TG VEH n= 3 neurons (85 spines) (Red); TG PBN n= 3 neurons (184 
spines) (Blue). Genotype (F(1,47)=6.074, * p=0.0174) and treatment (F(1,47)=10.10, ** 
p= 0.0026) were the main sources of variation and there was a significant interaction 
between age x genotype (F(2,47)=4.210, * p=0.0208), genotype x treatment 
(F(1,47)=14.52, *** p=0.0004) and age x genotype x treatment (F(2,47) =3.630, * 
p=0.0342) and Tukey’s multiple comparisons test showed significant difference between 
12 m.o: WT VEH-TG VEH * p= 0.0112; 18 m.o: WT VEH-TG VEH ** p=0.0092 TG VEH-
TG PBN *** p=0.0001.       
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Figure 31 The treatment with Probenecid prevents dendritic spine loss in 3 m.o, 12 
m.o and 18 m.o female TG APP/PS1 mice. Hippocampal slices from WT and APP/PS1 
female mice treated with PBN or its vehicle were stained with the Golgi-staining and 
visualized by bright field microscopy. Pyramidal neurons were analyzed to evaluate the 
number of dendritic spines per 1 um of dendritic shaft (dendritic spine density). On the 
left dendritic spine density is plotted per each experimental group. On the right 
representative images of the experimental conditions are shown. Scale bar = 10ìm.      
Groups are presented as 3m.o: WT VEH n= 5 neurons (80 spines),  (Black); WT PBN n= 
3 neurons (301 spines) (Gray); TG VEH n= 4 neurons (63 spines) (Red); TG PBN n= 6 
neurons (457 spines) (Blue); 12m.o: WT VEH n= 4 neurons (80 spines),  (Black); WT 
PBN n= 4 neurons (85 spines) (Gray); TG VEH n= 3 neurons (116 spines) (Red); TG 
PBN n= 6 neurons (316 spines) (Blue) and 18m.o: WT VEH n= 4 neurons (67 spines),  
(Black); WT PBN n= 4 neurons (139 spines) (Gray); TG VEH n= 4 neurons (86 spines) 
(Red); TG PBN n= 4 neurons (184 spines) (Blue). Treatment (F(1,39)=11.30, ** p= 
0.0017) was the main source of variation and there was a significant interaction between 
genotype x treatment (F(1,39)=19.98, *** p=0.0002) and Tukey’s multiple comparisons 
tests showed significant difference between 3m.o: WT VEH-TG VEH * p=0.0474 TG 
VEH-TG PBN ** p =0.0038; 12 m.o: WT VEH-TG VEH * p=0.0353 TG VEH -TG PBN * 
p=0.019759.       
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Discussion 

 

Probenecid is an FDA-approved drug, formerly used in clinics as a urate-lowering 

agent for the treatment of the gout, due to its known blockade of organic anions 

transporter (Talbott et al., 1951). Currently evidence, identify new properties of PBN by 

the inhibition of P2X7 purinergic receptors (Bhaskaracharya, et al., 2014), and Panx1 

channels (Silverman, et al., 2008). For some years it has been proposed as a new tool 

to treat pathologies associated with the central nervous system, due to its neuroprotective 

action (Colin-Gonzalez & Santamaria, 2013). In this regard, it has been suggested as a 

new therapeutic tool in neuropathologies such as epilepsy (Aquilino, et al., 2020; Dossi, 

et al., 2018), ischemia (Wei, et al., 2015; Xiong, et al., 2014; Jian, et al., 2016), multiple 

sclerosis (Hainz, et al., 2017), experimental autoimmune encephalomyelitis (Hainz, et al., 

2016) and Alzheimer’s disease (Flores-Muñoz, et al., 2020; Harcha, et al., 2015). Since 

all these pathologies associate with inflammatory processes (Voet, et al., 2019; 

Hashioka, et al., 2021) and considering that Panx1 channels are critical players for 

inflammation involved in these signaling pathways (Kameritsch & Pogoda, 2020; Seo et 

al., 2021), its blocking would be beneficial to prevent this pathophysiological process and 

consequently improve the cellular microenvironment (García-Rodríguez et al., 2023). 

 

The aim of this work was to evaluate the impact of the treatment with PBN on the 

Panx1 channel activity as well as in the synaptic structure and cognitive function in a 

murine model of AD, with a view to understanding the potential “neuroprotective” of PBN. 

As our data show, a 30-days treatment with PBN managed to prevent recognition, spatial, 

and reference memory impairments in aged APP/PS1 mice, a murine model of AD 
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(Jankowski et al., 1993). The PBN treatment also prevented the neuronal loss, dendritic 

spine loss, and synaptic plasticity impairments observed in hippocampal slices from 

APP/PS1 mice. This PBN treatment also caused a significant reduction in the Panx1 

activity in the hippocampus of APP/PS1 (TG) mice, strongly suggesting that the 

“neuroprotective effect of PBN is likely due to the inhibition of Panx1. It is noteworthy the 

AD deficiencies observed in APP/PS1 animals seem to manifest much earlier in females 

than in males since the prevention exerted by PBN was evident at earlier ages.  But, how 

the inhibition of Panx1 channels could have a “neuroprotective” effect in the context of 

AD?  A possibility is by interfering with the role of Panx1 in the inflammatory pathways 

that are enhanced in the AD context. In this regard Panx1 is involved in the NLRP3 

inflammasome activation in neurons and astrocytes (Silverman, et al., 2009). It is an 

intracellular receptor for DAMPs, danger-associated molecular patterns, that trigger the 

innate immune response (Kelley, et al., 2019), which has been shown to be importantly 

activated in the AD context (Heneka, et al. 2013). Inflammasome complexes formation is 

a crucial part of the activation mechanism for the microglial inflammatory function (Hanslik 

& Ulland, 2020).  

 

Interestingly, a profile of sexual dimorphism was identified in the APPPS1      

model, with females exhibiting pathologically higher levels of proinflammatory cytokines, 

astrocytosis, and microgliosis, besides synaptic degeneration (Jiao, et al., 2016). They 

also exhibit greater amounts of Ab40 and soluble Ab42 (Wang, et al., 2003), amyloid 

plaque deposition in hippocampus and cortex (Janus, et al., 2015), and aberrant glucose 

metabolism (Xin, et al., 2016),  that is proposed to be explained by differential profiles of 

microglia (Kadlecova, et al., 2023).  In the mature brain, microglia regulate the 
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inflammatory response to brain parenchymal damage and directly influence synaptic 

function by regulate synaptic pruning, but also is critical for synaptic plasticity and learning 

and memory processes (Lenz & Nelson, 2018; Stogsdill & Eroglu, 2017. At the different 

stages of the development, microglia have different morphologies and express distinct 

sets of genes (Bennet et al., 2016). Moreover, ameboid morphology generally associated 

to “activated” state can differ between the different phases of the brain development and 

pathological conditions (Bennett, et al., 2016). In this regard, female APPPS1 microglia 

is glycolytic, less phagocytic, and associated with increased amyloidosis, whereas 

microglia from APPPS1 males are amoeboid and exhibits a reduced plaque load (Guillot-

Sestier, et al., 2021).  Taking into account these differences, we applied the experimental 

approaches in both genders of APPPS1 mice, considering the sex of the animals as an 

analysis variable. Even though a  “neuroprotective”  effect of PBN was observed in both 

females and males, some gender differences were evident between the experimental 

groups. It is important to highlight that APP/PS1 females seem to have a more severe 

phenotype from early ages compared to males. Already at 12 months, the difference 

observed between transgenic females and males was accentuated, in accordance with 

what other authors have observed  (Miffilin, et al., 2021). 

 

Regarding the dose of PBN tested in this study, we used 100mg/kg, which 

corresponds to 2.5 times the maintenance dose administered to people to block the renal 

excretion of penicillin and does not represent toxic or teratogenic risks in mice (Bucher, 

et al., 1986). Using this daily dose during 30 days, no changes were observed in the 

weight of the mice at the end of the treatment, according to what was informed in the 

toxicological manual of this drug (National Toxicology Program, 1991), nonetheless, 

there were differences in the average weight between females and males as previously 
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reported (Miffilin, et al., 2021; National Toxicology Program, 1991). To get mice 

voluntarily administered PBN, we used a sucralose gel medium that has been used 

previously for oral drug delivery in mice (Christy, et al., 2014).  

 

Regarding the behavioral tests that we applied to evaluate cognitive functions, 

namely NOR and MWM, those are tasks whose performance depends on the 

hippocampus and cortex, brain structures primarily affected in AD (Scheff & Price, 2003; 

Buckner, 2004). Impairments in the NOR and MWM performance correlate with early 

cognitive alterations in AD, such as agnosia (the loss of the ability to recognize people 

and objects, Brooks 3rd, et al., 1993). In our hands, the loss of recognition memory in the 

AD model was age-dependent, observing that young TG animals kept intact their 

preference for novelty in accordance with that reported by other authors  (Montgomery, 

et al., 2016; Hoejimakers, et al., 2018; Martin-Sanchez, et al., 2021). Whilst, a significant 

deficit in the recognition memory was evidenced in both male and female-aged TG mice, 

in agreement with that observed previously (Coles, et al., 2020; Ibrahim, et al., 2017; Lyra 

e Silva, et al., 2021). Remarkably,  the treatment with PBN seemed to prevent these 

alterations in TG mice, reaching performances near to that observed in the WT controls 

(Figure 13 and 14). The latter strongly suggests PBN could exert an important 

neuroprotective effect in the brain areas critical for recognition memory. 

 

Similarly to that observed in the NOR test, PBN also impacted positively in spatial 

memory in TG mice. At the earliest stages, in transgenic males, we observed a similar 

performance to the control, in accordance with previous reports (Li, et al., 2016), whilst 

in females there was a greater difference with their respective controls. It has been 

proposed that in young TG animals, there would be a poor navigation strategy that leads 
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to a greater number of errors during the acquisition of spatial memory (Karunakaran, 

2020; Martin-Sanchez, et al., 2021). In the oldest mice (12 m.o and 18m.o) we observed 

alterations in both acquisition and reference memory, in agreement with previous reports 

(Faivre, et al., 2018; Xu, et al.; Jarvela, et al., 2018; Jia, et al., 2013; Jiao, et al., 2015; 

Lalonde, et al., 2005; Timmer, et al., 2010; Li, et al., 2021; Muller, et al., 2021). In both of 

them, the treatment with PBN prevented the defects observed in the oldest TG mice. As 

we didn’t observe a significant difference in the locomotor activity between the oldest WT 

and APPS1 mice, it is unlikely that such differences are due to motility defects in the 

experimental groups. In agreement with this idea, other authors have reported the 

absence of differences in locomotion between APPPS1 and WT mice  (Garcia, et al., 

2014).  

 

Given that the molecular basis of learning and memory relies on the mechanisms 

that lead to synaptic plasticity, we evaluated the impact of the PBN treatment on the 

induction and maintenance of long-term-potentiation(LTP) of the synaptic strength, which 

is proposed as a cellular model of learning and memories (Lynch, 2004) and has been 

demonstrated that is impaired at early stages in APPPS1 mice (Li, et al., 2017). Indeed, 

we observed that already at 3 m.o the female TG mice exhibit LTP deterioration (Figure 

28B) and that the treatment with PBN prevented such defects; in the same way, PBN 

also prevented the LTP impairments observed in aged male and female TG mice (Figure 

28).  

 

The reasons why Panx1 inhibition with PBN could lead to increased LTP are not 

entirely clear. As we previously demonstrated, Panx1 is overexpressed in the brain of 

APPS1 mice (Flores Muñoz et al., 2020), and the acute treatment of hippocampal slices 
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with PBN increases LTP in this model (Flores Muñoz et al., 2020). It seems that the 

overexpression of Panx1 could contribute to modify the excitability in the APPPS1 brains 

affecting the threshold for the LTP induction. In that case, the blockade of Panx1 with 

PBN could prevent these defects. On the contrary, other authors have proposed that the 

cognitive defects are associated with an increased neuronal network excitability in TG 

mice, even promoting epileptic forms of discharges from 3 m.o to 10 m.o APP/PS1 mice 

(Kazim, et al., 2021). If that is the case, it could imply that the inhibitory synaptic 

transmission could be affected early in the AD context. In this regard, a recent work 

demonstrated that postmortem brains from human AD patients exhibited loss of inhibitory 

synapses (Kurcuru, et al., 2022) suggesting that an imbalance in the excitatory/inhibitory 

neurotransmission contributes to the cognitive decline in the AD context. In addition to 

that, an increase in glutamatergic transmission because of reduced glutamate uptake by 

astrocytic glutamate transporters (Mookherjee, et al., 2011; Scimemi, et al., 2013) and 

enhanced spillover explains the increased neuronal excitability and synaptic plasticity 

defects observed in AD context (Li, et al 2009; Li, et al., 2011). 

 

As the efficiency of the synaptic transmission relies on the proper synaptic 

structure, we also analyzed the impact of the PBN treatment on the dendritic spine 

density in hippocampal and cortical neurons. A number of works suggest that the loss of 

dendritic spines, and consequently the loss of functional synapses is the major correlate 

with the onset of the cognitive decline in AD (Colom-Cadena, et al., 2020; Ribaric, 2023).      

 

In APPPS1 mice, the loss of dendritic spines occurs early from 3 m.o (Ammassari-

Teule, 2020;  Smith, et al., 2009). We observed a significant reduction in the dendritic 
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spine density in TG compared to WT mice, starting from 3 m.o in females and becoming 

evident in males and females at 12 m.o and 18 m.o, in accordance with what other 

authors have observed (Knafo, et al., 2009). It has been shown that the spine loss is 

more evident in the vicinity of amyloidogenic plaques due to the disruption in the Ca2+ 

homeostasis that is associated with the activation of the phosphatase Calcineurin (CaN) 

(Kuchibhotla, et al., 2008) and the induction of morphological changes in synapses. 

Remarkably, it has been demonstrated in aged APP/PS1 mice that at advanced stages 

of the disease, the senescent synapses that exhibit deficient mitochondrial metabolism, 

are marked, by complement proteins to be subsequently phagocyted by microglia 

(Gyorffy, et al., 2020). After the treatment with PBN, the loss of spines was prevented in 

18-month-old male TG mice and in all the age groups of TG females, showing a possible 

differential progression of AD pathology and the effect of PBN treatment between males 

and females. Likewise, we observed an increase in the size of the spines in the oldest 

animals (12 and 18 m.o) treated with PBN in both WT and TG (Annexes Figure 45). 

Considering that the number and size of dendritic spines are critically dependent on the 

neuronal actin cytoskeleton (Lamprecht, 2021; Konietzny, et al., 2017), it is feasible to 

assume that the PBN treatment could modulate actin cytoskeleton remodeling. In fact, 

we recently demonstrated that in the absence of Panx1, there is an increase in the 

neuronal actin polymerization, leading to enhanced dendritic arborization and spine 

density in hippocampal neurons from a knock-out mouse (Flores-Munoz et al., 2022). 

This effects of Panx1 deletion on actin cytoskeleton was mediated by a disbalance in Rho 

GTPases activity promoting actin polymerization (Flores-Munoz et al., 2022). Something 

similar could occur in APPPS1 neurons subjected to the treatment with PBN, which could 

explain an increase in the number and size of dendritic spines compared to the TG 

condition treated only with the vehicle.  



65 
 

 

 Because AD is characterized by a progressive neurodegeneration, viable and 

non-viable somas were quantified in the CA1 area of the hippocampus and in the cortex 

adjacent to this structure, both areas involved in learning and memory processes 

(Buckner, 2004; Scheff & Price, 2003).  By using cresyl violet staining, we observed a 

decrease in the number of viable cells in TG mice of the all age groups in both the 

hippocampus and cortex, especially in the cortical area of 18 m.o TG females. In 

response to the treatment with PBN, the number of viable cells of females TG APP/PS1 

increased in all the age groups, as well as in males 12 m.o and 18 m.o TG mice in both,             

hippocampus and cortex (Figure 24 and Annexes Figure 41). These results strongly 

suggest that the treatment with PBN prevents the neuronal loss or related toxic pathways 

observed in the AD context. In agreement with this idea, it has been reported that rats 

injected with soluble Aß oligomers into the hippocampus exhibit a significant decrease in 

the number of viable neurons in the CA1 area, which was prevented in rats injected 

intraperitoneally with a dose of 50mg/Kg of PBN (Carrillo-Mora, et al., 2010). 

 

Panx1 is a protein that forms channels in the cell membrane and is involved in 

various physiological processes, including cell communication, and signaling (Seo, et al., 

2021; Michalski, et al., 2020; Qu, et al., 2020; Yeung, et al., 2020). Whereas the role of 

Panx1 in AD is not yet fully understood, emerging research suggests its potential 

involvement in the pathogenesis of AD. Studies have shown that Panx1 channels can 

facilitate the release of ATP and other signaling molecules from cells (Narahari, et al., 

2021). ATP acts as an extracellular signaling molecule and plays a role in modulating 

neuronal activity and synaptic plasticity (Sebastiao & Ribeiro, 2015) as well as 

neuroinflammation (Idzko, et al., 2014). Dysregulated ATP signaling has been implicated 
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in the pathology of AD (Sanchez-Arias, et al., 2021). One hypothesis is that abnormal 

Panx1 channel activity may contribute to the neuroinflammatory response observed in 

AD (Seo, et al., 2021). Increased Panx1 channel opening could lead to an excessive 

release of ATP and subsequent activation of purinergic receptors, triggering 

neuroinflammation and promoting neuronal damage (Seo, et al., 2021; Lee, et al., 2011). 

Neuroinflammation is a hallmark of AD and is thought to play a significant role in the 

progression of the disease (Calsolaro & Edison, 2016).  

 

To assess the activity of Panx1 channels, we measured the uptake of the 

fluorescent tracer ethidium bromide in hippocampal slices from APP/PS1 TG animals. 

We observed that there was an increase in the uptake of the fluorescent tracer in 3 m.o 

and 12 m.o TG animals, and that this enhanced uptake was prevented by the PBN-

treatment in TG mice. These data strongly suggest that the neuroprotective effects 

attributable to PBN by our current data and by other authors (Aquilino, et al., 2020;  Biju, 

et al., 2018; Carrillo-Mora, et al., 2010; Dossi, et al., 2018; Flores-Muñoz, et al., 2020;  

Hainz, et al., 2016;  Hainz, et al., 2017; Jian, et al 2016; Karatas, et al., 2013; Wei, et al., 

2015; Zhang, et al., 2019), seem to be due to the inhibition of Panx1 activity. Together, 

our results contribute to understanding the mechanisms through which PBN could exert 

a neuroprotective effect in the AD context, shedding light on its therapeutic potential. 
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General Conclusion 

 

 

In APPPS1 mice, one of the most widely used AD animal models, the treatment 

with PBN had a positive impact on the cognitive function, synaptic plasticity and structure, 

and cell viability, likely, as a consequence of the decrease of the Panx1 activity.  

Our results revealed a gender effect in the appearance of AD hallmarks, showing 

more severe and early deficits in female TG animals. Accordingly, PBN treatment 

efficiently prevented these deficits in young and aged females. 

Considering that recently FDA-approved anti-Aß treatments (e.g., aducanumab 

and lecanemab) as the first disease-modifying therapies, lack of clinical benefit due to 

the appearance of side effects such as brain swelling and bleeding, the present data open 

a possibility to explore new contributors to the pathogenesis of AD and indicates that AD 

is a more complex process that requires multiple approaches more than that canonical 

pathogenic factors. 
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Annexes 

 

 

 

Table 6 Days of treatment of the animals used in this thesis. 

Age Sex Animal Code Days of treatment 

Young  
3 months old 

Female 12.7.1 46 
Female 12.7.2 46 
Female 12.7.3 46 
Female 12.7.4 48 

Male 12.8.1 48 
Male 12.8.2 46 
Male 12.9.1 46 
Male 12.9.2 47 
Male 12.9.3 47 

Female 12.10.1 46 
Female 12.10.2 46 
Female 12.10.3 48 
Female 12.10.4 48 

Male 12.11.1 47 
Male 12.11.2 47 
Male 12.11.3 48 
Male 12.11.4 45 

Female 15.4B.1 46 
Female 15.4B.4 46 

Male 15.5A.1 46 
Male 15.5A.3 46 
Male 15.5A.4 46 
Male 15.5A.5 46 
Male 15.5B.1 46 
Male 15.5B.2 46 
Male 15.5B.3 46 
Male 15.5B.4 46 
Male 15.5B.5 45 

Female 15.14.1 45 
Female 15.14.2 45 
Female 15.14.3 45 

Male 15.15.1 45 
Male 15.15.2 45 
Male 15.15.3 45 

Female 20.1.1 40 
Female 20.1.2 40 
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Female 20.1.3 40 

Aged 
12 months old 

 
 
 
 
 
 
 

Female 10.1.1 44 
Female 10.1.2 43 

Male 10.2.1 45 
Male 10.2.2 43 
Male 10.2.4 45 
Male 10.2.6 43 
Male 10.4.2 43 
Male 10.4.3 44 

Female 11.1.1 45 
Male 10.4.1 45 
Male 10.4.4 45 
Male 10.4.5 45 

Female 11.1.2 42 
Female 11.1.6 42 

Male 10.11A.1 43 
Male 10.11A.2 43 
Male 10.11A.3 44 
Male 12.13.5 46 
Male 12.16.1 46 
Male 12.16.2 46 
Male 14.5.3 43 
Male 15.9.1 43 
Male 15.9.2 43 
Male 15.9.3 43 

Female 14.5B.4 40 
Female 15.20.4 40 
Female 14.5B.3 40 
Female 14.5B.2 40 
Female 14.5B.1 40 

Aged 
18 months old 

Female 6.3.3.1 44 
Female 6.3.3.2 45 

Male 12.6.2 46 
Male 12.4.2 46 
Male 12.4.3 46 

Female 12.12.1 46 
Female 12.12.3 46 

Male 12.13.2 46 
Male 12.13.3 46 
Male 12.13.4 46 
Male D42-5 34 
Male D42-4 34 

Female D35-3 34 
Male D42-3 34 
Male D42-1 34 
Male D42-2 34 

Female D39-4 34 
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Female D39-5 34 
Male D42-6 34 

Female D35-2 34 
Male D42-7 34 

Female D35-5 34 
Female 14.3.2 40 
Female 14.3.3 40 
Female 15.10.1 40 

 

Figure 32 Weight gain during the treatment from day 1 until the day of euthanasia. 
A.- Average body weight of male 3 m.o APP/PS1 animals from day 1 until the day of 
euthanasia in WT VEH (black), WT PBN (gray), TG VEH (red), and TG PBN (blue). Time 
(F(4.828,67.07)=4.145, ** p=0.0027) was the main source of variation by Three-way 
ANOVA. B.- All data are represented as mean ± SEM. B.- Average body weight of female 
3 m.o APP/PS1 animals from day 1 until the day of euthanasia in WT VEH (black), WT 
PBN (gray), TG VEH (red), and TG PBN (blue). Time (F(3.077,27.23)=5.489, ** 
p=0.0042) was the main source of variation and there were significant interactions 
between time x genotype (F(46,407)=3.698, **** p<0.0001), time x treatment 
(F(46,407)=3.969, **** p<0.0001), time x genotype x treatment (F(46,407)=1.786, ** 
p=0.0019) by Three-way ANOVA. C.- Average body weight of male 12 m.o APP/PS1 
animals from day 1 until the day of euthanasia in WT VEH (black), WT PBN (gray), TG 
VEH (red), and TG PBN (blue). Time (F(46,480)=2.478, **** p<0.0001), genotype 
(F(1,480)=96.19, **** p<0.0001), and treatment (F(1,480)=8.874, ** p=0.0030) were the 
main sources of variation and there was a significant interaction between genotype x 
treatment (F(1,480)=20.03, **** p<0.0001)by Three-way ANOVA. D.- Average body 
weight of female 12 m.o APP/PS1 animals from day 1 until the day of euthanasia in WT 
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VEH (black), WT PBN (gray), TG VEH (red), and TG PBN (blue). There was no significant 
difference by Three-way ANOVA. E.- Average body weight of male 18 m.o APP/PS1 
animals from day 1 until the day of euthanasia in WT VEH (black), WT PBN (gray), TG 
VEH (red), and TG PBN (blue). Time (F(2.130,14.91)=8.774, ** p=0.0027) was the main 
source of variation and there was a significant interaction between time x genotype 
(F(46,322)=2.043, *** p=0.0002) and time x treatment (F(46,322)=2.463, **** p<0.0001) 
by Three-way ANOVA. F.- Average body weight of female 18 m.o APP/PS1 animals from 
day 1 until the day of euthanasia in WT VEH (black), WT PBN (gray), TG VEH (red), and 
TG PBN (blue). There was a significant interaction between time x genotype 
(F(46,368)=2.062, *** p=0.0001) by Three-way ANOVA.  All data are represented as 
mean ± SEM.  

 

 

Figure 33: Locomotor activity assessed by the open field test was not affected in 
3 m.o APP/PS1 mice. A.- Total distance traveled by male and female 3 m.o APP/PS1 
mice. There was no significant difference between groups by 3-way ANOVA. B.- 
Percentage of time spent in the corners by male and female 3 m.o APP/PS1 mice. There 
was a significant interaction by gender, genotype, and treatment (F(1,11) = 12.39 ** p = 
0.0048) and the Tukey’s multiple comparisons tests showed a significant difference 
between male WT VEH and male TG VEH * p = 0.026. C.- Percentage of time spent in 
the center by male and female 3 m.o APP/PS1 mice. There was a significant interaction 
by genotype and treatment (F(1,11) = 7.113 * p = 0.022) and the Tukey’s multiple 
comparisons tests showed a significant difference between male WT VEH and male TG 
VEH * p = 0.047. D.- Representative average heatmaps of the open field test. Scale bar 
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15 s. Data was presented as mean ± SEM (Male: WT VEH (5) WT PBN (6) TG VEH (6) 
TG PBN (4). Female: WT VEH (4) WT PBN (6) TG VEH (4) TG PBN (2)) 

 
Figure 34 Locomotor activity assessed by the open field test was not affected in 
12 m.o APP/PS1 mice. A.- Total distance traveled by male and female 12 m.o APP/PS1 
mice. There was no significant difference between groups by 3-way ANOVA. B.- 
Percentage of time spent in the corners by male and female 12 m.o APP/PS1 mice. There 
was no significant difference between groups by 3-way ANOVA. C.- Percentage of time 
spent in the center by male and female 12 m.o APP/PS1 mice. There was no significant 
difference between groups by 3-way ANOVA. D.- Representative average heatmaps of 
the open field test. Scale bar 15 s. Data was presented as mean ± SEM (Male: WT VEH 
(5) WT PBN (3) TG VEH (4) TG PBN (7). Female: WT VEH (3) WT PBN (4) TG VEH (3) 
TG PBN (3)) 
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Figure 35 Locomotor activity assessed by the open field test was not affected in 
18 m.o APP/PS1 mice. A.- Total distance traveled by male and female 18 m.o APP/PS1 
mice. There was no significant difference between groups by 3-way ANOVA. B.- 
Percentage of time spent in the corners by male and female 18 m.o APP/PS1 mice. There 
was no significant difference between groups by 3-way ANOVA. C.- Percentage of time 
spent in the center by male and female 12 m.o APP/PS1 mice. Treatment was a 
significant source of variation by 3-way ANOVA (F (1,18) = 4.788) * p = 0.042). D.- 
Representative average heatmaps of the open field test. Scale bar 15 s. Data was 
presented as mean ± SEM (Male: WT VEH (3) WT PBN (3) TG VEH (4) TG PBN (3). 
Female: WT VEH (3) WT PBN (4) TG VEH (3) TG PBN (3)). 
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Figure 36 Gender did not affect the time exploring the novel object in the test phase 
in the novel object recognition task of 3 m.o, 12 m.o, and 18 m.o APP/PS1 animals. 
A.- Average time exploring the novel object in the NOR task of 3 m.o APP/PS1 animals. 
Gender was not a significant source of variation by Three-way ANOVA (Male: WT VEH 
N=4; WT PBN N=3; TG VEH N=4; TG PBN N=2. Female: WT VEH N=2; WT PBN N=3; 
TG VEH N=3; TG PBN N=2). B.- Average time exploring the novel object in the NOR 
task of 12 m.o APP/PS1 animals. Gender was not a significant source of variation, but 
there was a significant interaction between genotype x treatment (F(1,23)=5.163 * 
p=0.0327) by Three-way ANOVA, *p=0.04 (Male: WT VEH N=5; WT PBN N=3; TG VEH 
N=4; TG PBN N=6. Female: WT VEH N=3; WT PBN N=4; TG VEH N=3; TG PBN N=3). 
C.- Average time exploring the novel object in the NOR task of 18 m.o APP/PS1 animals. 
Gender was not a significant source of variation, but there was a significant interaction 
between genotype x treatment (F(1,18)=13.90 ** p=0.0015) by Three-way ANOVA, 
*p=0.0214 (Male: WT VEH N=3; WT PBN N=3; TG VEH N=4; TG PBN N=3. Female: WT 
VEH N=3; WT PBN N=4; TG VEH N=3; TG PBN N=3). 
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Figure 37 Gender did not affect the Discrimination Index in the novel object 
recognition task of 3 m.o, 12 m.o, and 18 m.o APP/PS1 animals. A.- Average 
discrimination index of 3 m.o APP/PS1 animals. Gender was not a significant source of 
variation but there was a significant interaction between gender x genotype x treatment 
(F(1,5)= 9.820 * p=0.0258 by Three-way ANOVA (Male: WT VEH N=4; WT PBN N=3; 
TG VEH N=4; TG PBN N=2. Female: WT VEH N=2; WT PBN N=3; TG VEH N=3; TG 
PBN N=2). B.- Average discrimination index of 12 m.o APP/PS1 animals. Genotype 
(F(1,24)=8.745 ** p= 0.0069) and treatment (F(1,24)= 17.77 *** p=0.0003 only were 
significant sources of variation, and there was a significant interaction between genotype 
x treatment (F(1,24)=17.77 *** p=0.0003) by Three-way ANOVA, and Tukey’s multiple 
comparison tests revealed a significant difference between male: WT VEH-TG VEH * 
p=0.0296 TG VEH-TG PBN ** p=0.0049 and female: WT VEH-TG VEH * p= 0.0455 TG 
VEH-TG PBN ** p=0.0015 (Male: WT VEH N=5; WT PBN N=3; TG VEH N=4; TG PBN 
N=6. Female: WT VEH N=3; WT PBN N=4; TG VEH N=3; TG PBN N=3). C.- Average 
discrimination index of 18 m.o APP/PS1 animals. Gender was not a significant source of 
variation, but there was a significant interaction between genotype x treatment 
(F(1,18)=13.90 ** p=0.0015) by Three-way ANOVA, *p=0.0214 (Male: WT VEH N=3; WT 
PBN N=3; TG VEH N=4; TG PBN N=3. Female: WT VEH N=3; WT PBN N=4; TG VEH 
N=3; TG PBN N=3). 
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Figure 38 Gender did not affect the percentage time exploring the novel object in 
the test phase in the novel object recognition task of 3 m.o, 12 m.o, and 18 m.o 
APP/PS1 animals. A.- Average Percentage time exploring the novel object in the NOR 
task of 3 m.o APP/PS1 animals. Gender was not a significant source of variation but there 
was a significant interaction between gender x genotype x treatment (F(1,4)= 19.42 * 
p=0.0116) by Three-way ANOVA (Male: WT VEH N=4; WT PBN N=3; TG VEH N=4; TG 
PBN N=2. Female: WT VEH N=2; WT PBN N=3; TG VEH N=3; TG PBN N=2). B.- 
Average Percentage of time exploring the novel object in the NOR task of 12 m.o 
APP/PS1 animals. Genotype (F(1,26)=10.67 ** p=0.0031) and treatment (F(1,26)=31.62 
**** p<0.0001) only were significant sources of variation, and there was a significant 
interaction between genotype x treatment (F(1,26)=22.14 **** p<0.0001) by Three-way 
ANOVA, and Tukey’s multiple comparison tests revealed a substantial difference 
between male: WT VEH-TG VEH * p=0.0361 TG VEH-TG PBN ** p=0.0010; female: WT 
VEH-TG VEH ** p=0.0049 TG VEH-TG PBN *** p=0.0001 (Male: WT VEH N=5; WT PBN 
N=3; TG VEH N=4; TG PBN N=6. Female: WT VEH N=3; WT PBN N=4; TG VEH N=3; 
TG PBN N=3). C.- Average percentage of time exploring the novel object in the NOR task 
of 18 m.o APP/PS1 animals. Treatment (F(1,11)=14.71 ** p=0.0028) only was a 
significant source of variation, but there was a significant interaction between genotype x 
treatment (F(1,8)=20.84 ** p=0.0018) by Three-way ANOVA, and multiple t-tests 
revealed a substantial difference between male: WT VEH-TG VEH * p=0.0263 TG VEH-
TG PBN * p=0.0130; female: WT VEH-TG VEH ** p=0.0010 TG VEH-TG PBN ** 
p=0.0058 (Male: WT VEH N=3; WT PBN N=3; TG VEH N=4; TG PBN N=3. Female: WT 
VEH N=3; WT PBN N=4; TG VEH N=3; TG PBN N=3). 
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Figure 39 Gender did not affect the escape latency on the last day of training in the 
acquisition phase of the Morris water maze task, but there was a significant effect 
on treatment at 18 m.o female APP/PS1 mice. A.- Average escape latency of 3 m.o 
male and female APP/PS1 animals (3 m.o male: N=5 WT VEH (black); N = 6 WT PBN 
(gray); N=6 TG VEH (red) and N=4 TG PBN (blue); female: N=4 WT VEH (black); N = 6 
WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue)). Genotype (F(1,12)=13.04, 
** p=0.0036) was the only source of variation and there was a significant interaction 
between gender x genotype (F(1,12)=6.959, * p=0.0217) by Three-way ANOVA. B.- 
Average escape latency of 12 m.o male and female APP/PS1 animals (12 m.o male: N=5 
WT VEH (black); N = 3 WT PBN (gray); N=3 TG VEH (red) and N=7 TG PBN (blue); 
female: N=3 WT VEH (black); N = 3 WT PBN (gray); N=3 TG VEH (red) and N=3 TG 
PBN (blue)). Genotype (F(1,9)=13.60, ** p=0.0050) and treatment (F(1,13)=5.852, * 
p=0.0310)were the only sources of variation and there was a significant interaction 
between genotype x treatment (F(1,9)=15.82, ** p=0.0032) by Three-way ANOVA. C.- 
Average escape latency of 18 m.o male and female APP/PS1 animals (18 m.o male: N=3 
WT VEH (black); N = 3 WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue); 
female: N=3 WT VEH (black); N = 4 WT PBN (gray); N=3 TG VEH (red) and N=2 TG 
PBN (blue)) )). Genotype (F(1,7)=9.149, * p=0.0193) and treatment (F(1,10)=5.086, * 
p=0.0478) were the only sources of variation and there was a significant interaction 
between gender x treatment (F(1,10)=6.814, * p=0.0260) and genotype x treatment 
(F(1,7)=10.32, * p=0.0148) by Three-way ANOVA. 

 

 
Figure 40 Gender affected the time spent in the target quadrant in the probe phase 
of the Morris water maze task in  18 m.o APP/PS1 mice. A.- Average time spent in the 
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target quadrant of 3 m.o APP/PS1 animals (3 m.o male: N=5 WT VEH (black); N = 6 WT 
PBN (gray); N=6 TG VEH (red) and N=4 TG PBN (blue); female: N=4 WT VEH (black); 
N = 6 WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue)). There was not a 
significant difference between the groups by Three-way ANOVA. B.- Average time spent 
in the target quadrant of 12 m.o APP/PS1 animals (12 m.o male: N=5 WT VEH (black); 
N = 3 WT PBN (gray); N=3 TG VEH (red) and N=7 TG PBN (blue); female: N=3 WT VEH 
(black); N = 3 WT PBN (gray); N=3 TG VEH (red) and N=3 TG PBN (blue)). Genotype 
(F(1,8)=17.93, ** p=0.0029) was the main source of variation and there was a significant 
interaction between genotype x treatment (F(1,8)=14.74, ** p=0.0050) by Three-way 
ANOVA, and the Tukey’s multiple comparisons tests revealed a significant difference 
between male: WT VEH-TG VEH * p=0.0196, TG VEH-TG PBN * p=0.0469; female WT 
VEH-TG VEH * p= 0.0346 TG VEH-TG PBN * p=0.0108. C.- Average time spent in the 
target quadrant of 18 m.o APP/PS1 animals (18 m.o male: N=3 WT VEH (black); N = 3 
WT PBN (gray); N=4 TG VEH (red) and N=3 TG PBN (blue); female: N=3 WT VEH 
(black); N = 4 WT PBN (gray); N=3 TG VEH (red) and N=2 TG PBN (blue)) )). Gender 
(F(1,15)=22.41, *** p=0.0003 and Genotype (F(1,15)=27.22, *** p=0.0001) were the main 
sources of variation and there was a significant interaction between genotype x treatment 
(F(1,15)=38.04, **** p<0.0001 by Three-way ANOVA. 

 

 

Figure 41 Probenecid prevents cortical neuronal loss in 3 m.o female, 12 m.o, and 
18 m.o male and female APP/PS1 mice. A.- Probenecid improved the number of viable 
cells in 12 m.o (N=2 WT VEH (black), N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 
2 TG PBN (blue)) and 18 m.o (N=2 WT VEH (black), N=2 WT PBN (gray), N= 2 TG VEH 
(red), and N= 2 TG PBN (blue)) but not in 3 m.o (N=2 WT VEH (black), N=2 WT PBN 
(gray), N= 2 TG VEH (red), and N= 2 TG PBN (blue)) males TG animals and 
representative images of Nissl staining in the cortical region adjacent to hippocampus of 
all experimental groups. Scale bar = 20 𝜇m. Age (F(2,18)=16.14, **** p<0.0001), 
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genotype (F(1,12)=152.4, **** p<0.0001) and treatment (F(1,18)=53.05, **** p<0.0001) 
were the main source of variation and there was a significant interaction between 
genotype x treatment (F(1,12)=55.09, **** p<0.0001) by Three-way ANOVA; and Tukey’s 
multiple comparisons tests revealed a significant difference between 3 m.o WT VEH-TG 
VEH *** p=0.0006; 12 m.o WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN **** 
p<0.0001; 18 m.o WT VEH-TG VEH **** p<0.0001 TG VEH – TG PBN **** p<0.0001. B- 
Probenecid improved the number of viable cells in 3 m.o (N=2 WT VEH (black), N=2 WT 
PBN (gray), N= 2 TG VEH (red), and N= 2 TG PBN (blue)) 12 m.o (N=2 WT VEH (black), 
N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 2 TG PBN (blue)) and 18 m.o (N=2 WT 
VEH (black), N=2 WT PBN (gray), N= 2 TG VEH (red), and N= 2 TG PBN (blue)) females 
TG animals and representative images of Nissl staining in the cortical region adjacent to 
hippocampus of all experimental groups. Scale bar = 20 𝜇m S rad: Stratum radiatum. Age 
(F(2,32)=39.49, **** p<0.0001), genotype (F(1,32)=259, **** p<0.0001) and treatment 
(F(1,32)=134.3, **** p<0.0001) were the main source of variation and there was a 
significant interaction between age x genotype (F(2,32)=14.32, **** p<0.0001), age x 
treatment (F(2,32)=12.06 *** p=0.001), genotype x treatment (F(1,32)=138.3, **** 
p<0.0001) and age x genotype x treatment (F(2,32)=12.98 **** p<0.0001) by Three-way 
ANOVA; and Tukey’s multiple comparisons tests revealed a significant difference 
between 3 m.o WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN ** p=0.0090; 12 m.o 
WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN **** p<0.0001; 18 m.o WT VEH-TG 
VEH **** p<0.0001 TG VEH – TG PBN **** p<0.0001.      

 
 

 
Figure 42 Gender affected the cortical neuronal loss in 18 m.o APP/PS1 mice A.- 
Probenecid improved the number of viable cells in CA1 area 3m.o female APP/PS1 TG 
mice. Genotype (F(1,13)=94.93, **** p<0.0001) and treatment (F(1,22)=10.74, ** 
p=0.0034) were the main sources of variation and there was a significant interaction 
between gender x genotype (F(1,13)=5.162, *p=0.0407) and genotype x treatment 
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(F(1,13)=20.36, *** p=0.0006) by Three-way ANOVA and Tukey’s multiple comparison 
tests revealed a significant difference between male: WT VEH-TH VEH ** p=0.0012 and 
female: WT VEH-TG VEH **** p<0.0001 TGVEH-TG PBN *** p=0.0002. B.- Probenecid 
improved the number of viable cells in CA1 area 12 m.o female APP/PS1 TG mice. 
Genotype (F(1,8)=49.20, *** p=0.0001) and treatment (F(1,13)=14.95, ** p=0.0019) were 
the main sources of variation and there was a significant interaction between gender x 
treatment (F(1,13)=6.609, *p=0.0233) and genotype x treatment (F(1,8)=16.56, ** 
p=0.0036) by Three-way ANOVA and Tukey’s multiple comparison tests revealed a 
significant difference between male: WT VEH-TH VEH * p=0.0139 and female: WT VEH-
TG VEH ** p=0.0062 TGVEH-TG PBN *** p=0.0003. C.- Probenecid improved the 
number of viable cells in CA1 area of 18 male and female APP/PS1 TG mice. Genotype 
(F(1,24)=158.1, **** p<0.0001) and treatment (F(1,24)=53.55, **** p<0.0001) were the 
main sources of variation and there was a significant interaction between gender x 
genotype (F(1,24)=4.922, *p=0.0362) and genotype x treatment (F(1,24)=54.81, **** 
p<0.0001) by Three-way ANOVA and Tukey’s multiple comparison tests revealed a 
significant difference between male: WT VEH-TH VEH **** p<0.0001 TG VEH-TG PBN 
**** p<0.0001 and female: WT VEH-TG VEH **** p<0.0001 TGVEH-TG PBN **** 
p<0.0001. D.- Probenecid improved the number of viable cells in the cortical area of 3m.o 
male and female APP/PS1 TG mice. Genotype (F(1,23)=162.6, **** p<0.0001) and 
treatment (F(1,23)=28.68, **** p<0.0001) were the main sources of variation and there 
was a significant interaction between genotype x treatment (F(1,23)=23.18, **** 
p<0.0001) by Three-way ANOVA and Tukey’s multiple comparison tests revealed a 
significant difference between male: WT VEH-TH VEH **** p<0.0001 TG VEH-TG PBN 
** p=0.0039 and female: WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN *** p=0.0003. 
E.- Probenecid improved the number of viable cells in the cortical area of 12m.o male 
and female APP/PS1 TG mice. Genotype (F(1,20)=70.08, **** p<0.0001) and treatment 
(F(1,20)=42.75, **** p<0.0001) were the main sources of variation and there was a 
significant interaction between genotype x treatment (F(1,20)=49.02, **** p<0.0001) by 
Three-way ANOVA and Tukey’s multiple comparison tests revealed a significant 
difference between male: WT VEH-TH VEH **** p<0.0001 TG VEH-TG PBN ** p=0.0010 
and female: WT VEH-TG VEH **** p<0.0001 TG VEH-TG PBN *** p=0.0003. F.- 
Probenecid improved the number of viable cells in the cortical area of 18 m.o male and 
female APP/PS1 TG mice. Gender (F(1,19)=16.02, *** p=0.0008), genotype 
(F(1,19)=262.3, **** p<0.0001) and treatment (F(1,19)=145.9, **** p<0.0001) were the 
main sources of variation and there was a significant interaction between gender x 
genotype (F(1,19)=37.84, **** p<0.0001, gender x treatment (F(1,19)=17.55, *** 
p=0.0005), genotype x treatment (F(1,19)=148.3, **** p<0.0001) and gender x genotype 
x treatment (F(1,19)=19.04, *** p=0.0003) by Three-way ANOVA and Tukey’s multiple 
comparison tests revealed a significant difference between male: WT VEH-TH VEH **** 
p<0.0001 TG VEH-TG PBN **** p<0.0001 and female: WT VEH-TG VEH **** p<0.0001 
TG VEH-TG PBN *** p=0.0003. 
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Figure 43 Gender did not affect the LTP magnitude of the last 10 min of recordings 
in hippocampal slices of 3 m.o, 12 m.o, and 18 m.o APP/PS1 mice. A.- Average LTP 
magnitude during the last 10 min of recording of 3 m.o APP/PS1 mice. Genotype 
(F(1,13)=15.32, ** p=0.0018) was the main source of variation by Three-way ANOVA and 
Tukey’s multiples comparisons test showed a significant difference between female: WT 
VEH-TG VEH *** p=0.0006 TG VEH TG PBN * p=0.0256. B.- Average LTP magnitude 
during the last 10 min of recording of 12 m.o APP/PS1 mice. Treatment (F(1,10)=5.470, 
* p=0.0414) was the main source of variation and there was a significant interaction 
between genotype x treatment (F(1,7)=28.38, ** p=0.0011) by Three-way ANOVA and 
Tukey’s multiples comparisons test showed a significant difference between male: WT 
VEH-TG VEH * p=0.0412 TG VEH-TG PBN * p=0.0273; female: TG VEH-TG PBN * 
p=0.0263. C.- Average LTP magnitude during the last 10 min of recording of 18 m.o 
APP/PS1 mice. Genotype (F(1,33)=8.201, ** p=0.0072), and treatment (F(1,33)=9.125, 
** p=0.0048) were the main sources of variation by Three-way ANOVA and Tukey’s 
multiples comparisons test showed a significant difference between male: WT VEH-TG 
VEH * p=0.0141 WT PBN – WT VEH * p=0.0298 TG VEH-TG PBN * p=0.0160; female: 
WT VEH-TG VEH * 0.0315 TG VEH-TG PBN * p=0.0221. 
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Figure 44 Gender did not affect the spine density in hippocampal slices of 3 m.o, 
12 m.o, and 18 m.o APP/PS1 mice. A.- Average dendritic spine density in male and 
female 3 m.o APP/PS1 mice. Treatment (F(1,32)=7.690, ** p=0.0092) was the main 
source of variation and there was a significant interaction between genotype x treatment 
(F(1,32)=6.468, * p=0.0160) by Three-Way ANOVA and Tukey’s multiple comparisons 
tests showed a significant difference between female: WT VEH-TG VEH * p=0.0474 TG 
VEH-TG PBN ** p=0.0038. B.- Average dendritic spine density in male and female 12 
m.o APP/PS1 mice. Genotype (F(1,30)=20.42, **** p<0.0001) was the main source of 
variation and there was a significant interaction between genotype x treatment 
(F(1,30)=5.984, * p=0.0205) by Three-Way ANOVA and Tukey’s multiple comparisons 
tests showed a significant difference between male: WT VEH-TG VEH * p=0.0354 
female: WT VEH-TG VEH * p=0.0353 TG VEH-TG PBN * p=0.0197. C.- Average 
dendritic spine density in males and females 18 m.o APP/PS1 mice. Treatment 
(F(1,23)=22.35, **** p<0.0001) was the main source of variation and there was a 
significant interaction between genotype x treatment (F(1,23)=28.47, **** p<0.0001) by 
Three-Way ANOVA and Tukey’s multiple comparisons tests showed a significant 
difference between male: WT VEH-TG VEH ** p=0.0024 TG VEH-TG PBN ** p=0.0013; 
female: WT VEH-TG VEH * p=0.0102 TG VEH-TG PBN ** p=0.0011. 
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Figure 45 Gender did not affect the spine length and head-neck ratio in 
hippocampal slices of 3 m.o, 12 m.o, and 18 m.o APP/PS1 mice. A.- Average spine 
length of dendritic spines in hippocampal CA1 neurons of 3 m.o male and female 
APP/PS1 mice. Genotype (F(1,8)=31.01, *** p=0.0005) was the main source of variation 
by Three-way ANOVA. B.- Average spine length of dendritic spines in hippocampal CA1 
neurons of 12 m.o male and female APP/PS1 mice. There was a significant interaction 
between gender x treatment (F(1,20)=11.57, ** p=0.0028) by Three-way ANOVA and 
Tukey’s multiple comparisons test showed a significant difference between females: WT 
VEH-WT PBN * p=0.0278 TG VEH-TG PBN * p=0.0489. C.- Average spine length of 
dendritic spines in hippocampal CA1 neurons of 18 m.o male and female APP/PS1 mice. 
Treatment (F(1,8)=35.92, *** p=0.0003) was the main source of variation by Three-way 
ANOVA and Tukey’s multiple comparisons test showed a significant difference between 
males: WT VEH-WT PBN ** p=0.0089 TG VEH-TG PBN * p=0.0139 females: WT VEH-
WT PBN ** p=0.0014 TG VEH-TG PBN * p=0.0317. D.- Average head-neck ratio of 
dendritic spines in hippocampal CA1 neurons of 3 m.o male and female APP/PS1 mice. 
Genotype (F(1,11)=5.106, * p=0.0451) and treatment (F(1,15)=6.503, * p=0.0222) were 
the main sources of variation by Three-way ANOVA and Tukey’s multiple comparisons 
test showed a significant difference between female: WT VEH-WT PBN * p=0.0199. E.- 
Average head-neck ratio of dendritic spines in hippocampal CA1 neurons of 12 m.o male 
and female APP/PS1 mice. Genotype (F(1,21)=5.926, * p=0.0239) and treatment 
(F(1,21)=6.043, * p=0.0227) were the main sources of variation by Three-way ANOVA 
and Tukey’s multiple comparisons test showed a significant difference between male: WT 
VEH-WT PBN * p=0.0133. F.- Average head-neck ratio of dendritic spines in hippocampal 
CA1 neurons of 18 m.o male and female APP/PS1 mice. Genotype (F(1,8)=31.01, *** 
p=0.0005) was the main source of variation by Three-way ANOVA. 
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Figure 46 Probenecid treatment increased spine length in 12 m.o and 18 m.o 
APP/PS1 animals. A.- Average spine length of dendritic spines in hippocampal CA1 
neurons of 3 m.o, 12 m.o, and 18 m.o male APP/PS1 mice. Groups are presented as 
3m.o: WT VEH n= 3 neurons (80 spines),  (Black); WT PBN n= 3 neurons (300 spines) 
(Gray); TG VEH n= 3 neurons (63 spines) (Red); TG PBN n= 7 neurons (407 spines) 
(Blue); 12m.o: WT VEH n= 3 neurons (79 spines),  (Black); WT PBN n= 4 neurons (84 
spines) (Gray); TG VEH n= 3 neurons (116 spines) (Red); TG PBN n= 7 neurons (315 
spines) (Blue) and 18m.o: WT VEH n= 3 neurons (67 spines),  (Black); WT PBN n= 3 
neurons (89 spines) (Gray); TG VEH n= 3 neurons (85 spines) (Red); TG PBN n= 3 
neurons (184 spines) (Blue). Age (F(2,20)=8.350, ** p=0.0023) was a significant source 
of variation and there was a significant interaction between Age x Treatment 
(F(2,20)=11.43, *** p=0.0005) and Age x Genotype x Treatment (F(2,13)=4,062, * 
p=0.0426) by Three-way ANOVA, and Tukey’s multiple comparisons tests showed a 
significant difference between 18 m.o WT VEH-WT PBN * p=0.0240 TG VEH-TG PBN * 
p=0.0131. B.- Average spine length of dendritic spines in hippocampal CA1 neurons of 3 
m.o, 12 m.o, and 18 m.o female APP/PS1 mice. Groups are presented as 3m.o: WT VEH 
n= 5 neurons (80 spines),  (Black); WT PBN n= 3 neurons (301 spines) (Gray); TG VEH 
n= 4 neurons (63 spines) (Red); TG PBN n= 6 neurons (457 spines) (Blue); 12m.o: WT 
VEH n= 4 neurons (80 spines),  (Black); WT PBN n= 4 neurons (85 spines) (Gray); TG 
VEH n= 3 neurons (116 spines) (Red); TG PBN n= 6 neurons (316 spines) (Blue) and 
18m.o: WT VEH n= 4 neurons (67 spines),  (Black); WT PBN n= 4 neurons (139 spines) 
(Gray); TG VEH n= 4 neurons (86 spines) (Red); TG PBN n= 4 neurons (184 spines) 
(Blue). Treatment (F(1,15)=29.15, **** p<0.0001) was the main source of variation and 
there was a significant interaction between age x treatment (F(2,15)=3.966, * p=0.0414) 
by Three-way ANOVA and Tukey’s multiple comparisons tests showed a significant 
difference between 12 m.o: WT VEH-WT PBN * p=0.0254 TG VEH-TG PBN * p=0.0489; 
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18 m.o: WT VEH-WT PBN ** p=0.0026. C.- Average Head Neck ratio of dendritic spines 
in hippocampal CA1 neurons of 3 m.o, 12 m.o, and 18 m.o male APP/PS1 mice. 
Genotype (F(1,13)=8.750, * p=0.0111) was the main source of variation by Three-way 
ANOVA and Tukey’s multiple comparisons test showed a significant difference between 
12 m.o: WT VEH-WT PBN * p=0.0133 D.- Average Head Neck ratio of dendritic spines 
in hippocampal CA1 neurons of 3 m.o, 12 m.o, and 18 m.o female APP/PS1 mice. 
Genotype (F(1,15)=18.69, *** p=0.0006) and treatment (F(1,15)=7.005, * p=0.0283)  
were the main sources of variation by Three-way ANOVA and Tukey’s multiple 
comparisons tests showed a significant difference between WT VEH-WT PBN * 
p=0.0120.  E.- Representative diagram of the size parameters of the dendritic spines 
considered for this thesis. 

 


